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CO-TREATMENT OF MATURE LANDFILL LEACHATE
AND DOMESTIC WASTEWATER WITH COMBINED PARTIAL
NITRIFICATION AND ANAEROBIC AMMONIUM OXIDATION
Lina Wu1,2, Lieyu Zhang 3, Shujun Zhang 4, Xiao Shi 2, Yongzhen Peng 1,5 and Jie Zhang1
1
State Key Laboratory of Urban Water Resource and Environment, School of
Municipal and Environmental Engineering, Harbin Institute of Technology, Harbin, China.
2
Beijing Institute of Petrochemical Technology, Beijing, China.
3
Laboratory of Water Systems Engineering, Chinese Research Academy of Environmental Sciences, Beijing, China.
4
Beijing Drainage Group Company Limited, Beijing, China
5
Key Laboratory of Beijing for Water Quality Science and Water
Environment Recovery Engineering, Beijing University of Technology, Beijing, China.

1. INTRODUCTION

ABSTRACT
This study adopted a combined system comprising an
up-flow anaerobic sludge blanket (UASB), Anoxic/Oxic
(A/O) reactor, and anaerobic ammonium oxidation (anammox) reactor (ANAOR) for the advanced treatment of actual landfill leachate through partial nitrification and anammox. The system influent was a liquid consisting of raw
leachate and domestic wastewater mixed at a ratio of 1:5,
with ρ(CODcr), ρ(NH4+-N), and ρ(TN) values of 500–600,
380–400, and 390–410 mg/L, respectively. After treatment, the same three indicators for the final effluent were
63–70, 29.04, and 10.30 mg/L, respectively. This study investigated synchronous methanogenic denitrification and
removal of carbon and nitrogen in the UASB, followed by
denitrification in the A/O–ANAOR through the coupling
of partial nitrification and anammox. The test results indicate that when the amount of dissolved oxygen in the A/O
reactor was controlled at 0.30–0.50 mg/L, partial nitrification occurred, with the accumulation rate of nitrite nitrogen
being stable at 86.09%. The residual ammonia nitrogen and
nitrite nitrogen produced by partial nitrification were subsequently removed through anammox in the A/O and
ANAOR, leading to the advanced removal of TN through
the combined system. The system therefore addresses two
current issues in the treatment of landfill leachate: difficulty complying with requisite standards for TN in effluent
after biological treatment and the high costs of external carbon sources.
KEYWORDS: Leachate; Partial nitrification; Anaerobic ammonium
oxidation; UASB; Anammox reactor

* Corresponding author

Landfill leachate is highly concentrated wastewater
containing organic matter, ammonia nitrogen (NH4+-N),
and other pollutants. Removal of most organic matter can
usually be achieved through anaerobic processes [1, 2].
However, excessive ammonia inhibits the growth of microorganisms [3]. Hence, current studies on the treatment of
landfill leachate mainly focus on the removal of ammonia
nitrogen and total nitrogen (TN) [4-6].
The main approach to treat landfill leachate is biological treatment. Among biological treatments, the up-flow
anaerobic sludge blanket (UASB), which eliminates organic matter, is often used [7-10]. Common nitrogen removal processes cause the bulk of ammonia nitrogen to be
oxidised into nitrite nitrogen (NO2--N) or nitrate nitrogen
(NO3–‐N). However, a lack of carbon sources in the denitrification process prevents effective removal of total nitrogen (TN) [11], especially for mature landfill leachate,
which contains high ammonia concentration and has a low
chemical oxygen demand (COD) which can be used as the
carbon sources. Existing treatment processes usually require the addition of carbon.
The introduction of urban wastewater into leachate
treatment plants can improve C/N and biodegradability, as
well as reduce the toxicity posed to microorganisms by
high concentration of ammonia nitrogen in the leachate.
Based on the findings of a few available studies, removal
rate of COD was not high and remain at 80–92% [12]. This
study proposed the introduction of an influent system that
combines landfill leachate and urban wastewater for treatment. The aim is to demonstrate the technical and theoretical feasibility of introducing urban wastewater to the treatment of landfill leachate, thereby providing technical support for actual projects using this approach.
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Anaerobic ammonium oxidation (anammox) is a new,
efficient, and autotrophic process for nitrogen removal. Anaerobic anammox bacteria use nitrite nitrogen as the final
electron acceptor for oxidizing ammonia nitrogen into gaseous nitrogen [13]. Compared with conventional nitrogen
removal, anammox requires 50% less energy and no additional carbon. Thus, anammox is very suitable for treating
mature landfill leachate with low C/N.

original waste water district, with the resulting mixed liquid providing the treatment system influent. No supplementary source of carbon was added to the system. The
specific qualities of the raw leachate and mixed wastewater
are outlined in Table 1.
TABLE 1 - Characteristics of leachate and influent
Parameter

This process has several prerequisites: sludge with a
relatively long solids retention time (SRT), minimisation
of bacterial inhibition by the reactor’s COD, and nitrite nitrogen. Therefore, it has not yet been widely used.
In our earlier study, we found that partial nitrification
could be achieved relatively easily when the conditions of
the landfill leachate including free ammonia (FA), pH, and
dissolved oxygen (DO) were controlled [14]. Currently,
although there are some existing studies on anammox,
most existing studies on anammox have used simulated
wastewater and stringent reaction conditions instead of actual landfill leachate.
Taking such research into consideration, we combined
a UASB, an Anoxic/Oxic (A/O) reactor, and an anammox
reactor (ANAOR) for partial nitrification and anammox to
treat mature leachate with a low C/N ratio from a landfill
in Beijing. Introducing urban wastewater into leachate
treatment plants can improve the C/N ratio and biodegradability and reduce toxicity to microorganisms. Simultaneous denitrification and efficient methanogenic degradation
of COD in the UASB were also used to create a good physiochemical environment for subsequent treatment in the
anammox reactor. The partial nitrification in the A/O reactor was achieved, which provided nitrite nitrogen for the
anammox reactor. At the same time, advanced removal of
ammonia and TN were carried out without introducing any
carbon source in the ANAOR. Therefore, this study also
explores the technical and theoretical feasibility of such an
approach.

COD
BOD5
NH4+-N
TP
NOx--N
TN
pH

(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)

Range
Raw leachate
2500–3000
1200–1500
2000–2200
9–15
0.5–15
2100–2300
7.5–8.5

Mixed wastewater
500–600
240–300
380–400
8–10
0.3–10
390–410
7.3–8.2

For the raw leachate, the COD and NH4+-N level were
approximately 2500–3300 and 2000–2100 mg/L, respectively. After dilution with domestic wastewater, the COD
and concentration of ammonia nitrogen in the system influent was reduced to 500–600 mg/L and approximately
380–400 mg/L, respectively. The C/N ratio was improved
from 1.20-1.31 to 1.42-2.00 after mixed with domestic
wastewater.
2.2 Test apparatus

Leachate was treated using the UASB-A/O-ANAOR
system. The process flow is shown in Figure 1 and described below.

2. MATERIALS AND METHODS
2.1 Wastewater quality

Leachate was obtained from the regulation pool of a
particular landfill in Beijing, China. The landfill had been
built for more than a decade; hence, mature leachate was
extracted. For the existing leachate treatment process, the
addition of carbon was be required, and the treatment cost
is very high. It is an emerging idea to lead urban sewage to
the leachate treatment plants, particularly the small-volume
leachate treatment stations. For the quality of test waste
water, the ratio of 1:5 basically serves to ensure the compliance of COD discharge standard of China even when the
external carbon source is not added. For the tests, raw landfill leachate and domestic wastewater were mixed at a ratio
of 1:5 and introduced to the integrated water tank of an

FIGURE 1 - Flow diagram of the UASB-A/O-ANAOR system

The effective volumes of the UASB and ANAOR were
8.25 and 4.25 L, respectively. The A/O reactor, with an effective volume of 15 L, was constructed of Plexiglas and
divided evenly into 10 cells, the first being an anoxic zone
and the remainder oxic zones.
The process incorporated a dual reflux system: sludge
flowed back to the anoxic zone of the A/O reactor, while a
portion of the effluent (nitrification liquid reflux) from the
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secondary settling tank flowered into the UASB. Within
the UASB, nitrite nitrogen and nitrate nitrogen in the nitrification liquid reflux used the rich organic carbon in the
system influent for denitrification, while the organic matter
underwent further methanogenic degradation.
Upon entry of the UASB effluent into the A/O reactor,
partial nitrification and anammox occurred, resulting in the
partial removal of ammonia nitrogen. Next, the effluent
flowed into the secondary settling tank and passed through
the intermediate water tank (mainly for regulating
wastewater quality and volume) before flowing into the
ANAOR. The up-flow anaerobic sludge blanket was chosen as the ANAOR because of its longer SRT, ensuring
compliance with the first prerequisite for anammox reactions. In the ANAOR, anammox removed any residual
NH4+-N and NO2--N, helping achieve advanced nitrogen
removal. This also reduced the amount of nitrate nitrogen
produced by anammox, which in turn increased the efficiency of TN removal.

2.4.2 DNA isolation and polymerase chain reaction

Approximately 0.10 g of the sludge sample that had
undergone freeze-drying was placed in the DNA assay kit
from the FastDNA™ SPIN Kit for Soil (QBIOgene Inc.,
Carlsbad, CA, USA) to extract the total DNA of the sample.
A newly designed set of primers, HSBeta396F/HSBeta742R,
which targets the hzsB functional genes of hydroxylamine
synthetase, was used to carry out the amplification method
to study anammox bacteria [16-18].
The 50-μL system for polymerase chain reaction
(PCR) amplification (Table 2) was configured as follows:
5 μL of 10 × buffer, 4 μL of dNTP (2.50 mmol/L), 1 μL
each of forward and reverse primers (concentration of 10
mmol/L), 0.50 μL of BSA, 0.25 μL of Taq enzyme (2.5 U),
2 μL of diluted DNA template, and sufficient amounts of
ddH2O to make up 50 μL. Prior literature [19] contains details on PCR reaction and amplification procedures.
3. RESULTS AND DISCUSSION

2.3 Operating conditions and test modes

The tests were carried out over 90 days at a flow rate
of 3 L/d. The ratio between the effluent reflux of the A/O
reactor and reflux of the UASB was 300%. The temperatures of the UASB and ANAOR were heater-controlled at
approximately 35°C, while that of the A/O reactor was approximately 20–22°C (room temperatures in northern
China during autumn/winter). DO was controlled using an
air flow meter and maintained at a level of 0.30–0.50 mg/L
in the oxic zone of the A/O reactor.
During the tests, sludge discharge only occurred
through natural outflow and sampling, and sludge concentration was maintained at 3000–4000 mg/L. The sampling
points within the system were set up as follows: system influent (raw), UASB effluent (ule), ANAOR influent (u2i)
and effluent (u2e), A/O anoxic zone (An1), and various
cells (O2–O10) in the A/O oxic zone.
2.4 Methods of analysis
2.4.1 Conventional items for analysis

The national standardised methods [15] were used to
determine the standard indicators of waste water quality.
TN was measured using a TN/ total organic carbon (TOC)
analyser (Multi N/C 3000, Analtikjena AG, Germany). DO
and pH values were measured using DO and pH meters,
respectively (WTW DO 330i; WTW pH 340i).

3.1 Degradation of organic matter

The UASB-A/O-ANAOR system was used to treat a
liquid mixture of landfill leachate and domestic wastewater
at a ratio of 1:5. Conventional data, collected after the entire system had stabilised, were shown in Figure 2. The
COD of the system influent was approximately 510–570
mg/L. After denitrification in the UASB, anaerobic methanogenesis, and dilution with effluent reflux, the COD of
the effluent was approximately 140–180 mg/L. The COD
of the effluent from the A/O reactor was 70–83 mg/L.
These findings demonstrate that the UASB–A/O reactors
removed most of the COD.
Studies have shown that high organic matter contents
have inhibitory effects on anammox bacteria. However, the
bacteria are not inhibited when the COD is lower than 120
mg/L [20]. By lowering the COD, therefore, the initial biological treatment process allowed for favourable conditions for the subsequent anammox. After the effluent from
the secondary settling tank passed through the intermediate
tank, and the effluent from the latter tank flowed into the
ANAOR, the anammox reaction was able to occur. The
COD of the ANAOR influent was 65–76 mg/L, indicating
that the second prerequisite for the anammox reaction (no
inhibition by COD) had been met.

TABLE 2 - PCR amplification
Target gene

Primer

Sequence (5’–3’)

PCR procedure

hzsB (PCR)

HSBeta396F
HSBeta742R
HSBeta396F
HSBeta742R

ARGGHTGGGGHAGYTGGAAG
GTYCCHACRTCATGVGTCTG
ARGGHTGGGGHAGYTGGAAG
GTYCCHACRTCATGVGTCTG

95°C × 10 min:
35 cycles of 95°C × 60 s, 59°C × 60 s, & 72°C × 45 s
95°C × 3 min:
40 cycles of 95°C × 30 s, 59°C × 30 s, & 72°C × 30 s

hzsB (qPCR)
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FIGURE 2 - Variations in COD levels within the system

As shown in Figure 2, changes in the concentration of
organic matter between the ANAOR influent and effluent
were small. The system’s overall COD removal efficiency
was 87.57–88.55%, to which the UASB and A/O contributed 66.67–72.55% and 11.76–18.88%, respectively. It can
thus be concluded that most of the COD was removed by
the UASB. In other words, degradation of organic matter
during the initial process ensured favourable conditions for
the ANAOR reactor, which was not inhibited by this organic matter.

proposes the coupling of the partial nitrification and anammox processes, achieving advanced nitrogen removal without the addition of external carbon sources while ensuring
that TN meets the discharge standards.

3.2 Nitrogen removal

In the initial UASB, abundant organic carbon in the
raw water was ideal for denitrification of nitrite nitrogen
and nitrate nitrogen within the nitrification liquid reflux.
The concentration of ammonia nitrogen in the A/O reactor
was reduced from 60 to 32 mg/L. In the effluent, the concentrations of ammonia nitrogen, nitrite nitrogen, and nitrate nitrogen were 31.50, 33, and 5.33 mg/L, respectively.
The ratio of ammonia nitrogen to nitrite nitrogen was close
to 1:1, which was conducive to the anammox reaction.

The C/N ratio in mature landfill leachate is low, usually at a value of approximately 2. Theoretically, a C/N ratio of 4 is required for denitrification of nitrates. For denitrification of nitrites, the requirement is C/N> 2.50 [21].
Effective denitrification is also generally difficult to
achieve with a lack of organic carbon sources. Incomplete
denitrification will inevitably affect nitrification and therefore affect the entire nitrogen removal process. Often, a
technical bottleneck for nitrogen removal from landfill
leachate is created by either reducing or completely eliminating the addition of external carbon sources, so as to
achieve cost-effective nitrogen removal [22]. After achieving partial nitrification and anammox, the issue of lack of
carbon sources for denitrification of landfill leachate can
be addressed. This, in turn, ensures that the TN of the effluent complies with the stipulated standards.
In the standard treatment of landfill leachate, extra carbon sources must be added during the denitrification.
Through this process, TN is reduced. This study instead

The mass concentration of ammonia nitrogen in the
system influent reached 380–400 mg/L. Subsequently, the
nitrification liquid reflux, reducing the concentration of
ammonia nitrogen of the UASB effluent to approximately
130 mg/L (Figure 3).

Because the accumulation rate of nitrite nitrogen was
approximately 86.09%, we can conclude that the ammonia
nitrogen in the A/O reactor was removed through significant partial nitrification. However, nitrification in the A/O
reactor was not complete due to a low C/N ratio in the system influent and a lack of carbon sources during denitrification. Furthermore, the literature has established that denitrification and nitrification are complementary processes.
Figure 3 also shows the pH value of the raw water as
7.26. Denitrification in the UASB produced alkalinity,
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FIGURE 3 - Variations in nitrogen and pH levels within the system

causing an increase in pH. Throughout the process, the
A/O reactor operated with a low level of DO (approximately
0.50 mg/L). Partial nitrification was achieved through the
control of DO, leading the accumulation rate of nitrite nitrogen within the A/O reactor to increase from 72.90% to
86.09%. Generally, a partial nitrification reaction is considered to have occurred when the accumulation rate of nitrite
nitrogen is greater than 50%, indicating that a significant
partial nitrification reaction occurred within our A/O reactor.
In the nitrification (oxic) zone of the A/O reactor, alkalinity was continuously depleted through nitrification,
resulting in sustained decreases in pH value (from 7.60 in
cell O1 to 7.23 in cell O10). However, the phenomenon
commonly known as the “ammonia valley” was not observed, as there was still residual ammonia nitrogen in the
reactor, further indicating that the nitrification process was
not fully complete. In other words, there was still residual
ammonia nitrogen in the reactor.
Subsequently, effluent from the A/O reactor (which
contained residual ammonia nitrogen and nitrite nitrogen
produced by partial nitrification) flowed through the secondary settling tank before entering the anammox reactor.
By this time, the three prerequisites for the anammox reaction had been met:
(i) Use of the anaerobic reactor of the UASB;
(ii) Weak inhibitory effect on anammox by COD: At this
stage, the COD of the anammox reactor influent was
only approximately 70–80 mg/L, exerting a minimal
inhibitory effect on anammox. This was consistent
with a study by Zhu et al. [23] that found that organic

matter does not have any inhibitory effect on anammox reaction when the COD is less than 120 mg/L;
(iii) Presence of large amounts of nitrite nitrogen for the
anammox reaction: At 86.09%, partial nitrification in
the A/O reactor provided large amounts of nitrite nitrogen. In addition, nitrification in the A/O reactor was
not complete, meaning that there was still a substantial
amount of residual ammonia nitrogen.
The findings of the tests confirmed that an anammox reaction had indeed occurred, resulting in the synchronous reduction in the concentrations of both ammonia nitrogen and
nitrite nitrogen. Some studies [24-26] have shown that theoretically, during an anammox reaction, the ratios of NO2-N:NH4+-N and NO3--N:NO2--N should be 1.32 and 0.26, respectively. However, our study found that when NH4+-N decreased from 31 to 10.30 mg/L, NO2--N also decreased from
32 to 2 mg/L. This indicated a ratio of NO2--N:NH4+-N of
1.45, which is ideal for an anammox reaction to occur, and a
ratio of NO3--N: NO2--N of 0.43. As a result of the anammox
reaction in the ANAOR, the concentration of ammonia nitrogen was only 10.30 mg/L, while the concentration of TN
was 29.04 mg/L—lower than the newly released national requirement of China for TN of 40 mg/L. Prior to this study,
there were very few reports of achieving TN compliance
through biological treatment alone in China.
The entire process flow, which coupled the partial nitrification and anammox processes without the addition of carbon sources, produced a final effluent with the following approximate concentrations: ammonia nitrogen, 10.30 mg/L;
nitrite nitrogen, 2 mg/L; and nitrate nitrogen, 16.74 mg/L.
Consequently, the TN of the effluent was greatly reduced to
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FIGURE 4 - (a) ANAOR process and (b) analysis of variations in copy numbers of anammox bacteria genes

approximately 29.04 mg/L. The efficient removal of ammonia nitrogen and TN was achieved, by 97.28–97.42% and
92.48–92.86%, respectively.
In summary, maintaining a low DO content in the A/O
reactor facilitated both partial nitrification and anammox.
The subsequent ANAOR process facilitated a further
anammox reaction, thereby achieving simultaneous and
advanced removal of ammonia nitrogen and TN from landfill leachate.
3.3 Molecular biological analysis of anammox

The results of quantitative fluorescence PCR analysis
are shown in Figure 4. The anammox reaction in the initial
UASB was not significant, and the copy number of the
anammox bacteria’s genes in the UASB could not be detected. Despite being an anaerobic reactor, the UASB also
contained ammonia nitrogen and nitrite nitrogen, such that
there was no significant anammox reaction. This was
mainly due to the influent for the UASB column, which
contained a large quantity of organic matter and had a COD
of 500–600 mg/L, also serving as the overall influent for
the system, inhibiting anammox.
Anammox occurred after the UASB effluent entered
the A/O reactor, however, because the amounts of organic
matter were lower. The COD of the A/O reactor did not
exceed 100 mg/L throughout the process. Furthermore, DO
in all cells of the A/O reactor was not higher than 0.5 mg/L.
Such low aeration intensity not only supported stable partial nitrification, but was also accompanied by anammox.
Figure 4(b) shows that the copy number of the anammox bacteria’s genes was higher in the anoxic and oxic
zones of the A/O reactor. The highest amount was found in
the anaerobic zone at 1.50 × 109 copy numbers/g of dry

sludge. This was because aeration intensity in the anaerobic
zone was not as high as in the oxic zone, making the former
more conducive to the growth of anammox bacteria. As
such, a larger number of anammox bacteria were detected in
the anaerobic zone, comparable to that in the subsequent
ANAOR. Aeration in the oxic zone, on the other hand, resulted in a slight reduction in anammox bacteria, at 3.94 ×
108–8.86 × 108 copy numbers/g of dry sludge.
The setup of the ANAOR is shown in Figure 4(a).
Samples were separately extracted from the top, middle,
and lower portions of the column for quantitative fluorescence PCR analysis. As shown in Figure 4(b), the middle
and lower portions of the column had the highest degree of
anammox reaction at 2.51 × 109 and 2.72 × 109 copy numbers/g of dry sludge, respectively. These findings were
consistent with the overall degradation patterns for organic
matter and nitrogen in the system, as analysed earlier. Because the mass concentration of organic matter in the system was not high, the anammox reactions in both the A/O
reactor and the subsequent ANAOR were less inhibited.
This better facilitated the growth of anammox bacteria,
which had more than 109 copy numbers/g of dry sludge on
average for both systems [27-29]. Thus, synchronous and
advanced removal of ammonia nitrogen and TN was successfully achieved through the anammox reaction.
4. CONCLUSIONS
In the combined UASB-A/O-ANAOR process, the initial UASB removed organic matter, reducing the latter’s
inhibition on the subsequent anammox process. Next, partial nitrification was achieved in the A/O reactor. The residual ammonia nitrogen and nitrite nitrogen were further
removed by anammox in the subsequent ANAOR. From
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only a biological treatment method of combined partial nitrification and anammox, the removal efficiencies for organic matter, ammonia nitrogen, and TN in the landfill
leachate were 87.57–88.55%, 97.28–97.42% and 92.48–
92.86%, respectively. COD, NH4+-N, and TN levels in the
effluent were 63–70, 10.30, and 29.04 mg/L, respectively.
Therefore, synchronous and advanced removal of organic
matter and nitrogen was achieved.

[4]

Liang, Z. and Liu J.X. (2008) Landfill leachate treatment with
a novel process: Anaerobic ammonium oxidation (Anammox)
combined with soil infiltration system. Journal of Hazardous
Materials 151(1), 202 - 212.

[5]

Sun, H.W., Yang, Q., and Peng Y.Z. (2010) Advanced landfill
leachate treatment using a two-stage UASB-SBR system at
low temperature. Environment Science 22(4), 481-485.

[6]

Vilar, A., Eiroa, M., and Kennes, C. (2010) The SHARON
process in the treatment of landfill leachate. Water Science and
Technology 61(1), 47-52.

When the level of DO in the A/O reactor was controlled at 0.30–0.50 mg/L, partial nitrification and incomplete removal of ammonia nitrogen occurred, creating favourable conditions for anammox. Within the A/O reactor,
the accumulation rate of nitrite nitrogen was close to
86.09%. At the same time, the copy number of the anammox bacteria’s genes accumulated to over 109 copy numbers/g of dry sludge, demonstrating successful occurrence
of denitrification, partial nitrification, and anammox within
the same reactor and maximising the nitrogen removal capabilities of the A/O reactor.

[7]

Sun, H.W., Yang, Q., and Peng, Y.Z. (2010) Nitrite accumulation during the denitrification process in SBR for the treatment
of pretreated landfill leachate. Chinese Journal of Chemical
Engineering 17(6), 1027-1031.

[8]

Wei, Y., Ji, M., Li, R., and Qin, F. (2012) Organic and nitrogen
removal from landfill leachate in aerobic granular sludge sequencing batch reactors. Waste Manag 32(1), 448–455.

[9]

Guo, J.H., Yang, Q., and Peng, Y.Z. (2007) Biological nitrogen removal with real-time control using step-feed SBR technology. Enzyme and Microbial Technology 40(6), 1564-1569.

After removal of organic matter during the initial process, advanced removal of the residual ammonia nitrogen
and nitrite nitrogen was achieved primarily through anammox in the subsequent ANAOR without the need for external carbon sources. The copy number of the anammox bacteria’s genes reached more than 109 copy numbers/g of dry
sludge, indicating that advanced autotrophic nitrogen removal was achieved.

[11] Zhang, L.Y., Ye, Y.B., Wang, L.J. (2015) Nitrogen removal
processes in deep subsurface wastewater infiltration systems.
Ecological Engineering 77(1), 275–283.
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RELATION BETWEEN PHYSICO-CHEMICAL
PARAMETERS AND ICHTHYOFAUNA ABUNDANCE
IN A TROPICAL COASTAL LAGOON
Esther Guadalupe Cabral-Solís1, René Macías-Zamora1,
Daniel Lluch-Cota2, Elaine Espino-Barr1, and Alfredo Ortega-Rubio2,*
Centro Regional de Investigación Pesquera en Manzanillo, Playa Ventanas s/n, Manzanillo, Colima, C.P. 28200.
Centro de Investigaciones Biológicas del Noroeste, Mar Bermejo No. 195, Col. Playa Palo de Sta. Rita La Paz, B.C.S. C.P. 23090

1. INTRODUCTION

ABSTRACT
Cuyutlan Lagoon is a tropical coastal lagoon in the
state of Colima, Mexico. It is the most important coastal
body of the state due to its extension of 7.200 ha, its millenarian salt extraction and its fishing activity integrated by
a diversity of fish and crustaceans species that maintain
more than 600 families. With the aim of describing the relationship of this fauna abundance with the environmental
and water temperature, salinity and pH, monthly samples
of physicochemical parameters and ichthyofauna abundance, were taken in 14 sampling stations from January to
December 2002. The highest abundance was observed in
the area with strongest marine influence and during summer’s rainy season; the lowest abundance was recorded in
the colder season and the shallow sites with the lowest influence of the tide. The analysis of principal components
established that water temperature was the environmental
parameter with greater influence on the abundance. Graphically the trend line showed a direct relationship among the
principal component and abundance in eight sampling
sites, and in six sites, an inverse relation. In nine sampling
sites the relation is statistically significant. The results of
our study shows that fish abundance and diversity are positively correlated with water temperature with an optimum
of 26 to 30ºC, and negatively correlated with a high salinity, below of 43 ppm, and also negatively correlated with a
low pH, below of 7.21. Our findings could be useful to design habitat enhancement measures, such as the removal of
man-made barriers, and fisheries management practices,
such as establish fishing restrictions during the winter. The
application of such suggestions can contribute to ameliorate the economic conditions of the local fishermen.
KEYWORDS: Ichthyofauna, abundance, Coastal Lagoon, temperature, pH, salinity, Mexico

* Corresponding author

Tropical coastal lagoons are some of the most productive ecological systems on Earth, and provide essential
benefits and services for mankind, or nutrient export to the
adjacent marine ecosystems [1-3]. Organisms that inhabit
coastal lagoons are constantly under stress. They face extreme physical-chemical parameters conditions, which effect the composition of the biological communities [4,5].
In the coasts of Mexico there are a great number of lagoons, which have communication with the sea in temporary or permanent form. Each lagoon have unique characteristics because the differences in water quantity coming
from the sea, the differences in pluvial precipitations, tide
action, and other processes and local characteristics. Each
coastal lagoon offer different conditions to the ichthyofauna inhabiting them from different points of view: habitat diversity, food abundance and protection against predator. Besides, the differences among lagoons, because their
ichthyofauna abundance most of them are very important
from the biological, social and economic point of views [46].
The changes in hydrographic conditions determine the
diversity of organisms that live in these coastal systems.
Usually, in areas with relative extreme conditions, the
number of species is generally low and those that tolerate
these conditions can increase remarkably their abundance
and become dominant [7].
Water temperature usually has a decisive influence on
marine animals, affecting all their physiological processes,
like metabolism and reproduction [8, 9]. So, water temperature has a great influence in the life and therefore in the
distribution of marine animals [8, 9].
Ecological niches are defined by the physical space occupied by the organisms and their position in the environmental gradients of temperature, humidity, pH, place and
other conditions of existence, which are determined by the
limits of tolerance of each organism according to Shelford’s
Tolerance Law [8]. The modifications and alterations made

2434

© by PSP Volume 24 – No 8. 2015

Fresenius Environmental Bulletin

in a coastal lagoon have a directly influence on the ecological niche of the aquatic organisms. Moreover, fishing with
the use of nets with illegal mesh size and the lack of suitable
monitoring, also contribute to the deterioration of the fish
populations that inhabit coastal lagoons [10-12].
The aim of the present study is to evaluate the correlation between ichthyofaunal abundance and environmental
parameters in the Cuyutlan Lagoon, Colima Mexico.
2. MATERIAL AND METHODS
2.1 Study site

Cuyutlan Lagoon is located in the Mexican state of Colima, between 18º 57’ LN and 19º 05’ LN and between 103º
57’ WL and 104º 20’ WL (Fig 1). It has 37 km long and .5
to 1.5 km wide; with an average depth of 1.4 m. Cuyutlan
Lagoon has two main freshwater sources, the two streams
Agua Blanca and El Zacate, which introduces freshwater
only in raining time yearly. Average temperature in the zone
is 26ºC, with a maximum average of 29ºC during the Summer, and a minimum average of 19ºC during the winter. Annual precipitation is in average 828 mm, mostly concentrated
during the Sumer, from July to September.
During 2002 Cuyutlan Lagoon (Fig. 1), maintains
communication with the sea, through 3 channels; El Tunel
Channel an artificial channel 400 m long, 10 m wide and
4 m depth (1937). Ventanas Channel an artificial channel
215.5 long, 38.9 m wide and 7 m depth (1978), Tepalcates
Channel an artificial channel 450 m long, 90 m wide and
7 m depth (2000).
Along the past and the present Century, Cuyutlan Lagoon has been greatly impacted by human activities. Adjacent to the Lagoon it had been constructed, a 783.11 ha

evaporation Salt production complex; a 1,900 MW thermoelectric power plant (1979); embankment of 12 m wide for
railroad tracks of 2.5 km, and pipeline for fuel oil for thermoelectric plant (1980). Also, Cuyutlan Lagoon have been
greatly affected by constructions inside the lagoon such as
the 10 km paved road constructed during 1986.
Monthly samplings in the Cuyutlán Lagoon, were conducted in 14 sampling sites (E) distributed throughout the
three first basins of the lagoon, where E1 is the nearest to
the inlet channel (Ventanas Channel) (Fig. 1). Samplings
took place between January and December 2002. The capture of organisms was carried out using a gill-net with mesh
size 2 and 2¼ “, which was laid in circular form. An oar
was used to disturb the water in order to frighten the fish
and trap them. The net was recovered immediately.
The fish collected in each site were labeled and placed
in a cooler for their transport to the laboratory where its
taxonomic name was determined with key guides [13-21].
Ambient temperature and superficial temperature of
the water was taken in situ with an immersion thermometer
(0 to 100 ºC). Salinity and pH were also collected in situ,
using a clinometers YSI model 85 and a potentiometer
Orion, respectively.
In order to determine the relationship between the environmental parameters (pH, T°C of water, T°C environmental and salinity) and the abundance obtained in the
monthly samplings, an analysis of principal components
were applied. The first component obtained in the process
was taken as environmental index. This is a liner combination of environmental variables of the type I= a0x0+a1x1+
a2x2+…anxn where the constants a0, a1,.. an are the coefficients obtained in the principal component analysis. This
index and the abundance of each site were smoothed by
3-order moving average method; graphs of species abun-

FIGURE 1 - Cuyutlan Lagoon, Colima, Mexico. Numbers indicate sampling stations.
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dance and the index throughout the year was made for each
site, and a trend line was inserted in order to appreciate the
apparent relation between these variables.
To determine if the analyzed relationships were statistically significant, the correlation coefficient was determined by an analysis of variance using the value of F as a
statistical test, defined as:

S
F 
S

2

where: F = distribution of F (table value);
ple 1 variance;

S

2
xy

S

2
y

= sam-

= simple 2 variance.

3. RESULTS
Table 1 shows the characteristics environmental: Water Temperature, Environmental Temperature, pH, y Salinity of each sampling station, also the fish abundance and
diversity index. Table 2 shows the average depth and the
exact position of each sampling station.

y
2
xy

TABLE 1 - Sampling station, month, water and environmental temperature, pH, Salinity, fish abundance and Diversity index
Sampling station
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5

Month

Water Temp. ºC

Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May

26.5
26
28
28
28.5
30
30
31
30
31
28
26
25.7
25
29
29
29
31
29
29
30
31
28
25
26.5
26
29
29
30.5
30
29
28
30
31
28
26
27
26.5
28
27
28
30
30
31
29
30
29
27
26
25
28.5
28
30

Environmental
Temp ºC
27.5
26
30.5
30
28
33
30.5
32
30.5
29
28
28
27
25
29
29
28
33
30
32
30
29.5
28
27
27
25
30
28.5
29
33
30
32
31
29
28
27
26.5
26
30.5
29
28
33
30
32
30.5
29
29
27
26
26
30
29
28

pH

Salinity

7.21
7.06
7.12
6.88
6.62
7.14
7.38
7.47
7.32
6.99
7.16
7.17
7.17
7.14
7.01
6.82
6.8
7.16
7.39
7.35
7.4
7.1
7.14
7.19
7.22
6.99
7
7.08
6.64
7.16
7.37
7.36
7.37
7.26
7.17
7.21
7.13
7.07
7
7.02
6.71
7.16
7.44
7.41
7.41
7.31
7.17
7.18
7.3
7.15
7.24
7.03
6.83

35.7
35.6
36
36.2
36.4
34
34.8
28.4
32.7
34.1
34.1
35.9
36.2
36.2
36.4
35.2
36.4
34.5
35.3
30.5
32.9
33.6
33.5
36.3
35.9
35.6
36.1
35.6
37
31.5
35.1
33.8
33.8
33.3
35.8
36.4
35.7
35.2
36.2
34.9
36.1
33.6
34.5
34.4
33.4
34.2
35.8
35.7
36.1
35.9
36.2
35.8
36.2
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Fish abundance
5
2
8
13
4
18
2
3
1
5
2
6
4
13
19
15
11
11
38
7
3
0
4
2
2
2
10
6
3
2
7
8
14
11
6
6
4
2
3
4
26
6
9
12
3
10
2
37
6
5
3
21
13

Diversity index H’
0.5736
0.3010
0.5452
0.5299
0.3010
0.4864
0.1505
0.2764
0
0.4129
0
0.6778
0.3010
0.4386
0.5377
0.4028
0.4059
0.4868
0.1247
0.1781
0.2764
0
0
0
0
0.3010
0
0.1956
0.2764
0.3010
0
0.3194
0.4848
0.6376
0.5774
0.4392
0.1956
0
0
0
0.2240
0.5395
0.1451
0
0.4771
0.6989
0
0.1222
0
0
0.2764
0.5010
0.3447
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5
5
5
5
5
5
5
6
6
6
6
6
6
6
6
6
6
6
6
7
7
7
7
7
7
7
7
7
7
7
7
8
8
8
8
8
8
8
8
8
8
8
8
9
9
9
9
9
9
9
9
9
9
9
9
10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11

Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

30
30
30
29
31
28
26
27
26
31
30
29
32
31
31
31
32
28.5
27
26
25
28.5
29
30
31
30
31
29
30
28
25
26
25
27
26.5
28
29
29
29
28
30
29
26.5
27.5
26
28
26
30
31
29
30
28
30
28.5
26
26.2
25
27
27
28
28
30
30
28
30
29
28
26
26
27
28
29
29
29
30
28
30
28
27
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33
28
32
30.5
29
28.2
26
28
26
33
31
29
34
31
34
32
31
28
28
26
26
31
29
28
32
28
30
30
29.5
29
26
26.2
25.5
30
28
28
30
28
29.5
29
28
29
25
24.5
26
30
28
28
32
28
29.5
30
28
28
26
25.5
25.5
29
28
28
28.5
28
29.5
29
28.5
27
24
26.2
25
29
27
28
27
26.5
29
29
28
28
23.5

7.14
7.41
7.26
7.33
7.17
7.15
7.21
7.11
6.94
7.04
7.14
6.68
7.04
7.43
7.41
7.58
7.2
6.97
7.18
7.4
7.11
7.06
7.02
6.8
7.12
7.44
7.37
7.31
7.28
7.23
7.15
7.35
7.01
7
7.06
6.82
7.2
7.39
7.4
7.28
7.25
7.21
7.17
7.36
7.07
7.19
7.04
6.74
6.99
7.32
7.34
7.42
7.31
7.21
7.16
7.35
7.09
7.08
7.05
6.75
7.22
7.38
7.41
7.33
7.26
7.23
7.15
7.3
7.07
7.09
7.05
6.75
7.18
7.44
7.36
7.3
7.3
7.16
7.13
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30.3
34.8
34.3
34.6
33
34.8
36.2
35.8
35.2
35.4
34.7
36.4
34.5
34.4
34.6
35.4
32
34.2
35.6
36
35.5
35.3
35.7
36.7
34.9
35.1
35
34.7
31.1
36.4
36.5
35.3
35.1
35.1
34.7
35.1
33
34.4
32.9
34.5
33.2
34.8
35.6
35.5
36
35.8
35.8
36.7
31.2
34.6
35
36.3
33.8
33.9
35.2
35.4
34.8
35.1
35.1
35.5
34.4
34.4
34.5
34.9
33.6
35.9
35.1
35.5
35.2
36.1
35.8
36.2
37.4
34.8
35.7
35.2
33.1
34.6
35.4

40
14
4
4
10
2
1
5
5
2
10
17
11
40
28
7
56
26
10
0
4
8
4
2
6
8
9
12
27
17
6
19
3
12
6
14
2
13
13
3
7
4
61
1
6
5
11
10
3
10
7
6
0
13
1
0
8
1
7
9
3
0
17
17
12
7
1
0
0
4
6
8
13
162
5
5
4
1
13

0.3239
0.0074
0.2442
0.2442
0.3899
0
0
0.5785
0.2922
0.2764
0.4084
0.3844
0.4050
0.0325
0.3615
0.4361
0.1774
0.3703
0.4229
0
0.4392
0.3010
0
0
0.4392
0.2129
0.6361
0.6399
0.3124
0.2369
0.1956
0.4532
0.2764
0.3010
0.4771
0.2848
0
0.0258
0.2893
0.2764
0.1781
0.6886
0.6222
0
0.4392
0.5206
0.7677
0.6160
0.4771
0.1591
0.5546
0.5395
0
0.6886
0
0
0.4662
0.4126
0.5546
0.3685
0
0
0.0971
0
0.1245
0.4150
0
0
0
0
0.2764
0.6489
0.2327
0.0684
0
0
0.4515
0
0.7084

© by PSP Volume 24 – No 8. 2015

12
12
12
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
14
14
14
14
14
14
14
14
14
14
14
14

Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jun
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

25.5
25
28
28
29
28.5
29
29
28
30
28
25
25
26
26
28
28
28
29
30
28
30
28
25
25
26
27.5
29
29
28
29
30.5
28
30
28
25
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23.7
24
28
26
28
26
26
28
30.5
28
26
23.5
23.5
24
27
26
28
26
26
28
30
27.5
26
23.2
23
24
27
26
28
26
26
28
31
27
26
23

7.14
7.21
7.12
6.98
6.88
7.15
7.42
7.37
7.28
7.22
7.21
7.26
7.1
7.04
7.25
7.04
6.7
7.19
7.44
7.47
7.39
7.23
7.21
7.22
7.30
7.22
7.18
7.15
6.65
7.13
7.41
7.49
7.4
7.4
7.2
7.23

41.2
39.2
40
38.7
40.2
43.4
24.6
37.8
34
31.1
34.3
44
42.1
41.8
41.2
45.7
45.1
48.3
34.9
39.3
36.8
31.4
35.6
44.7
43.2
43.4
46
52.5
52.8
46.7
35.3
40.8
39.1
32.9
31.1
44.6

4
51
19
0
11
86
7
3
18
5
2
1
4
27
0
0
1
3
0
0
6
2
0
3
5
4
2
3
1
0
1
0
0
3
1
2

0
0.2742
0.0895
0
0.1323
0.1291
0
0.4771
0.3712
0.2173
0
0
0.2442
0.3152
0
0
0
0
0
0
0.1956
0.3010
0
0
0.2922
0.3010
0
0.2764
0
0
0
0
0
0.2764
0
0.3010

TABLE 2 - Sampling Station location and average depth.
Sampling Station

Latitude

Longitude

1
2
3
4
5
6
7
8
9
10
11
12
13
14

104º19’
104º18’
104º18’
104º18’
104º17’
104º16’
104º16’
104º15’
104º15’
104º15’
104º14’
104º13’
104º00’
104º11’

19º02’
19º02’
19º02’
19º02’
19º02’
19º01’
19º02’
19º01’
19º01’
19º00’
19º00’
19º00’
19º12’
19º00’

Table 3 shows the variance percentage of the analysis
of principal components, which range between 41.95 and
70.91%. In 10 of the 14 sampling sites (E) the water temperature had the highest weight for the first component (in
E4 and E6 to E14 sites), the ambient temperature in three
sites E2, E3 and E5 and the pH only in E1. The lower
weights were associated to pH in sites E1 to E9, E12 and
E13, the salinity in E6, E11 and E14 and the ambient temperature in E10. Sites E6, E11 and E14 had the lowest values of the index associated to the salinity.
The water temperature, environmental temperature
and pH showed a direct relation with the value of the environmental index in all the sites except E5 and E8. On the
contrary, the salinity showed an inverse relation in all the
sites except E5 and E8.

Average depth
(m)
1.80
1.85
2.00
1.40
1.30
0.95
0.90
1.20
1.40
4.00
1.60
1.05
0.90
0.70

The species abundance standardized curves and the
factor score throughout the year per site and smoothed by
3-order moving average method, are shown in Figure 2;
only the first component was drawn in the graph for being
the one that represents the greater variance percentage.
As it can be observed in Table 1 and (Fig. 2), the highest value of abundance in E1 was in May and the lowest in
August. In E2, the highest value was in June and lowest in
December. The abundance in E3 was higher in September
and lower in January, the highest value in E4 was in December and lower in January.
The abundance curve of E5 showed the highest value
in May and the lowest in December, in E6 it was higher in
November and lower in January; E7 had higher abundance
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TABLE 3 - Sampling station, percentage of variance explained by the principal component analysis, environmental variable, weight of the first
component variable in, parameters of correlation analysis between variables and first component, and F value of the reason of variance.
Sampling
station

% Variance

E1

65.2647

E2

60.6399

E3

58.3933

E4

70.9180

E5

58.1794

E6

61.7253

E7

52.0288

E8

62.5570

E9

53.4895

E10

51.3836

E11

41.9519

E12

56.4544

E13

56.7849

E14

48.8047

Variable

Principal
component

Correlation analysis

T°C Water
T°C Amb.
pH
Salinty

0.8347
0.8258
0.6909
-0.8686

a = -0.4019
b = 0.0223
R2 = 0.0773

F = 0.8375

T°C Water
T°C Amb.
pH
Salinty

0.7993
0.9229
0.4766
-0.8412

a =0.3482
b =-0.0221
R2 =0.0724

F =0.7809

T°C Water
T°C Amb.
pH
Salinty

0.6926
0.9063
0.4971
-0.8873

a =0.6043
b =0.0065
R2 =0.3456

F =5.2822

T°C Water
T°C Amb.
pH
Salinty

0.8984
0.8293
0.7869
-0.8499

a =0.1488
b =-0.0146
R2 =0.0219

F =0.2239

T°C Water
T°C Amb.
pH
Salinty

-0.8577
-0.9185
-0.0377
0.8639

a =-0.7126
b =0.0636
R2 =0.3408

F =5.1696

T°C Water
T°C Amb.
pH
Salinty

0.9434
0.8872
0.6544
-0.6030

a =0.9925
b =-0.0174
R2 =0.6765

F =20.9089

T°C Water
T°C Amb.
pH
Salinty

0.8950
0.8818
0.1726
-0.6874

a =0.5878
b =-0.0307
R2 =0.3177

F =4.6553

T°C Water
T°C Amb.
pH
Salinty

-0.9116
-0.7711
-0.5127
0.9020

a =0.4554
b =0.0004
R2 =0.2604

F =3.5213

T°C Water
T°C Amb.
pH
Salinty

0.8934
0.8632
-0.0910
-0.7667

a =0.8401
b =0.0325
R2 =0.4563

F =8.3924

T°C Water
T°C Amb.
pH
Salinty

0.8121
0.6081
0.6780
-0.7525

a =1.0762
b =0.0507
R2 =0.4059

F =6.8318

T°C Water
T°C Amb.
pH
Salinty

0.8227
0.6046
0.6033
-0.5220

a =0.5541
b =-0.0301
R2 =0.1362

F =1.5765

T°C Water
T°C Amb.
pH
Salinty

0.8789
0.8670
0.2204
-0.8278

a =0.0932
b =-0.0945
R2 =0.0025

F =0.0248

T°C Water
T°C Amb.
pH
Salinty

0.8395
0.7503
0.6566
-0.7565

a =-0.6775
b =-0.0864
R2 =0.1802

F =2.1975

T°C Water
T°C Amb.
pH
Salinty

0.7391
0.6782
0.7179
-0.6561

a =0.7148
b =-0.0276
R2 =0.5185

F =10.7683
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Analysis of
significance

-0.4

-0.8

-1.6

Abundance

0.5

0.5

-1

-1.5

E7

1.2

0

-1.2

Factor 1
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-0.5

0.8

1

0.4

0.5

-0.5

-1

-2

Abundance

1.5

2
Dec-02

1.8

Nov-02

Oct-02

Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

1.5

Dec-02

1
Jul-02

2

Nov-02

0
Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

1.5

Dec-02

1
Feb-02

Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

Apr-02

Mar-02

Feb-02

Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

Apr-02

Mar-02

3

Nov-02

E6

Oct-02

-1.5
-0.6

Oct-02

-1
Sep-02

0

Aug-02

0.6

0

Sep-02

0.5

Aug-02

1.2

Sep-02

1

Aug-02

E5

Jul-02

-2.5
-0.5

Jul-02

-1.5

Jul-02

0

Jun-02

1

May-02

1.5

Jun-02

E4

May-02

-1.5
-0.5

Jun-02

-1

May-02

0.5

Jun-02

0

May-02

0.5

Apr-02

1

Apr-02

1

Apr-02

-1.5

Apr-02

-1

-1.5

Apr-02

E3

-0.5

Feb-02

-1

Mar-02

0

Feb-02

0.5

0

Mar-02

0.5

Feb-02

1

Mar-02

1

Feb-02

1.5

Mar-02

-3

1.5

Feb-02

-1.5

E2

-1

Mar-02

-1
Jan-02

0

Jan-02

1

0

Jan-02

Dec-02

0.5

Jan-02

Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

Apr-02

Mar-02

2

Jan-02

Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

Apr-02

Mar-02

Jan-02
Feb-02

1

Jan-02

2.5

Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

Apr-02

Mar-02

Jan-02
Feb-02

E1

Jan-02

1.5

Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

Apr-02

Mar-02

Jan-02
Feb-02

1.5

Dec-02

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

Apr-02

Mar-02

Jan-02
Feb-02

1.5

Dec-02

1.6

Nov-02

Oct-02

Sep-02

Aug-02

Jul-02

Jun-02

May-02

Apr-02

Mar-02

1.5
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Oct-02

Sep-02

Aug-02
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May-02
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-0.5
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-1
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-0.5
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-0.5
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E8

-2

E9

E10

0

-1.5
-1

1

E11

0.5
0.5

0

-2

-1.5
-1

E12

-1.2

-1.8

E13

0

-1

-1.5

1.5

E14

0

-1.5

Factor 1

FIGURE 2 - Standardized curves of species abundance and the main component by sites, smoothed by 3-order moving average method, for
being the one that represents the greater percentage of variance.
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R2 = 0.3456
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0.5

0
0
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0
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R2 = 0.4059 1

0
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0
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1
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4
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R2 = 0.2604
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FIGURE 3 - Main component per site related to species abundance.
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in October and lower in January. In E8 was higher in December and lower in October, E9 had its highest value in
April and lowest in January; E10 showed a higher abundance in September and a lower in January; E11 was higher
in June and lower in January; E12 presented the higher
value in June and lower in December, site E13 had higher
value in February and lower in April, and finally E14 had
higher abundance in January and lower in August, as it can
be observed in Table 1 an (Fig. 2).
The tendency of the relationship between principal
components (Fig. 3) and abundance is positive in E2, E3,
E6, E7, E8, E9, E10, E11 and E12, and negative in E1, E4,
E5, E13 and E14.
There exists a statistically significant correlation between the main component (environmental index) and the
abundance, in E3, E5, E6, E7, E8, E9, E10, E13 and E14
as it is observed in Table 3.
4. DISCUSSION AND CONCLUSIONS
Sites E3 and E5 are close to anthropogenic barriers: the
embankment of the railroad tracks and concrete bases of
electric tower; site E10 is inside a direct marine water entrance. Sites E6, E8 and E9 are near a marine water entrance.
Sites E13 and E14 are located in the shallowest area with
low influence of the tide effect (Table 1, Table 2, Fig. 1).
Temperature is the environmental variable that more
influences positively values in the fish abundance, for its
importance within the main component, and defines the direct nature of the relation between this index and abundance. Sites that show a significant correlation coefficient
include the two of marine influences at the entrance of El
Tunel Channel (E4) and Tepalcates Channel (E10) (Fig. 2
and Fig. 3, Table 3).
Lower abundances were observed in January and December. During this period the species that dominated in
the Lagoon were those which developed adjustments and
acclimatization that allow them to compensate the changes
of temperatures [8].
The chemical, physical and biological variables in a
coastal lagoon have particular dynamics determined by
four components: volume and drainage of the rivers, marine water entrance and effect of the tides, litho logy of the
bed and sediment transport [11-22]
Authors agree that the tide controls the distribution and
concentration of physical-chemical variables in lagoons,
nutrients and other parameters of water quality display high
space and temporary variations [23, 27].
A positive correlation of fish and temperature was determined and confirms that coastal lagoons are feeding and
protection areas. These waters experience a huge range of
temperatures, salinities and dissolved oxygen and the pattern of superficial temperature of the sea is related to the
coastal lagoon, where the hot season is from July to October and the cool from November to May [28-32].

Salinity was a determining factor only in the shallower
sites and far from marine water entrances as E6, E11 and
E14 and has a negative effect in the sites E5 and E8, due
perhaps to the stillness of the water renovation cycle at dry
season [7, 33].
The environmental component pH shows a direct relation with abundance, as a negative restricting factor, only
in the sites near manmade barriers to the water flow railroad embankment (E3), electric tower (E5), where sediment and matter accumulation exists and an excess of carbon dioxide is produced [34-36].
The highest abundance of organisms was found in the
sites with marine influence and during summer and rainy
season, stations 11 and 12 (Table 1). The environmental
parameter that influenced the most the abundance is the
water temperature, the main component in 9 of the 14 sites
the tendency is positive (Fig. 3 and Table 3). Salinity and
pH represented a restriction in the survival of the community in 10 sites (Fig. 3).
The results our study shows that fish abundance was
higher during June and July and the sampling station number 6, 11 and 12, and diversity index in October station
sampling number 4, when the conditions environmental are
more homogeneous. However in the station sampling number 14, the fish abundance was lower because there exists
high salinity and is shallower (Table 1 and 2).
Our findings could be useful to design habitat enhancement measures, such as the removal of man-made barriers,
and fisheries management practices, such as establish fishing restrictions during the winter. The application of such
suggestions can contribute to ameliorate the economic conditions of the local fishermen.
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ABSTRACT

1. INTRODUCTION

Using SPOT5 images and the Landsat TM, we selected
Normalized Difference Vegetation Index (NDVI) and
Land Surface Temperature (LST) as indices of vegetation
cover in urban green spaces, and the effects of this cover
on temperature. We analyzed the spatial distribution of
green spaces varying NDVI levels in Changchun city,
China, and further explored the correlation between green
space NDVI value and the LST using the spatial analysis
in Geographical Information System. The results showed
that the NDVI value of all green spaces is negatively correlated with LST, but a significant variation existed within
this trend. The spatial distribution of urban green spaces by
their types and their compositions had an important influence on the urban thermal environment. The NDVI values
were highest among tree nurseries and agricultural land,
which had low corresponding LST, while LST was highest
in the residential green spaces. The vegetation coverage
and the LST of green patches were quantitatively analyzed
for the entire study area, and the results revealed that green
spaces in urban parks had a much greater impact on LST
than other types of urban green space. Within urban green
spaces, evergreen forest lands had the highest NDVI values
and the largest cooling effect on land surface temperature,
followed, respectively, by deciduous forest lands and agricultural croplands, with grasslands having the lowest
NDVI values and producing a minimal effect on land surface temperature. Thus, evergreen forest had a greater cooling impact on LST than deciduous forests, croplands and
grasslands.

KEYWORDS: Green land, vegetation index, quantitative remote
sensing, spatial analysis

* Corresponding author

Excessive heat, accumulated in the urban micro-environment, is a signature problem of urbanization, and it has
seriously hampered the development of comfortable, livable cities. Land Surface Temperature (LST) is a static
measurement of dynamic surficial heat flux that is acquired
with remote sensing, and it has the ability to document the
phenomena of heat islands on the land’s surface as a single
moment in time [1]. Differences in temperature between
different land-cover surface types creates the conditions
needed to form a “heat island” area [2]. The high spatial resolution of Landsat Thematic Mapper TM band 6 (120 m) is
widely used in the study of urban heat island [3]. Appropriate municipal control over the artificial release of heat by
human activities will regulate the process of urbanization to
a certain extent, and thus limit urban heat release. As an important part of urban ecological system, urban green spaces
provide an energetic and material buffer that can function
as a thermal regulation service for the urban ecological environment [4], and this potential impact on urban climate
cannot be ignored by government and municipal planners
[5]. Numerous studies have shown that parks and green
spaces are “cold island” areas of the city [6], and appropriately increasing the green space areas of a city is beneficial
for alleviating the urban heat island effect [7, 8]. In consideration of this, studies on improving the urban thermal environment by implementing a landscape of urban green
spaces have been carried out by both Chinese and International scholars [9-11]; the Normalized Difference Vegetation Index (NDVI) is a metric sensitive to the parameters
of vegetation growth that have been widely used to characterize surface vegetation in environmental, ecological, agricultural and other related academic fields [12, 13].
In this study, we selected a typical garden city, Changchun city in the northeast of China, as a case study, and
sought to determine the influence of its evolving urban spatial structure on the natural ecological system. As a starting
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point, we used comprehensive classification principles for
urban built-up areas from both the Chinese and International literature to establish a base map of where the process of urbanization has converted land with natural surface cover to buildings and artificial cover, specifically
both among the city’s integrity urban infrastructure, and
where its exterior urban fringes juxtapose outlying agricultural areas. To this end, remote sensing imagery and topographic maps were combined with field survey data, and
geographic boundary lines establishing the urban-rural border around Changchun city were extracted. Within this outline, urban green spaces were classified based on SPOT5 images, and then, NDVI was quantitatively calculated based on
Landsat TM image. We analyzed the vegetation cover characteristics of these green spaces, and further analyzed the influence they affected on land surface temperature. Potential
applications of this research hold an important value for
protecting and planning the structure and function of urban
green spaces, as well as improving urban and especially
residential environments.
2. MATERIALS AND METHODS

ment Town Cadastral Survey, which was classified into evergreen trees and deciduous trees and grass land, agricultural
land according to the composition. The information of urban
green land landscape was extracted using geological correlation analysis method and man-machine interactive interpretation involved in expert knowledge. The spatial scale attained to 1:10 000. Moreover, according to the field survey
of the urban land and the samples green landscape type of
2004 aerial photo, GOOGLE EARTH, and some urban
1:500 topographic map (33), part of the topographic map
(11) surroundings, we evaluated the classification accuracy
of urban green land landscape ,and the results showed that
the rate of correct interpretation attains to 92%.
The temperature of green land was represented by mean
temperature of pixel in the green land patch, that is
LST_MN, which showed potential of cold island effects produced by green land, using the spatial analysis function of
ArcGIS 10.0. First, spatial overlay analysis was done between the green land landscape and urban spatial distribution
of NDVI [16], and then, correlation and regression analysis
was used by SPSS. The relationship between green land
landscape and the LST was analyzed in the same way.

2.1 Data and image pre-processing

2.2 The calculation of NDVI

Given the phonological characteristics of vegetation in
northeastern China, the time frame for appropriate remote
sensing images to use for our study was limited to between
late August and the middle of September. An image from
the SPOT 5 satellite acquired on September 12, 2004, was
adequate, and provided multispectral imagery of 10-m spatial resolution and pan-sharpened imagery with a spatial resolution of 2.5 m. It was used to extract green spaces and to
validate our classification accuracy of the vegetation cover.
A Landsat Thematic Mapper (TM) image from September
8, 2005, had very clear atmospheric conditions with no influence of clouds, and was used for estimating the LST and
NDVI.

Normalized difference vegetation index (NDVI) was
obtained after nonlinear normalization processing of RVI
[17]; it has close relationship with vegetation coverage and
biomass, and enhanced the responsiveness of vegetation;
so, it is an important index to study the effects of the vegetation change [18]. Conditions for growing plants, such as
coverage, the seasonal dynamic changes directly corresponds to the change of vegetation index [19]. The extraction method of vegetation index is as follows:

Following the landscape classification methods set
forth for urban green spaces and urban heat island effects
by Weng et al. and Cao et al. [14, 15], we constricted the
spatial information for urban green spaces to fit within the
national government’s existing urban land classification
database, Town Cadastral Survey Procedures (TD100193), the Ministry of Land Resources P.R.C. Based on it, we
further examined green spaces with a wide range of intended functions (i.e., land-use) in Changchun city, creating different classes for park land (PK), attached green land
(AGL, such as those green spaces around a school, but also
including those around a factory, shopping center, or institutional building etc.), residential yards (RY), trees nurseries (TN), buffer green land (BGL, including wind rows of
trees planted along roadways or at field edges), and agricultural land (AL, cultivated by human being), as well as
other green land (OGL, “another” class for all other land
uses containing urban green space). Additionally, we created a separate classification based on the national govern-

NDVI  (TM 4  TM 3) /(TM 4  TM 3)

(1)

The value of TM 4 is greater than that of TM 3 in vegetation, and other types of ground objects are on the opposite, therefore, in the image of NDVI; there is generally
vegetation when the value > 0 values.
Land surface temperature estimation
In order to avoid the dependence on radio-sounding in
the RTE method, Qin et al. [20] developed the following
mono-window algorithm for obtaining LST from TM6:
Ts 

1
[ a (1  C  D )  (b (1  C  D )  C  D )T6  DT a ]
C
(2)

where Ts = land surface temperature (K); a = 67.355351,
and
b
=
0.458606; C   ,
D  (1   )[1  (1   ) ] , and  is the land surface emissivity, and



is the total atmospheric transmissivity; T6 is the

effective at-sensor brightness temperature (K) and Ta represents the mean atmospheric temperature given by the following equation:

2445

© by PSP Volume 24 – No 8. 2015

Fresenius Environmental Bulletin

Ta  16.011  0.92621To

(3)

To is the near-surface air temperature, and Qin et al.
[20] also estimated the atmospheric transmissivity from w,
the atmospheric water vapor content, for the range 0.4-1.6
g/cm2, according to



= 0.974290 – 0.08007 w (high To)

(4a)



= 0.982007 – 0.09611 w (low To)

(4b)

More details about this algorithm and its sensitivity
could be found in the work of Qin et al. [20].
In addition, computation of
them (Xiao and Weng) [21, 22].

 and T

6

could refer to

3. RESULTS AND DISCUSSION
3.1 Spatial distribution characteristics of urban green space
types and compositions

Green land is ring-like radiated from the center to the
outer, and gradually expanded and connected into a strip
center area, as shown in Fig. 1. The coverage area of attached green land was the most in all kinds of green land
in built-up area, 2384.896 ha, followed by the green land
in parks which accounted for 76.5% of total area, and residential green land covered in the fourth was only 5.0%. The
area of deciduous trees was the most in built-up area; it was
2307.762 ha, and accounted for 45.1% of all the green land.
The second was the grass land, and the area of the two types
accounted for 89.7% of the total area. In addition, the cultivated land was occupied by a certain proportion, and there was
the low proportion of evergreen trees, as shown in Fig. 2. Evergreen trees were distributed mainly in the green land, in
parks green spaces and attached green land as well as the
green land for production, and also distributed at a small
amount in other kinds of green land. Deciduous trees were
distributed in the various types of green land, and the most
was in attached green land, second in the green land in
parks. The grass land, also distributed in the various types
of green land, likewise, in the majority with attached green
land, the green land in parks, and the least in the green land
for production.

production and the cultivated land. The main reason was
that both were artificial cultivation, protecting, and mainly
distributed in the surroundings, where people do not concentrate; therefore, it had a stronger cooling effect. The
higher value of NDVI was also in protective green land and
other kinds of green land. The protective greenbelt was
mainly distributed in the coastal area of rivers, especially
at both sides of YiTong River. Other kinds of green land
were distributed in urban fringe, much as the natural vegetation, due to the complex community structure of forest
stands and a variety of plants, and the cooling effect was
better. The green land in parks was the most important type
in the city, and had a larger proportion in urban green land;
therefore, its heat distribution was remarkable on land surface. As a result of the distribution of much water, it had a
low value in green land of parks. But it was an important
part for human rest, entertainment, and human activity was
relatively concentrated; so, the value of LST was in the
middle. The value of NDVI was lower in attached green
land, the corresponding LST was higher, next to residential

FIGURE 1 - Spatial distribution of different green space compositions in Changchun City

3.2 The relationship between NDVI and LST of different types
of green land

As NDVI is characterized by radiation value of green
vegetation relative abundance and activity, it is necessary
to understand LST and the relationship between NDVI and
LST of different types of green land, and is necessary to do
a further analysis on the relationship between NDVI and
LST of each kind of green land. Figure 3 reflected the mean
value NDVI and LST of different types of land.
It could be seen clearly from Fig. 3, that NDVI had a
negative correlation with LST of all types of green land.
The maximum value of NDVI was in the green land for

FIGURE 2 - Spatial distribution of different green space types in
Changchun City
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FIGURE 3 - The relationship between the NDVI of different green space types and LST.

green land, although it had the highest proportion in green
land, at 44.8%, attached green land distributed near the factories, organs, schools, troops, warehouses and so on. It had
a certain degree of cooling effect; however, the heat released by factories also cannot be ignored, especially the
industrial anthropogenic heat was stronger, leading to
higher LST. The maximum LST and minimum NDVI
value was in the residential green land. It had a low proportion in the whole green land, only 5.0%. But the residential
area was the most concentrated area, where human activities were frequent, and the degree of man-made damage to
the vegetation was also bigger, the building density was
bigger, and the construction scale of underlying surface
was larger, and was added to heat of land surface.
For further analysis of quantitative relationship between NDVI and LST in all types of green land, statistical
patch of each type was done, respectively; each point corresponded to the mean value of the NDVI and LST in a
polygon of green land patch. Pearson correlation analysis
was done between patch of each type of green land and
corresponding LST in the SPSS, and then, the linear regression analysis was done with 2D scatter diagram. The relationship between NDVI and LST of each type of green land
is shown in Fig. 4. As a large number of studies found that
temperature and NDVI had a positive correlation in water
particularity, therefore, we studied the relationship in green
land in parks, it was of great significance for the results
when the green land was separated from water in parks.
Figure 4a was the linear regression analysis result after
masking to water.
According to the results of correlation analysis, for the
patch of urban green land types, LST had a significant negative correlation with NDVI, and the correlation coefficient was significant in 0.01, the confidence level. The
sample of green land in parks was 3186, and the correlation
coefficient of the NDVI and LST of the patch was -0.715,
and the negative correlation was higher. The sample of attached green land was 4980, and the correlation coefficient

of NDVI and LST was -0.620. The sample of residential
green land was 921, and the correlation coefficient of
NDVI and LST was -0.615; the negative correlation was
more significant, but compared with other types of green
spaces, the correlation was the lowest. The sample of protective green land was 205, and the correlation coefficient
of NDVI and LST was -0.668. The sample of green land
for production was 46, the correlation coefficient of NDVI
and LST was -0.736, and it had the highest negative correlation. Therefore, compared with other types of green land,
it had the biggest effect on LST when changing the green
land for production. The samples of other kinds of green
land was 108, and the correlation coefficient of NDVI and
LST was -0.688. The number of samples of cultivated area
was 68, and correlation coefficient of NDVI and LST was
-0.651; the negative correlation was low, just above the attached green land and residential green land. Results
showed that the higher the vegetation cover degree was, the
higher transpiration rate was, at the same time, for urban
land use areas, accelerating the latent and sensible heat exchange between land surface and the atmosphere, which
had lower LST values.
The results of regression analysis also showed that it
had significant negative correlation between LST and
NDVI of each type of green land; the maximum of linear
coefficients in regression function was in the cultivated
land, and the minimum was in the green land in parks. That
is, the same increase of NDVI value, and LST of the cultivated land reduced the least. Namely, with the increase of
green land NDVI, LST of the cultivated land reduced at the
slowest rate, and LST of green land in parks decreased at
the fastest rate. With the change of vegetation cover, LST
of the green land in parks was far more sensitive than the
cultivated land in the edge of the city. At the same time, the
regression coefficients also revealed that the LST of green
land for production and green land in parks was more severe affected by vegetation cover, compared with other
types, which may account for the change of these types of
green land NDVI, which could better alleviate the urban
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heat island effect, and regulate the urban thermal environment. Therefore, in the process of urban planning, we
should reasonably plan the green land for production, green
land in parks and so on, in order to alleviate urban heat island effect.
3.3 The relationship between NDVI and LST of different green
land compositions

The mean value of NDVI and LST in different compositions of green land is shown in Fig. 5. It could be clearly
seen that for the urban green land compositions, LST had
significant negative correlation with NDVI, which also
showed that NDVI of green land was one of the important
factors to determine the LST. The maximum value of
NDVI and the minimum value of LST was in evergreen
trees, followed by the deciduous tree, and the mean LST
was higher (27.2 oC). The minimum value of NDVI was in
grass land, and the mean LST was 28.9 oC, but the cooling
effect was not obvious.
For further analysis of quantitative relationship between NDVI and LST in all compositions of green land, a
statistical patch of each composition was done, respectively, and each point corresponded to the mean value of
the NDVI and LST in a polygon of green land patch. Pearson correlation analysis was done between patch of each
composition of green land and corresponding LST in the
SPSS, and then, the linear regression analysis was done

31.0

with 2D scatter diagram. Table 1 shows the regression results between NDVI and mean LST of different green land
compositions.
According to the results of analysis, for patch of each
green land composition, NDVI had a significant negative
correlation with LST, and the correlation coefficient was
significant in 0.01, the confidence level. The maximum
negative correlation was in evergreen tree, the correlation
coefficient was -0.816, followed by deciduous tree, and
cultivated land. The minimum negative correlation was in
grass land, the correlation coefficient was -0.646. It could
be seen that compared with other green land of compositions, changing the vegetation conditions of evergreen and
deciduous trees had the biggest effect on LST. In other
words, the same increase of vegetation coverage, the evergreen and deciduous trees had the strongest cooling effect,
and the opposite cooling effect in the grass land. Therefore,
the vegetation cover degree had great influence on LST of
green land. The results of regression analysis also showed
that it had significant negative correlation between LST
and NDVI of each composition of green land; maximum of
linear coefficients in regression function was in the cultivated land, the minimum was in evergreen tree, which had
the same trend with the correlation coefficient. It also revealed that under the conditions of the same NDVI value,
LST of green land was different due to its different composition. At the same time, with the increase of NDVI, LST
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FIGURE 5 - The correlation between the NDVI and LST of different green compositions.

TABLE 1 - The regression results between NDVI and mean LST of different green land compositions.
Green land compositions
Evergreen tree
Deciduous tree
Grass land
Cultivated land

Number of samples
227
5755
3265
68

Regression function
Y=-13.511X+31.273
Y=-11.150X+31.799
Y=-10.580X+31.306
Y=-8.1197X+30.28
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Correlation coefficient
-0.816
-0.674
-0.646
-0.651

R2
0.6654
0.4533
0.4171
0.4236
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of the cultivated land reduced at the slowest rate, that of the
grass was also slower, but the LST of evergreen tree decreased at the fastest rate. As the change of vegetation coverage, LST of urban evergreen tree was more sensitive than
the cultivated land and grass land; this result also suggested
that the cooling effect of evergreen tree was better. The
comparison of regression coefficient also revealed that the
LST value of evergreen tree and deciduous trees was more
intensely affected by vegetation conditions than the grass
land; this was the same as the results of correlated analysis.
So, changing the vegetation cover of these green land compositions, had a better regulation to improve urban thermal
environment. Therefore, the construction of green space in
cities, in order to alleviate the urban heat island effect, we
could reasonably build evergreen trees and deciduous trees
as much as possible, not simply in pursuit of artistic effect,
improve the cultivation of single lawn, forest structure was
more significant for alleviating urban thermal environment
effect.

4. CONCLUSIONS
The coverage area of attached green land was the most
in all kinds of green land in built-up area, followed by the
green land in parks, and the area of the two types accounted
for 76.5% of total area, residential green land covered in
the fourth, it was only 5.0%, which showed that green land
was still scarce and closely related to people’s daily life. In
addition, there was a lack of the total area of green land,
and the structure was imperfect in the build-up area in
Changchun City. From the composition, the area of deciduous trees was the most in built-up area, and it accounted
for 45.1% of all the green land. The second was the grass
land, and the area of the two types accounted for 89.7%
of the total area. In addition, the cultivated land was occupied by a certain proportion, and that of evergreen trees
was the lowest. The pattern of green land was not perfect,
which could not give full play to the service function of
green land system.

ciduous trees, cultivated land and grass land. The corresponding LST was the opposite. The results of quantitative
analysis showed that the LST of evergreen tree and deciduous tree was more sensitive than those of cultivated land
and grass land; therefore, the evergreen and deciduous
trees had the strongest cooling effect. Thus, in the construction of urban greening, it is necessary to comprehensive
considerate types and compositions of green land, in order
to maximize their ecological service function.
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NDVI had the significant negative correlation with
LST of all types of green land. The maximum value of
NDVI was in green land for production and the cultivated
land, and the corresponding LST was the lowest. The minimum NDVI value was in residential green land, and it had
the maximum LST. The quantitative analysis was done on
the relationship between NDVI and LST for the patch of
each type of urban green land; it revealed that LST of green
land in parks was more severely affected by vegetation
cover compared with other types, which may account for
the change of vegetation cover of green land in parks, but
it could better alleviate the urban heat island effect, and
regulate the urban thermal environment.
For the urban green land compositions, LST had a significant negative correlation with NDVI, and the maximum
vegetation cover was in evergreen trees, followed by de-
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ABSTRACT
Natural wetland vegetations are sensitive to climate
change, and net primary productivity (NPP) of dominant
plants is one of the important indexes to understand the
feedback mechanisms to these global or regional change
events. In this study, we attempted to utilize BIOME-BGC
model to simulate NPP of Calamagrostis angustifolia in
Fujin, in Sanjiang Plain of China. The Calamagrostis angustifolia is the dominant plant community (34.5%) in Sanjiang Plain, a typical wetland region. Field-based physiological data of Calamagrostis angustifolia and collected information are used to optimize the parameter of BIOMEBGC by a progressive optimization method. Our results
showed that the optimization method significantly improved the simulation of wetland vegetation. In the correlation analysis between the simulated and measured values,
the R2 value increased from 0.68 to 0.87, while the standard
error decreased from 449.8 g C m-2 a-1 to 164.0 g C m-2 a-1.
The long-term temporal variations showed that NPP of
Calamagrostis angustifolia slightly increased from 1963 to
2012. In addition, we found that precipitation was the dominant factor affecting NPP, with a significantly positive relationship (R2=0.59, P<0.05). These kinds of relationships
indicate that the variation trend of the future climate might
increase NPP of Calamagrostis angustifolia in the study
region.
KEYWORDS: parameter optimization, climate change, wetland,
net primary productivity, Sanjiang Plain

1. INTRODUCTION
Climate change effects represent a number of challenges for natural ecosystems and may even threaten the
living environments of humans [1]. The effects are among
* Corresponding author

the greatest challenges that natural ecosystems have to face
currently and in the near future [2]. As one of the most important natural ecosystems, wetlands play important roles
in maintaining hydrology, reducing pollution, protecting
biological diversity and affecting the global carbon cycle
[3]. However, wetland ecosystems are also sensitive to climate change, especially with large variability of precipitation and temperature [4, 5]. These impacts of climate
change on wetlands are closely linked to the specific location, climate condition, wetland types as well as human activities [6]. For example, wetlands at high latitudes are
strongly affected by permafrost thawing process under climate change [7].
NPP is considered as an important proxy to characterize vegetation dynamics and carbon sequestration capacity
[8]. NPP is also one of the most common key variables in
researches on the climate change and its impact on the environment [9]. In view of the technical difficulties in field
experimentation and lack of long-term data, studies that address the interactive effects of climate change on NPP are
lacking, particularly for wetlands. Biomass monitoring is
the main approach for understanding NPP of an ecosystem.
However, NPP in the wetlands has a wide range of variation. There have been few measurements of belowground
biomass and production because measurement of root production in wetlands is difficult [10]. Thus, direct and comprehensive measurement of wetland NPP on regional scale
are limited, but process-based simulation modeling can
overcome this limitation.
A number of process models have been developed and
used for NPP simulation. However, few models have been
developed for wetlands simulation. NPP estimation of wetlands always depends on the biogeography models such as
Miama, Chikugo, and CASA. In these models, only simple
ecosystem processes are concerned, and no variations in
vegetation process and function under altered climatic conditions are implicitly assumed [11]. Compared with those
models, most process-based biogeochemical models have
been developed with more sophisticated structures and de-
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scriptions of more complex ecosystem processes and interactions. Their application can provide insight into the interactions of NPP with climate change [12]. BIOME-BGC
model is a well-established biogeochemical model for simulating the storage and fluxes of water, C, and nitrogen
within the vegetation, litter, and soil components of a terrestrial ecosystem.
BIOME-BGC model is an extended version of FOREST-BGC model and its many versions have been developed for use with different ecosystems [13]. With these developments, BIOME-BGC has become an appropriate tool
to simulate terrestrial ecosystems such as forests, agricultural lands and grasslands [14]. White et al.(2000) have
provided an account of the source for parameters in BIOME-BGC for major natural temperate biomes and introduced a detailed method of adjusting and verifying the parameters [15], laying the foundation for the wide application of BIOME-BGC model. Based on the study conducted
by White et al. (2000), Zeng et al. (2008) simulated the
gross primary productivity and NPP of Pinus elliottii in
forested wetlands successfully [16]. Due to undocumented
parameter selection and unknown model sensitivity to parameter variation, the application of BIOME-BGC model
was limited in wetlands [17]. Parameter optimization offers a solution to the problems [18]. After parameter optimization, BIOME-BGC model could be successfully used
to simulate variations of NPP of grassland ecosystems [14].
In this study, Sanjiang Plain of China was selected as
the study region, which is the largest wetland distribution
area and has the most intense climate change in China [19].
We have focused on Calamagrostis angustifolia, which is
the main community (34.5%) in Sanjiang Plain with important indicative functions of wetland ecosystem change
[20]. The aim of this study was to optimize the parameter
of BIOME-BGC model to simulate NPP of wetlands, and
to study long-term regional NPP variations under climate
change in typical natural swamp wetland. We optimized
the parameter of BIOME-BGC by a progressive optimization method to explore the application potential of BIOMEBGC model in wetland ecosystems, and NPP of Calamagrostis angustifolia was simulated by the optimized
model in order to determine the impacts of climate change
on wetlands.
2. MATERIALS AND METHODS
2.1 Study region

Sanjiang Plain, situated in the northeast of Heilongjiang Province (45˚~48˚N, 130˚~135˚E), is the largest
freshwater swamp wetland in China. Sanjiang Plain belongs to the zone of the continental monsoon climate. Annual mean precipitation is 550~600 mm, and annual mean
temperature is 19 °C. Mean temperature of the coldest
month (January) is below -18 °C, and mean temperature of
the hottest month (July) is approx. 21.2 °C. Main vegeta-

tion type of Sanjiang Plain is typical marsh wetland vegetation, and the vegetation coverage generally ranges from
70-90%, with Calamagrostis angustifolia and Carex lasiocarpa as the main vegetation communities. The main soil
types are peat mire, humus marsh, meadow marsh, slime
swamp, meadow, peat, etc. In this study, the eddy covariance data of Calamagrostis angustifolia was obtained from
the experimental field at Sanjiang Plain Marsh Wetland
Ecological Experiment Station of Chinese Academy of
Sciences (47˚35’N, 133˚29’E). The meteorological data of
Fujin Weather Station near the experiment station were obtained from National Meteorological Information Center.
2.2 BIOME-BGC model

BIOME-BGC model has been continuously developed
over 20 years of development, and the current BIOMEBGC model (version 4.1.2) can be used to effectively simulate ecosystems using daily values. The main driving parameters of the model include three parts: (1) the initialization file provides general information about the simulation,
including a description of the physical characteristics of the
simulation site, a description of the time-frame for the simulation, the names of all the other required input files, the
names for output files that will be generated, and lists of
variables to store in the output files; (2) the meteorological
data contain daily values for temperature, precipitation, humidity, radiation, and day length at the simulation site; and
(3) the eco-physiological constants file (44 parameters in
total), contain an eco-physiological description of the vegetation at a site, including parameters such as leaf C:N ratio, maximum stomatal conductance, fire and non-fire mortality frequencies, and allocation ratios.
2.3 Parameters optimization

In this study a progressive optimization approach was
used to optimize parameters in BIOME-BGC. The method
was based on the research of White et al. [15] and other
reports about the parameter sensitivity measurements and
calculation methods, such as the Bayesian analysis method
and annealing algorithm [14, 21]. The detailed steps are as
follows: (1) the distribution of each parameter was estimated using their observed minimum and maximum value
according to the measured data in the study region or adjacent regions; (2) for parameters that lacked observed data,
their distribution intervals were determined based on observed data of similar regions, vegetation communities in
other reports, because the value was not exactly the Calamagrostis angustifolia’s, so we expanded the value range
of 10% as the approximate value intervals, and then, the
Monte Carlo method was used to narrow the interval; (3)
ten numerical values were randomly selected within their
range of each parameter, and the optimum parameters were
selected through comparing the simulated NPP with the observed NPP. Because of the large number of model parameters and interaction between certain parameters, this optimization step was repeated for finding the most reliable parameters. We tested the effect of varying each parameter
independently of other parameters, and the five most sen-
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sitive parameters were determined. The above steps were
then repeated for the most sensitive parameters to obtain
the optimum results.

to simulate the variation of NPP of Calamagrostis angustifolia over the past 50 years. Stepwise regression analysis
was used to analyze the climate factors impact on NPP.

2.4 Data analysis

The daily meteorological data from 1963 to 2012 were
collected from Fujin Weather Station, which is located in
Sanjiang Plain. These data were relatively complete, included the daily values for maximum, minimum and mean
temperature, precipitation and evaporation. For missing values, linear interpolation was conducted using the values of
the adjacent time steps before and after the missing day. The
meteorological data were used to calculate the annual climate change sequence of each factor, and the univariate regression analysis method was used to analyze the climate
change trend as well as the inter-annual and inter-decadal
variation characteristics. The corresponding anomaly of
each factor was obtained by subtracting the corresponding
30-year (1981~2010) mean value of the annual value. The
meteorological data were used to drive BIOME-BGC model

3. RESULTS
3.1 Parameter optimization

The parameter optimization was determined through
the progressive processes and details are listed in Table 1.
Ideally, the parameters were varied within their distribution interval. For some parameters, the simulation results
of BIOME-BGC were optimized when the parameters
were the maximum or minimum values of their value
range. There are some parameters which must be integrated
as the model required, thereby the integers nearest to the
range of the value were used. The most sensitive parameters included growth period, C/N ratio of the leaves, C/R
ratio of the fine roots, ratio of C content in the fine roots
and the leaves, and surface conductivity.

TABLE 1 - Optimization results of the parameters of BIOME-BGC model.
Value distribution inter- Optimization reReferences
val
sults
constant atmospheric CO2 concentration
ppm
350~400
400
[22, 23]
effective soil depth (corrected for rock fraction)
m
0.8~1.3
1.2
[24]
sand percentage by volume in rock-free soil
%
6.2~10.0
10*
[25, 26]
silt percentage by volume in rock-free soil
%
44.1~60.0
50*
[25, 26]
clay percentage by volume in rock-free soil
%
30.0~39.6
40*
[25, 26]
site shortwave albedo
DIM
0.2~0.3
0.2
[27]
0.00064±0.00013
0.00066
[28, 29]
wet+dry atmospheric deposition of N
kgN/m2/yr
0.00012±0.00003
0.00014
[28, 29]
symbiotic+asymbiotic fixation of N
kgN/m2/yr
yearday to start new growth
yday
73~97
73
yearday to end litterfall
yday
295~314
314
transfer growth period as fraction of growing season
prop.
1.0±0.2
0.9
[15]
litterfall as fraction of growing season
prop.
1.0±0.2
0.8
[15]
annual leaf and fine root turnover fraction
1/yr
1.0±0.2
1.0
[15]
annual whole-plant mortality fraction (herbivory)
1/yr
0.06~0.4
0.4
[15]
annual fire mortality fraction
1/yr
0.001~0.005
0.001
[30]
(ALLOCATION) new fine root C : new leaf C
ratio
1.0±0.54
0.95
[15]
(ALLOCATION) current growth proportion
prop.
0.5±0.2
0.3
[16]
C:N of leaves
kgC/kgN
17.46~60.68
27.4
[31]
C:N of leaf litter, after retranslocation
kgC/kgN
45±11
45
[32]
C:N of fine roots
kgC/kgN
63.75±12.75
63.8
[31]
leaf litter labile proportion
DIM
68.0±13.6
64
[15]
leaf litter cellulose proportion
DIM
23.0±7.7
23
[15]
leaf litter lignin proportion
DIM
9.0±4.3
13
[15]
fine root labile proportion
DIM
34.0±2.8
30*
[15]
fine root cellulose proportion
DIM
44.0±4.8
40*
[15]
fine root lignin proportion
DIM
22.0±7.3
30*
[15]
canopy water interception coefficient
1/LAI/d
0.0225±0.006
0.0225
[15]
canopy light extinction coefficient
DIM
0.48±0.13
0.48
[15]
all-sided to projected leaf area ratio
DIM
2.0±0.4
2.0
[15]
2
49±16
58
[15]
canopy average specific leaf area (projected area basis)
m /kgC
ratio of shaded SLA:sunlit SLA
DIM
2.0±0.4
2.2
[15]
fraction of leaf N in Rubisco
DIM
0.09~0.17
0.09
[15]
maximum stomatal conductance (projected area basis)
m/s
0.006±0.0012
0.0055
[15]
cuticular conductance (projected area basis)
m/s
0.00006~0.0006
0.0001
[15]
boundary layer conductance (projected area basis)
m/s
0.04±0.08
0.05
[15]
leaf water potential: start of conductance reduction
MPa
-0.73±0.71
-0.43
[15]
leaf water potential: complete conductance reduction
MPa
-2.7±2.1
-1.6
[15]
vapor pressure deficit: start of conductance reduction
Pa
700~1250
905
[15]
vapor pressure deficit: complete conductance reduction
Pa
2800~6250
3000
[15]
* The parameters must be integers as the model required, so in order to reach the model’s request, the optimization results are not in their distribution
interval.
Parameters

Units
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3.2 Comparisons of simulated and measured NPP data

After the model parameters optimization, the difference between the 6-year mean values of the simulated and
measured NPP was 8%, and the simulated error was in the
range from 3.8% to 22.5%. These results indicate the better
simulation by the comparison of the simulation results before and after the parameters optimization (Fig. 1). The
correlation coefficient between the modeled and measured
values was improved, with the coefficient (R2) increased
from 0.68 to 0.87. The sum of the errors of simulated values decreased from 449.8 g C m-2 a-1 to 164.1 g C m-2 a-1.
Because of the obvious improvement of simulation by the
parameters optimization, we suggested the importance of the
parameter optimization process for the model simulation.

range from 764.4 to 946.6 mm (Fig. 2c). The mean precipitation of 1963 to 2012 was 483.1 mm, and the inter-annual
fluctuation (308.6~750.6 mm) was large (Fig. 2d).

FIGURE 1 - Analysis of the correlation between the simulated and
measured values before (solid line) and after (dotted line) the parameters optimization. The 6-year (2002~2007) eddy covariance data
were used.

The simulated NPP (mean value: 350.2 g C m-2 a-1) was
slightly higher than the measured values (mean value:
324.2 g C m-2 a-1). The reason might be that when measuring NPP, only the Calamagrostis angustifolia community
in the quadrat was measured. However, in the natural state
of the ecosystem, there are many other plant communities
in addition to the Calamagrostis angustifolia. Thus, the
measured NPP was only NPP of Calamagrostis angustifolia community neglecting the other communities. While
the simulation conditions were idealized, all the vegetation
were considered.
3.3 Temporal trend of climate factors in Fujin region

For the period from 1963 to 2012, climate change in
Fujin was characterized by increasing temperature, and
large inter-annual variation of precipitation and evaporation (Fig. 2).
The annual mean temperature in the Fujin region exhibited an increasing trend, and the warming rate was 0.26 °C
(10a)-1 (Fig. 2a). The accumulated temperatures >5 °C (AT5)
also exhibited an increasing trend, with the warming rate of
46.2 °C (10a)-1 and the 50-year mean value of 3087 °C (Fig.
2b). According to the evaporation tank data, the mean evaporation of the past 50 years was 657.8 mm, falling in the

FIGURE 2 - Climate change in Fujin from 1963 to 2012. The climate
change trend in this region was as follows: increasing temperature
(including annual mean temperature (a) and accumulated temperatures >5 °C (b)), and large inter-annual variation of precipitation (c)
and evaporation (d).
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3.4 Variation trend of simulated NPP

NPP of Calamagrostis angustifolia from 1963 to 2012
was also simulated. The annual mean value of NPP from 1963
to 2012 was 362.9 g C m-2 a-1, and the annual total variation
of NPP ranged from 285.3 g C m-2 a-1 to 459.2 g C m-2 a-1
(Fig. 3). Three maximum NPP values occurred after 1980,
459.2 g C m-2 a-1, 455.1 g C m-2 a-1 and 452 g C m-2 a-1 in
1981, 1994, and 1985, respectively. The minimum NPP
values were recorded before 1980, in 1977, 1970, and
1976, with values of 285.3 g C m-2 a-1, 306.5 g C m-2 a-1,
and 308.3 g C m-2 a-1, respectively. Over the past 50 years,
the annual NPP exhibited a slight increasing trend. The variation of NPP was manually split into two stages. During
the first stage of 1963 to 1980, NPP showed a large interannual variation and at lower levels, with average value of
345.7 g C m-2 a-1, the lowest NPP values were all in this
stage. In the second stage from 1981 to 1998, NPP was
higher with all the three highest years in this stage, and the
average value was 372.5 g C m-2 a-1.

were 1994, 1987, 1971 and 1981, in which two years (1994
and 1981) had the highest NPP values. However, the interannual variation of NPP was quite different from the variation trends of other meteorological factors.

FIGURE 4 - Comparison between the variations of NPP of Calamagrostis angustifolia and climate factors. The variation of precipitation was consistent with the simulated variation trend of NPP.
FIGURE 3 - Variations of the simulated NPP of Calamagrostis angustifolia in Sanjiang Plain from 1963 to 2012.

4. DISCUSSION

3.5 Relationships of climate change and long-term NPP

4.1 BIOME-BGC model

The statistical analysis results showed that NPP was
significantly positively correlated to precipitation (R2 =
0.59, P<0.05). Stepwise regression analysis between NPP
and meteorological data showed that precipitation was the
most important factor affecting NPP (Table 2). The analysis
also showed that AT5 influenced NPP combined with the
precipitation (R2=0.67, P<0.001). The influence of mean
temperature and evaporation was unobvious. As a conclusion, precipitation has a greater impact on NPP than evaporation in water factor parts, and AT5 was more important
than mean temperature for temperature factor parts.
Comparison between the diagrams of the inter-annual
variation of NPP and meteorological data (Fig. 4) showed
that the correlative fitting curve of annual precipitation was
similar to that of NPP. The maximum precipitation years

BIOME-BGC model was developed from the FOREST-BGC for use with different vegetation types. But it is
very complex, and the large number parameters that must
be input are difficult to acquire [17]. These disadvantages
limit the wide application of this model. However, continuous development and updating in recent years make the
model more broadly applicable than most other biogeochemical models. The model can now be applied in many
ecosystems [33]. But few studies have used BIOME-BGC
model for wetland ecosystems simulation due to the complicated hydrologic conditions, and large number of unavailable parameters. Our study simulated NPP of Calamagrostis angustifolia in wetlands successfully, which indicated that BIOME-BGC can well capture the effects of
climate change on wetlands.

TABLE 2 – Stepwise regression analysis between inter-annual variation of NPP and meteorological data.
Sig.
Predictors
Stepwise regression equation
R
Adjusted R2 F
(1) precipitation
NPP=0.29 precipitation +221.3
0.77 0.59
71.25 0.00
(1) precipitation
NPP=0.31 precipitation +0.097 AT5-84.71
0.86 0.67
51.16 0.00
(2) AT5
Dependent variable: NPP; Predictors: precipitation, AT5 = accumulated temperatures >5 °C, annual mean temperature and evaporation
Model
1
2
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Previous studies reported that parameter optimization
could enable simulation of biogeochemical models more
accurate, especially the complicated models like BIOMEBGC [18, 34]. Researches also proved the importance of
parameter optimization to grassland simulation using BIOME-BGC. On the other hand, NPP of a steppe community had been simulated under different hydrologic gradients [35], which indicated that the model was suitable under different hydrologic gradients. In this study, we developed a progressive optimization method to optimize the parameter of the model, and we only focus on Calamagrostis
angustifolia as the study object. These reasons may explain
the successful use of BIOME-BGC in wetland. Our results
provided additional evidence for the application of BIOME-BGC in wetland ecosystems, and suggested a reasonable method to optimize and adjust the model parameters is critical for successful simulation. However, NPP of
wetlands was affected by climate conditions, human activities, local hydrology, soil factors, and so on. These factors
are difficult to simulated using BIOME-BGC. Therefore,
its successful application may also depend on the actual
conditions of the simulated region.
Parameter acquisition is the most limitation factor for
BIOME-BGC application; so, a reasonable optimization is
inevitably necessary for its application [36]. Previous studies have used the parameter optimization method, such as
Bayesian analysis method and annealing algorithm, to improve the accuracy of the model. However, each method
has their disadvantages. For example, a huge number of iteration steps are necessary to the Bayesian analysis method
[14], while the optimal parameters of annealing algorithm
are neither unique nor stable [21]. In the present study, parameter optimization was conducted integrating a number
of methods to avoid their shortcomings. The simulation effects were significantly improved after parameter optimization, indicating that the method used in this study is well
working. The parameter optimization method used in this
study is an appropriate tool that can be used to calibrate
BIOME-BGC model. It supplied a new approach for BIOME-BGC model application for other ecosystems that
lack measurement data.

had a far greater impact than climate change, Wanget al.
[39] reported that large area farmland reclamation from
1954 to 2005 caused a severe loss of wetland areas. In order
to get better simulation, they were not considered in this
study.
NPP of Calamagrostis angustifolia was mainly affected by precipitation among many climate factors,
whereas increased temperature had a minor impact. The result was consistent with some previous researches [16, 35].
However, some studies have shown that NPP was significantly affected by temperature; this contradiction might be
caused by different vegetation types [40]. The Calamagrostis angustifolia wetlands in Sanjiang Plain had two
typical types: meadow, which does not have a perennial accumulation of water on the soil surface, and swamp
meadow, which does have an accumulation of water on the
soil surface during certain months. The belowground biomass of Calamagrostis angustifolia of the swamp meadow
was significantly higher than that of the meadow type
(1.59~2.78 times) [41]. The main difference of the two
wetland types mentioned above is caused by the water conditions. Hence, it is reliable that the variation of NPP of the
Calamagrostis angustifolia in Sanjiang Plain is mostly determined by water factors.
Under future climate conditions, the temperature in the
Sanjiang Plain region will continue to increase, and the precipitation in this region will also increase to some degree,
which may be beneficial to a continues increase in NPP of
Calamagrostis angustifolia. In addition, the concentration
of CO2 will continue to rise, which will also be beneficial
to the growth of Calamagrostis angustifolia [42]. Our research was only performed based on the equilibrium relationship between climate and NPP. Other factors, such as
the sensitivity of vegetation to the concentration of CO2
and vegetation succession processes on an ecosystem
scale, were not considered. Therefore, further studies are
required to determine the response of NPP to future climate
change.
5. CONCLUSIONS

4.2 Variation of NPP in Sanjiang Plain

In recent years, the importance of wetland ecosystems
has drawn increasing attention, which has led to the directed protection of wetlands and recovered natural wetlands. Climate change has become the most challenge for
wetlands protection. The simulated NPP showed a slightly
increasing trend in past 50 years, which indicated that climatic change had a positive impact on the growth of Calamagrostis angustifolia in Sanjiang Plain. The result was
not consistent with previous research results [37]. The
main cause of this inconsistency was that only the influence of climatic conditions on NPP was considered by the
model. But in the real situation, NPP were also affected by
many other factors, such as changes in land-use type, regional environment and human activities [38]. These factors

BIOME-BGC model can well simulate the conditions
of wetlands, and the parameters optimization is inevitably
necessary for the successful use in wetlands. The progressive optimization method in this study, on the one hand,
can significantly improve the correlation between the
measured and simulated NPP and, on the other hand, it can
be used to calibrate BIOME-BGC model against measurement data from other ecosystems. Simulated results suggested that NPP of Calamagrostis angustifolia was mainly
affected by precipitation, and the temperature as secondary
limiting factor. The estimated NPP of the Calamagrostis
angustifoliafrom 1963 to 2012 exhibited a slight increasing
trend. The climate change in future might present a continuous increase in NPP.
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ABSTRACT
Crosslinked copolymers for oil absorption were synthesized by copolymerizing styrene (St) with lauryl acrylate (LA), with ethylene glycol dimethacrylate as crosslinking agent. Suspension polymerization was conducted
using benzoyl peroxide as initiator. The crosslinking reaction mechanism and the structure of the composite were
characterized by FT-IR analysis. Effects of different
polymerization conditions were studied through oil absorption tests. The oil absorbency was influenced mainly by the
degree of crosslinking and the LA/St ratio. Optimal oil absorbency was obtained for St/LA = 1. The absorbency of
copolymers was higher for the aromatic series by the affinity investigation toward different organic solutions.

and oil absorbency tests of alkyl acrylate and aromatic polymers, but few have investigated the affinity between the
absorbents and the absorbates. It is well-known that the oil
absorbency of alkyl acrylate polymers is related to the
properties of the absorbates, prompting our investigation of
the relationship between the polymer and different organic
solutions. This article describes the synthesis and characterization of cross-linked lauryl acrylate (LA)–styrene (St)
co-polymer. The effects of synthetic variables of the crosslinked co-polymers on the oil-absorption capacity were
studied. The swelling properties of the cross-linked co-polymers were investigated in detail, and the swelling kinetics
constant (K) was calculated for co-polymers with different
monomer ratios.
2. MATERIALS AND METHODS

KEYWORDS: crosslinking; LA–St copolymers; EGDMA; suspension polymerization; oil absorption; swelling property

1. INTRODUCTION
Oil spills are known to be a major cause of environmental pollution, and therefore, research into oil absorbents has gained considerable interest [1-11]. The desirable
characteristics of a highly efficient cleanup material for
spilt oil are fast oil absorption rate, large oil absorption capacity, good absorption selectivity of oil over water, and
lower density than water to ensure that it floats on the water, with or without absorbed oil [12]. The existing oil absorbents, such as polypropylene fiber or fabrics, meltblown polyesters, polyurethane foam, and others, have unsatisfactory oil absorbing capabilities. Furthermore, they
are difficult to transport and store because of their bulkiness. In previous studies, alkyl acrylate and aromatic polymers with non-polar side chains have attracted considerable attention from scientific and applied research groups
[13, 14]. As a result, there are many reports on the synthesis
* Corresponding author

2.1 Materials

Lauryl acrylate (LA, Sigma-Aldrich, ≥90%), styrene
(St, Sigma-Aldrich, ≥99%), and ethylene glycol dimethacrylate (EGDMA, Sigma-Aldrich, ≥98%) were
used as monomers. Structural formulas of LA, St and
EGDMA are given in Fig. 1 and the physical properties
are listed in Table 1.
Each material was washed with 5% NaOH aqueous solution to remove inhibitors. The organic fraction was washed
with deionized water five times to remove the remaining hydroxyl ions. Each organic fraction was dried over anhydrous
sodium before being distilled under vacuum.
Each monomer was dried over anhydrous sodium, filtered, and stored at 4 °C. Benzoyl peroxide (BPO), poly(vinyl alcohol) (PVA), NaCl, and acetone were used as received without further purification.
2.2 Synthesis

Suspension co-polymerization of styrene and lauryl
acrylate was carried out in a double-walled reactor fitted
with a condenser, nitrogen inlet, and mechanical stirrer.
The mixture of monomers (organic phase) dissolved the
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FIGURE 1 - Structural formulas of different monomers: (a) LA; (b) St; (c) EGDMA.

TABLE 1 - Physical properties of different monomer used in this study (at 25 oC).
Monomer
LA
St
EGDMA

Density
(g/mL)
0.884
0.906
1.051

Molecular Weight
(g/mol)
240.38
104.15
198.22

FIGURE 2 - The reaction equation and the resulting high oil absorption copolymers.
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Molar Volume
(mL/mol)
271.92
114.96
188.60
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added BPO initiator (0.5%, w/w) and the EGDMA crosslinker. PVA, used as suspension stabilizer, was dissolved
in 2% NaCl aqueous solution, and this mixture was the
aqueous phase of the polymerization reaction. The volume
ratio of the organic phase (monomer–diluent mixture) to
the aqueous phase was 1:10 throughout the study. A 500ml portion of the aqueous fraction containing PVA and 2%
NaCl was first added to the reactor, followed by the monomer mixture. The reaction mixture was heated at 85 °C
for 8 h under nitrogen atmosphere with stirring at 300 rpm.
The reaction equation and the resulting high oil absorption
copolymers are shown in Fig. 2.
The copolymer product was obtained as beads. After
the reaction, the beads were decanted off, suction-filtered,
washed five times with hot deionized water, and then extracted with acetone for 24 h in a Soxhlet apparatus. After
extraction, the sample was dried in a vacuum oven for 2
days at 60 °C.

where Qmax is the maximum oil absorbency, Q is the
characteristic oil absorbency, and K is the
swelling kinetic constant.
Integration of Eq. 2 gives:

 ln(Qmax  Q )  Kt  C

(3)
where t (h) is the characteristic swelling time, and C is
the integration constant. When t = 0, Q
= 0, and ‒ lnQmax = C such that

ln

2.4 Oil absorbency

The oil absorbency (Q) was determined by weighing
the absorbent before and after absorption. A 0.5-g portion
of dried absorbent was placed in a filter bag. The sample
was immersed in an organic solution at room temperature.
After a known time, the filter bag with the sample was removed from the organic solution and drained for 30 sec,
dabbed with filter paper to remove excess oil, and then
weighed. The oil absorbency was calculated according to
Eq. 1:

Ws  Wd
Wd

(1)
where Q is the oil absorbency, Ws (g) is the weight of
swollen gel, and Wd (g) is the weight of dried sample.
The swelling kinetics of oil absorption was studied by
performing further oil absorption measurements at different time intervals. The maximum oil absorbency was determined by allowing the tests to run for 24 h. To study the
kinetics of swelling, gel samples, in triplicate, were immersed in kerosene [15, 16].
2.5 Swelling kinetics

According to Yao and Zhou [17], the swelling rate can
be described by the following experimental equation:

dt

 K (Qmax  Q )

 Kt

3. RESULTS AND DISCUSSION

Fourier transform infrared (FT-IR) spectra of copolymer samples were recorded in the range 400–4000 cm−1 on
a KBr pellet. Spectra for the liquid monomers and the
cross-linking agent were recorded by casting the sample on
KBr pellet. All samples were analyzed using a Nicolet
Nexus 670 FT-IR spectrometer.

dQ

Qmax  Q

(4)
The characteristic time is defined as Q = 0.632Qmax
[18,19].

2.3 FT-IR Spectroscopy

Q

Qmax

(2)

3.1 FT-IR Spectroscopy

It shows the FT-IR transmission spectra of the LA–St
copolymer, the monomers, and the crosslinker. Figure 3(A)
shows the characteristic peak of EGDMA at 2960 cm−1
(−CH3 asymmetric stretching), 1724 cm−1 (C=O stretching
vibration), 1637 cm−1 (singlet, C=C stretching vibration),
1454 cm−1 [ring semicircle stretching +CH2 symmetric (scissors) deformation vibration], 1155 cm−1 (C–O–C stretching
vibration), and 943 cm−1 (vinyl wagging vibration). Figure
3(B) shows the characteristic peaks of LA at 2924 cm−1
(−CH3 symmetric stretching vibration), 1728 cm−1 (C=O
stretching vibration), 1637 cm−1 (doublet, C=C stretching vibration), 1191 cm−1 (C–O–C stretching vibration), 985 cm−1
(vinyl twisting vibration), and 965 cm−1 (vinyl CH2 wagging
vibration). Figure 3(C) shows the characteristic peaks of styrene at 3000–3100 cm−1 (aromatic CH stretching vibration),
1630 cm−1 (C=C stretching vibration), 1601 cm−1 (ring quadrant stretching vibration), 1494 cm−1 (ring semicircle stretching vibration), 1448 cm−1 [ring semicircle stretching +CH2
symmetric (scissors) deformation vibration], 775 cm−1
(monosubstituted ring in phase bending), and 696 cm−1
(monosubstituted ring out-of-plane bending). The peaks at
1637 cm−1 in Figs. 3(A) and (B), and the peak at 1630 cm−1
in Fig. 3(C), which are owing to the C=C stretching, were
not present in the spectra of the copolymers, as shown in
Fig. 3(D). In addition, the peaks at 985 and 964 cm−1 in Fig.
3(B), and the peak at 943 cm−1 in Fig. 3(A), which are attributed to the vinyl twisting and wagging, were also absent
in Fig. 3(D). In Figure 3(D), several peaks in the region of
3000–3100 cm−1 are owing to CH stretching in the aromatic ring, and the peaks at 1602, 1494, 1448, 775, and 696
cm−1 also originate from the aromatic ring of styrene. The
characteristic peaks of the LA unit are observed at 1728
and 1191 cm−1. The very strong peak at 1731 cm−1 is because of the C=O stretching in acrylate, and the less intense
peak at 1189 cm−1 is assigned to the C–O–C stretching in
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FIGURE 3 - FTIR transmittance spectra of crosslinked LA-St.

acrylate. The characteristic peaks of EGDMA, such as 1724,
1454, 1155 cm−1, were also found in the FT-IR spectra of
LA–St copolymers.
3.2 Effect of initiator

It is well-known that in free-radical chain polymerization, the initiation efficiency and conversion will increase
with increased initiator concentration. However, further increase in the initiator concentration produces an excessive
radical concentration, causing the rate of termination reactions to increase, the conversion to decrease, and the chain
length between each cross-link to decrease. To investigate
the effect of the initiator concentration on the oil-absorption capacity, LA–St copolymers were synthesized with
various amounts of initiator while all other variables remained constant. The added amounts of BPO initiator were
0.1, 0.3, 0.5, 0.7, and 1 g. As shown in Fig. 4, a point of
maximum oil absorption was observed for 0.5 g of BPO.

When the amount of BPO was smaller, the oil absorbency
increased with increased amount of initiator because of the
increase in the concentration of radicals formed through
decomposition of the initiator. When the amount of BPO
was larger than that at the maximum point, the oil absorbency decreased with increasing amount of initiator because of the excess radicals. This can be explained in terms
of the relative number of polymer chain ends [20]. When
the initiator concentration increases, the molecular weight
decreases and the number of polymer chain ends increases.
Because the polymer chain ends do not contribute to the
oil-absorption capacity, the oil absorbency decreases [12].
3.3 Effect of crosslinker

The role of a cross-linking agent is to connect monomer molecules. Thus, with higher concentration of crosslinking agent, the cross-linking density increases, and there
is a decrease in the space between the copolymer chains.
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FIGURE 4 - Variation of oil absorbancy with concent of initiator (BPO).

FIGURE 5 - The maximum oil absorbency with different content of EGDMA.
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This point remarkably influences the absorption performance of the copolymer. The effect of the cross-linking
agent on the copolymers and the absorption performance
was studied by changing the EGDMA content (from 0.3 to
5% of the total monomer weight). Figure 5 indicates the
relationship between oil absorbency and the amount of
added EGDMA. It was found that Q (oil absorbency) increased with increasing EGDMA concentration from 0.3%
to 0.5%. This behaviour was attributed to the existence of
soluble materials including linear, branched materials and
a very lightly cross-linked copolymer. By decreasing the
amount of EGDMA, the amount of soluble materials increased and dissolved in the oil during the swelling experiment. However, Fig. 5 shows that oil absorbency decreased again when the EGDMA concentration was increased past 0.5 %. These results probably reflect the attainment of a large network space at an appropriate
EGDMA concentration (0.5 %, w/w). However, the large
network space declines the network strength of the gel;
thus, it is broken more easily under outside osmotic pressure. Increasing the amount of the cross-linking agent
forms a denser copolymer network and restricts relaxation
of the polymeric chain.
3.4 Oil absorbency

Copolymers with various monomer ratios were synthesized while all other variables remained constant: BPO
concentration, 0.5% (w/w); EGDMA content, 0.5% (w/w);
reaction temperature, 85 °C; reaction time, 8 h. Figure 6
shows the oil absorbencies of cross-linked LA–St with different weight ratios of LA to St as functions of immersion
time. It shows that the maximum Q value is obtained with
a LA/St monomer ratio of 1. When the LA/St ratio was less
than 1, Q increased with the increasing LA/St ratio, which

is considered to be a result of the increase in the amount of
hydrophobic long-chain alkyl chain. However, when the
LA/St ratio became greater than 1, the oil absorbency
started to decrease. This can be explained by the positive
correlation between oil absorbency and the effective network volume of the copolymer. The schematic of effect of
LA content on the copolymer network are shown in Fig. 7
(with increasing LA content, the number of long-chain aliphatic side groups increased). However, when the number
of long-chain aliphatic side groups became excessive, entanglement and permanent entanglement of the aliphatic
side groups restricted the swelling of the copolymer, leading to a reduction in the effective network volume. Accordingly, the oil absorbency decreased.
3.5 Swelling kinetics

The swelling rates of LA–St copolymers and monomer
ratios are shown in Fig. 6. The swelling kinetic constants
(K) were determined according to Eq. 4 and are shown in
Table 2. The swelling process of polymer networks in this
application is primarily due to the affinity of the long-chain
aliphatic side groups. In comparing the swelling kinetic
constants among the copolymers with different monomer
ratios, K values increased with increasing weight ratio of
LA to St (from 1:4 to 3:2), indicating that the swelling capability is dependent on LA concentration. The swelling
ability of the copolymers in kerosene increased with LA
content because of the long-chain aliphatic side groups,
which are expected to show high affinity to kerosene. However, when the LA/St ratio increased to 4:1, the K value
decreased rapidly. This result was attributed to tangling of
the long-chain aliphatic side groups, which led to a restriction of the swelling of the copolymer network.

FIGURE 6 - Effect of immersion time on the oil absorbency of cross-linked LA-St.
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FIGURE 7 - The schematic of effect of LA content on the copolymer network.

TABLE 2 - Absorption characteristics of LA-St copolymers in kerosene.
sample
tmax (h)
Q (g/g)
t (h)
Qmax (g/g)
LA/St (weight ratio)*
1:4
2.16
3
1.37
0.466
2:3
5.94
1
3.75
0.015
1:1
6.2
1
3.92
0.015
3:2
5.72
1
3.62
0.015
4:1
4.54
0.5
2.87
0.115
*The other reaction conditions were BPO concentration 0.5wt%, EGDMA content 0.5wt%, reaction time 8 h.

3.6 Effect of absorbate

According to Flory’s swelling theory [21], the swelling
behaviour is affected by three factors: rubber elasticity,
cross-linking density, and affinity to the solution. The former two points relate to the characteristics of the copolymer, while the latter relates to the property of the absorbed
solution. Thus, the affinity of the LA–St copolymer to different solutions was studied. The structural formulas and
solubility parameters of different organic solutions are
listed in Table 3 showing the affinity of the LA–St copolymer (LA/St ratio = 1) to different types of organic solutions. By comparing the maximum absorbency (Qmax) of
the copolymer for different solutions, it was found that the
Qmax value for aromatic compounds was higher than for aliphatic compounds. Therefore, we concluded that the LA–

K (h-1)
2.16
66.52
66.69
66.80
8.70

St copolymer shows a stronger affinity toward aromatic
compounds than for aliphatic compounds. There are two
reasons for this phenomenon. Firstly, the similarity of the
structure between the copolymer and the absorbed solutions is helpful in improving the absorbency; for example,
the aromatic rings present in the LA–St copolymer work
together with the long-chain aliphatic side groups of the
acrylate, and contribute to the enhancement of the absorbency for aromatic organic solutions. Secondly, the absorbency increases when the solubility parameters of the polymer is approximately equal to that of the solution being
absorbed.
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TABLE 3 - The structural formulas and solubility parameters of organic solvents used in this study.
Organic solvent

Solubility parameter
δ(J/cm3)1/2

Structural formula

n-hexane
n-octane
n-octanol
ethyl acetate
dichloromethane

14.9

CH3(CH2)6CH3
CH3(CH2)7OH
CH3COOCH2CH3
CH2Cl2
C CH2
H

styrene

15.4
21.0
18.6
19.8
17.7

CH3
m-xylene

18.0

CH3

CH3

toluene

18.2

CH3
o-xylene

18.4

CH3

benzene

18.7

FIGURE 8 - Absorbency of LA/St=1/1 copolymer in different types of organic solutions.
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4. CONCLUSIONS
Our investigation involved the synthesis of LA–St copolymers that were subsequently used in experiments to
determine oil absorbency of the polymer. Factors that were
varied in copolymer preparation were initiator and crosslinker contents, and LA/St monomer ratio. The conclusions
drawn from the series of absorption experiments that followed are:
1. The optimal initiator (BPO) concentration was 0.5 %
(w/w).
2. In relation to cross-linker concentration, the oil absorbency reached a maximum at 0.5 % (w/w) EGDMA.
The oil absorbency decreased when the amount of
EGDMA was increased or decreased from this loading.
3. We observed a positive correlation between oil absorbency and the content of hydrophobic acrylate units.
However, excess LA led to entanglement of long-chain
aliphatic side groups and resulted in decreased oil absorbency.
4. The change in the swelling kinetic constant (K) of the
LA–St copolymers was almost the same as the oil absorbency, which increased with increasing LA content
and decreased again when the LA/St ratio reached 4.
5. The absorption capability of LA–St copolymers for aromatic compounds is superior to that for aliphatic compounds.
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ABSTRACT
The microbial communities and physico-chemical parameters of crude oil-contaminated soils sampled from five
oil-fields in China were analyzed using a polyphasic approach. The objective was to determine any ecological effects of abiotic factors, such as nutrient level, soil pH, pollutant level, and moisture on microbial communities in the
soils. Results showed that soil pH was an important factor
affecting microbial communities in the contaminated soils.
Results showed that microbial populations were generally
low when soil pH was higher than 8.0; in detail, the density
of oil degrading micro-organisms was less than 104 cells.g-1
dry soil, fluorescein diacetate (FDA) activity was less than
0.4 abs.g-1 dry soil.h-1, and H was smaller than 0.7. When
soil pH was between 7.0 and 8.0, water content and pollutant
level were important factors affecting microbial communities.
For water contents between 6-13% and oil content less than
8%, the total microbial density was higher than 108 cells.g-1
dry soil, FDA activity was above 0.3 abs.g-1 dry soil.h-1, and
H was greater than 0.9. The relative abundance of oil degrading micro-organisms relative to total micro-organisms was
highest when the oil content was 3-8%, which may be optimal for the proliferation of oil degrading bacteria. The
correlation analysis between nutrient level and microbial
community revealed that there was no obvious influence of
effective nitrogen (EN) or effective phosphorus (EP) on the
microbial communities in the oil-field soil environment.
KEYWORDS: Microbial community; physico-chemical factors,
ecological effects, crude oil-contaminated soils, oil-field

1. INTRODUCTION
With the development of the oil industry, the negative
impacts on the quality of soil and groundwater due to oil
contamination throughout the life cycle of oil exploitation,
transportation, preservation and utilization processes have
been studied in recent years [1-8].
* Corresponding author

Microbial communities have been recognized as one
of the most important components in ecological soil systems [9]. Microbial communities, especially the sub-populations that are able to degrade petroleum, were critical for
the bio-remediation efficiency of contaminated soil [10,
11]. Moreover, physicochemical parameters of soils were
also able to influence the bio-remediation process by promoting or inhibiting the activity of micro-organisms based
on different mechanisms [12-14], believing that the biodegradation efficiency was also influenced by the interactions of biotic and abiotic factors. Thereafter, the emphasis
was placed on how to increase bio-remediation efficiency
by adjusting abiotic factors using the relationship between
microbial community and abiotic factors [15, 16].
It is possible that the influence of physicochemical factors on microbial communities may result in different characteristics, compared with those identified from laboratory
or pilot arrangements. A few studies have confirmed such
differences, even though the influence of contamination
level on microbial communities had been proved in many
bioremediation experiments [17-19]. However, there is little
systemic research on the ecological effects of abiotic soil
characters, especially correlating the different factors, on the
microbial communities in crude oil contaminated soils from
different regions. The common relationship, if identified, between abiotic factors and microbial communities in oil contaminated soils, will be of great value in regulating microbial
communities for crude oil-contaminated sites.
This study analyses the ecological effects of physicochemical properties including nitrogen, phosphorous, pH,
water, and oil content on microbial communities using
sampled soils from major oil-fields located in different regions of China. Common key factors that influence microbial communities will be identified.
2. MATERIALS AND METHODS
2.1 Oilfields and soil sampling

A total of 37 oil-contaminated soil samples were collected from 5 oil-fields located in northern, north-eastern,
eastern, and southern parts of China. Soils were sampled in
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FIGURE1 - Research and sample oil-fields distribution.

different months, to maintain a similar temperature when
sampling. Soil samples were taken from various sites that
were subject to the whole life cycle of oil exploitation, oil
well examination, and petroleum pipeline leakage in each
oil-field. The distribution of all samples are illustrated in
Fig. 1.
As shown in Fig. 1, “C” marked for Changqing Oilfield which is the biggest oil and gas field in china, “D”
marked for Daqing Oil-field which is the biggest oil-field
in china, “Y” marked for Yumen Oil-field which is the first
Oil-field of china, “S” marked for Shengli Oil-field, and
“J” marked for Jianghan Oil-field. The five large oilfields
that have been sampled are widely distributed and have a
strong representation of China.
Soils were sampled at the surface layer using aseptic
sampling procedures as described in environmental microbiological sampling strategy [20]. Samples were immediately sealed in aseptic plastic bags (material information)
and transported to the laboratory. Samples were aliquoted
into several parts, one (50-100 g) stored at 4 °C for microbial analysis within 1 week, another (10-20 g) frozen at –
20 °C for analysis of microbial diversity, and the other airdried for physicochemical parameter determination.
2.2 Microbial community analysis

Microbial density, activity and diversity were used to
characterize microbial communities in the soil samples.
Microbial density was measured using the most probable
number (MPN) method [20]. A beef-extract-peptone media

(10 g.L-1 beef extract, 3g.L-1 peptone) was used to quantify
the total aerobic microbial density, while minimum media
with 5% (v/v) liquid paraffin medium was used to quantify
the density of oil-degrading bacteria. MPN tubes were cultured for 72 h and 168 h at 37 °C for the total and oil-degrading micro-organisms, respectively [9]. Microbial activities
were analysed using a fluorescein diacetate (FDA) approach
[21]. Two g of soil were added into a sterilized flask containing 50 ml of potassium phosphate buffer (pH 7.0). The flask
was then placed in a shaker at 37 °C for 15 min (200 rpm);
1 ml of FDA (2g.L-1, dissolved in acetone) was then added
to the flask and mixed thoroughly. The flask was then incubated for 1.75 h on the same shaker. Afterwards, soil particles were removed by centrifugation at room temperature for
5 min (1200 rpm). Microbial activity was measured by reading the absorbance of fluorescein in the supernatant at 490 nm
using a spectrophotometer (UV2501PC, Shimadzu Corporation, Japan).
Microbial population and diversity in crude oil-contaminated soils were investigated using the method of polymerase chain reaction-denatured gradient gel electrophoresis (PCR-DGGE) [22, 23]. DNA was extracted from soils
using the method described by Zhou et al. [24] and improved as shown in our previous work [25]. A region of
approx. 470 bp of 16S rDNA gene fragments was amplified
using
the
universal
primers
b341GC
(5’CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGG
CACGGGGGGCCTACGGGAGGCAGCAG-3’)
and
b758 (5’-CTACCAGGGTAT CTAATC C-3’) [25-27].
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Therefore, the PCR process was detected following the author’s paper [25]. Then, DGGE analysis was carried out by
a BIORAD Dcode system (BIORAD, Canada), as described by the manufacturer and in Jia et al. [25]. According to the DGGE profile and DNA bands analysis, ShannonWeiner index (H) was selected to quantify the microbial diversity [28-30]. H was calculated based on DGGE analysis.
DNA bands on the denatured gradient gel were scanned using the Labwork software (UVP company, US), which was
used to obtain the number of bands and absorbent peak
height of each band. H was then calculated according to the
following formula [30, 31]:
s

H   (ni / N) lg(ni / N)
i 1

where, ni is the absorbent peak height of the band i,
and N is the sum of all peak heights.
2.3 Physicochemical characteristics of sampled soils

Oil contents of sampled soils were determined using improved Ultrasonic-Soxhlet extraction methods [9]. Five g of
sample soils were dehydrated with (2 g) magnesium sulphate before being added to 100 ml chloroform for ultrasonic dispersion for 30 min. The mixture was transferred to
a Soxhlet extraction apparatus. Extraction was performed in
a 75 °C water-bath until there was no oil in the chloroform
in the extracting bottle. Afterwards, the chloroform was volatilized and reclaimed in a water-bath at 70-75 °C. Residual
chloroform was completely volatilized in a fume hood and
the extracting bottle was air-dried. Extracted oil left in the
bottle was weighted and the oil content in the soil sample

was calculated. Other physicochemical factors of sampled
soils, including effective nitrogen (EN) and effective phosphorus (EP), pH value, and water content, were measured
according to the revised methods described in previous
studies [9, 32].
3. RESULTS AND DISCUSSION
3.1 Site characterization and contaminated soil properties

Physicochemical and microbial characteristics of the
crude oil-polluted soil samples are given in Table 1. Analysis of oil content showed large variance in the oil contamination levels in soil samples from different oil-fields. Oil
contents varied from as low as 0.04-0.4% in the light-contaminated oil-fields, such as CQ, to 0.2-23% indicating
heavy contamination in SL oil-fields, with a mean value of
approx. 10%.
The FDA activities of sampled soils were widely distributed between 0.02 and 0.8 abs.g-1 dry soil.h-1 when EN
and EP was less than 200 and 12 mg.kg-1 dry soil, respectively.
H ranged widely from 0.2 to 1.2 in all sampled soils,
although the nutrient levels were generally very low.
As can be seen from the above results, effects of nutrient level on microbial communities in oil contaminated
soils are not obvious. It may due to the extremely low nutrient level in the oil-field soils, which would generally
limit the activities of indigenous micro-organisms [13, 15,
34, 35].

TABLE 1 - Basic microbial properties and physicochemical parameters of the sampling crude oil contaminated soils in five oil-fields of China

Name of
Oil-fields

Changqing
(C)
Daqing
(D)
Yumen
(Y)

Shengli
(S)

Jianghan
(J)

Contamination Moisture
level (%)
(%)
0.07
0.24
0.33
0.40
6.02
0.15
5.05
2.66
10.93
9.73
1.59
4.63
11.86
16.22
21.13
23.83
10.26
15.12
12.37
17.41
5.53

13.12
5.15
27.44
6.53
14.58
12.24
11.72
6.71
1.96
1.08
1.50
4.30
3.86
2.53
3.84
2.23
3.24
1.20
1.24
0.92
3.07

Nutrient level
(mg.kg-1)
Effective
Effective
nitrogen
phospho(EN)
rus(EP)
48.0
7.0
8.0
13.2
44.0
6.5
25.0
3.3
60.3
8.5
74.0
9.8
50.0
11.8
215.0
2.5
257.3
4.2
300.4
3.1
201.9
1.9
157.7
2.3
35.8
2.5
45.5
3.6
32.1
1.9
83.5
3.7
27.3
2.6
35.2
5.3
53.5
6.7
53.1
8.5
88.7
17.1

Soil pH

Total
microbial
counts
l g (MPNT)

7.73
8.67
7.55
7.49
7.17
7.58
7.29
7.84
7.86
7.9
7.93
7.85
8.25
7.75
7.85
7.51
7.32
8.00
7.19
7.59
7.92

6.8750
4.9777
7.6532
7.3979
6.3979
8.3979
7.6020
7.9777
5.3979
7.3979
6.1760
6.6532
6.3979
6.6532
6.4771
5.6532
6.4149
6.3979
6.3979
6.3979
7.65321
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Oil-degrading miFDA
Shannon-Weiner
crobial counts
activity
index (H)
L g (MPND)
(abs.g-1.h-1)
3.9777
3.1760
4.1760
4.1760
5.3979
5.3979
4.9777
3.6532
3.9777
3.6532
4.3979
4.9777
3.9777
3.6532
4.1760
3.3979
3.6532
6.1760
4.3979
3.6532
6.1760

0.1253
0.0520
0.1205
0.0941
0.7645
0.6228
0.5824
0.9768
0.0862
0.4235
0.0950
0.2370
0.0712
0.0606
0.0742
0.0439
0.1233
0.1246
0.0374
0.0795
0.0940

0.9450
0.7005
0.9345
0.8297
0.7626
0.8859
0.9801
1.1187
0.7833
0.9822
0.7380
1.0324
3.9777
3.6532
4.1760
3.3979
3.6532
0.9779
0.5407
0.7234
0.8136
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soil.h-1) were observed when soil pH was >8.0. This indicates that a higher pH may cause the decline of microbial
activities in crude oil-contaminated soils. Decreased microbial activity in uncontaminated soils was observed
when the pH exceeded 8.5 [33]. However, the pH cutoff
value shifted from 8.5 to 8.0, possibly due to a changed soil
environment due to the existence of pollutants.

3.2 Influences of pH on microbial communities in polluted
soils of oilfields

Most of the soils (>90%) had a pH over 8.0, and all the
3 microbial factors, including density, activity, and diversity, displayed a decreasing trend. For example, the microbial community properties of 2 CQ oil-field samples with
different pH intervals, and other abiotic factors at similar
levels (such as water and oil content), had contrasting characteristics.
The relationship between microbial density and pH
(Fig. 2a) was investigated to identify the influence of pH
on microbe density. The density of oil-degrading bacteria
was 103-106 cells.g-1dry soil when the soil pH was between 7.0 and 8.0. However, the density decreased to less
than 104 cells.g-1 dry soil in soils that have a pH higher than
8.0. Similar effects of soil pH were not observed for the
total bacteria density.

The relationship between H and pH was analyzed, and
the results are presented in Fig. 2c. H was 0.7-1.1 when soil
pH was 7.0-8.0, but lower than 0.7 when soil pH was over
8.0. Since there was no obvious correlation between total
microbial density and soil pH while H decreased with increased soil pH, it is reasonable to infer that some populations in the crude oil-contaminated soils may be lost
through natural selection when soil pH exceeded a certain
range, resulting in decreased microbial diversity in those
soil samples.

According to the relationship analysis between microbial activities and soil pH (Fig. 2b), FDA activities were
0.04-0.77 abs.g-1 dry soil.h-1 (mean value 0.4 abs.g-1 dry
soil.h-1), when pH was 7.0-8.0. Lower FDA activities
(0.04-0.27 abs.g-1 dry soil.h-1, mean value 0.15 abs.g-1 dry

Previous studies found that the degradation efficiency
of hydrocarbons, which are a major component of crude
oils, was affected by soil pH [11, 39], possibly due to different charged properties of soil colloids and the adsorption-desorption balance of hydrocarbons on soil particles.

b 1.2

8

-1

FDA activities（abs.g .h ）

7

1.0

-1
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lg10 (microbial counts(cell.g ))
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8
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FIGURE 2 - Relationship between soil pH and the microbial communities of crude oil contaminated soils sampled from the 5 oil-fields in China:
(a) Influence of pH on microbial counts. (b) Effects of pH on FDA activities. (c) Relationship between Shannon-Weiner index and pH.
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3.3 Effects of water and oil contents on microbial communities

Microbial communities in sampled soils were mostly
affected by soil pH. The following analysis on the effects
of water and oil contents on microbial community was performed for sampled soils with a pH value in the optimal
interval (7.0-8.0 defined in this study). As a result, water
content in soils sampled from oil-fields was generally
lower than 5.0% when oil content was above 8% [36]. Water and pollutant oil are inter-related in a complex way in
soils, with one example being that they compete for soil
pore space. Therefore, a combination analysis of water and
crude oil was performed in this study.
The influence of water and oil contents on microbial
density was investigated based on the study of biotic and
abiotic factors of sampled soils from the 5 oil-fields (Figs.
3a and 3b). Total microbe density was lower than 107
cells.g-1 dry soil when water content was either less than
6% or more than 13%, and total microbial density was below 107 cells.g-1 dry soil when oil content was higher than
8%. The influence of water and oil content on oil-degrading microbial density (Fig. 3b) shows that oil-degrading
microbial density in crude oil-contaminated soils was
clearly restricted by oil content. The density was lower than
105 cells.g-1 dry soil when the oil content was less than

3.0% or more than 8%. As another influencing factor, oildegrading microbial density was generally decreased below 105 cells.g-1 dry soil, once the water content exceeded
15%.
The influence of water and oil contents on microbial
activities (Fig. 3c) indicates that both water and oil content
were important influential factors on microbial FDA activities. The FDA activities were lower than 0.3 abs.g-1 dry
soil.h-1 in most soil samples with water contents lower than
6% or higher than 13%. In soils with optimal water content,
6-13%, the FDA activities were higher than 0.3 abs.g-1 dry
soil.h-1 (0.32-0.98 abs.g-1 dry soil.h-1) when oil contents were
lower than 8%. FDA activities were less than 0.25 abs.g-1 dry
soil.h-1 when oil content exceeded 8%.
The effects of water and oil content on microbial diversity were investigated and are shown in Fig. 3d. The
analysis was performed using sampled soils with a pH
value between 7.0 and 8.0 to eliminate any cross effect of
soil pH. The microbial diversity was obviously affected by
water and oil content in crude oil-contaminated soils. H
was less than 0.7 all when water contents were below 6 or
above 13%. H was higher than 0.9 when water contents
were within the optimal range (6-13%) and oil contents
were lower than 8%.

FIGURE 3 - Influence of contamination and moisture on microbial communities in oil-field soils polluted with crude oil: (a) Effects of oil and
water content on total microbial counts, (b) Influence of oil and water content on degrading microbe amounts, (c) Effects of oil and water
content on FDA activities, and (d) Influence of oil and water content on Shannon-Weiner index.
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The existence and reproduction of aerobic bacteria
may be inhibited by a high concentration of the pollutant
oil because of the biological toxicity or the water restriction
in oil-field soils [36], in addition to the lack of water, results also indicate that excess pollutant oil may inhibit the
growth of micro-organisms possibly due to decreased permeability, limited transportation of nutrient, and/or decreased water content in soils. Water in soil particles influences aeration porosity, and the solubility and availability
of hydrocarbons [33], both of which are important for the
growth of micro-organisms. Most oil degrading micro-organisms are distributed on the interface of oil/water in soil
micro-pores [37], utilizing only hydrocarbons that were
dissolved in water in the contaminated soils. Water-oil interface and dissolved hydrocarbons decreased when water
contents in polluted soils were too low. Therefore, soils
with low water are expected to have decreased microbial
densities and/or activities. On the other hand, extreme high
water contents reduce the aeration porosity of soils, limiting the oxygen for the aerobic micro-organisms.

[2]

Gao, Y., Zhou, P., Mao, L., Zhi, Y. E., and Shi, W. J. (2010).
Assessment of effects of heavy metals combined pollution on
soil enzyme activities and microbial community structure:
modified ecological dose–response model and PCR-RAPD.
Environmental Earth Sciences, 60(3), 603-612.

[3]

Coral, G., Coral, M., and Unaldi, N. (2008). Detection of polycyclic aromatic hydrocarbon (PAH) degradation genes in
polluted soil by DNA extraction and colony hybridization.
Fresenius Environmental Bulletin, 17(4), 478-485.

[4]

Zhou, Q.X., Song, Y.F. (2004). Land pollution and its source.
The remediation mechanism and methods of contaminated
soils. Scientific Press, Beijing, 24-36.

[5]

Liu, X. S., Cai, W. T., and Li S. T. (2010). Survey of soil and
groundwater contamination in oil pollution site. Hydrogeology & Engineering Geology, 37(4), 121-125.

[6]

Zhang, C., Xia, L.J. (2000). Biodegradation and remediation
of polycyclic aromatic hydrocarbons in soil. Bioremediation
technology of contaminated soil. China Environmental Science Press, Beijing, 215-218.

[7]

Dawei, W., Lizhe, A., and Xunling, W. (1995). The effect of
crude oil pollution of soil on growth of spring wheat and buckwheat. Acta Bot. Boreal.-Occident. Sin, 15(5), 65-70.

[8]

Lindstrom, J. E., Barry, R. P., and Braddock, J. F. (1999).
Long-term effects on microbial communities after a subarctic
oil spill. Soil Biology and Biochemistry, 31(12), 1677-1689.

[9]

Jia, J. L., Li, G. H., and Zhong, Y. (2004). The relationship
between abiotic factors and microbial activities of microbial
eco-system in contaminated soil with petroleum hydrocarbons]. Environmental Science, 25(3), 110-114.

4. CONCLUSIONS
The contamination level expressed as oil content and
water content are critical factors that affect microbial communities, when soil pH was between 7.0 and 8.0. Therefore,
this study found the optimum water content was between 613%, while oil content was between 3-8% for the growth and
proliferation of oil degrading micro-organisms within this
suitable pH range.
As oil and water content in soils are naturally correlated
with each other because oil hydrocarbon may block up the
soil matrix pole, the most important existing place of water
and soil gas. Then, the integrated influence of oil and water
on microbial properties are very useful for distinguishing the
microbial communities’ distribution change during the oil
exploration and utility. In addition, the results can be used as
a guide to increase microbial activity by optimizing the
physicochemical parameters during bioremediation.
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ABSTRACT
The native plant species are the most adapted ones to
the local environmental conditions. Trends in landscape
design for using native plant species in many countries
around the world are increasing gradually. However, in
Turkey, unlike these developments in the world, increasing
requirements for ornamental plant materials every year
have been trying to be covered with exotic plants. In this
study, potential areas where the pine species could grow
with similar ecological conditions of its natural areas in
Turkey were determined by using GIS. The results of this
study suggest that natural pine species could be utilized in
landscape design works in possible areas. Thus, in the landscape designs, sustainable native planting designs could be
carried out with using native plant materials without extra
maintenance.
KEYWORDS:
GIS, landscape design, pine, Turkey

1. INTRODUCTION
Turkey is one of the significant and unique countries
in the world from the standpoint of plant genetic resources
and plant diversity [1]. Turkey has 21.2 million ha of forest, covering 27% of the land surface in the country. Most
of these forests exist in the mountains. Forests in Turkey
are composed of 53.3% broadleaf species, 42% coniferous
species and 4.5% mixed forests [2, 3]. Turkey is located at
the intersection of phyto-geographic regions of the Mediterranean, Euro-Siberian and Irano-Turanian regions [4-7].
Their distinctive vegetation reflects differences in climate,
geology, topography, soils and floristic diversity, and also
human impacts. Ninety percent of the forests in Turkey are
natural in origin and contain over 450 tree and shrub species [8-12]. The plant richness in Turkey is apparent by the
* Corresponding author

fact that 3,000 out of the 9,000 plant species are endemic
ones. Turkey has a very rich and interesting flora with its
existing diversity. The potential and the reasons for this
richness were determined as follows: 1. Turkey is a meeting place of 3 phyto-geographical regions, 2. many genera
have their centre of origin and centre of diversity there, 3.
species endemism is very high, and 4. Anatolia forms a
bridge between Europe and Asia, and has apparently
served as a migration route for the penetration of other elements [13-16].
Scots pine is distributed over an area of 4300 km wide
in north-south direction and 12.000 km in east-west direction. Regarding this situation, it is the most widely distributed pine species in the world, with almost all distributions
in northern Eurasia. Scots pines grown under various climatic and edaphic conditions may lead to many sub-species, varieties and forms. Yaltirik and Kasapligil [17] reported that pines which Pravdin based on the variation of
the geographical strains were separated into 5 sub-species.
According to this classification; there is a subspecies (ssp.
hamata (Steven) Fomin) of Scot pines in Turkey, and also
this subspecies has different varieties and growing site
races [18, 19]. A new variety of Scots pine (Pinus sylvestris
L. subsp. hamata (Steven) Fomin var. compacta Tosun)
has been identified in Bolu region [20, 21]. This variety is
in a form of intense branches and needles, and a compact
structure like brush. The world's most southern distribution
of Scots pine is in Turkey, and there are ruins of such a
kind in a forest of Kayseri-Pinarbasi-Melikgazi, with an
area of 300-350 ha. Black pine shows a distribution
through Turkey in Black Sea, Marmara, Aegean and Central Anatolia regions. Although young trees are smooth and
sharp crested, as they become gradually old, their crown
form changes and takes the form of candlesticks. Crown
form of this species constitutes flat, compact builds and pyramidal shapes. There is a variety of black pine (P.
nigra Arnold. subsp. pallasiana (Lamb.) Holmboe. var.
şeneriana (Saatçioğlu) Yaltırık) which has spherical
crested, short (3.5-8 m.), much branched from the bottom
with smaller needles and cones in the region of Kutahya
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and Bolu. The species (P. nigra Arnold. subsp. pallasiana
(Lamb.) Holmboe. var. fastigiata Businky), which is characterized by a pyramidal crown structure indicates an expansion in the region around Kastamonu and Kutahya.
There has been a variety of black pine (P. nigra Arnold.
subsp. pallasiana (Lamb.) Holmboe. var. columnaris-pendula Boydak) in the region of Kahramanmaras-Andirin and
Antalya-Alanya naturally, and this species is in a form of
narrow crowns and columns, and its branches bend down
and then straighten up. Another variety of black pine (P.
nigra Arnold. subsp. pallasiana (Lamb.) Holmboe. var.
yaltırıkiana Alptekin) shows a distribution in the region of
Sinop and Bolu-Seven Lakes, and its female cones are
larger. The Turkish pine is a species with the largest natural
distribution area in Turkey covering 5.4 million hectares.
There are 4 varieties of P. brutia Ten. var. brutia as follows: one of them is P. brutia Ten. var. agrophiotii Papaj,
much branched from the bottom and having a round crown,
the second one is P. brutia Ten. var. pyramidalis Selik pyramidal-crested, the third one is P. brutia Ten. var. pendulifolia Frankis, which is long-leaved, and the fourth one, P.
brutia Ten. var. densifolia Yalt.&Boydak is a dense needled variety. Aleppo pine (P. halepensis Miller.) exists in
an area between Adana-Kadirli and Milas-Bodrum in Turkey. This pine is distributed locally in an area around Izmir–Urla and Aydin-Selcuk. It is 10-15 m in height, and
has a curved and pointed trunk in the early years. Stone
pine (P. pinea L.) is distributed in the provinces of Artvin,
Trabzon, Bartin, Bursa, Izmir, Aydin, Mugla, Antalya and
Kahramanmaras. Its crown is very wide and light dome.
The crown can be easily distinguished with umbrellashaped crown structure among the other species [22].

Native plants adapt perfectly to the conditions and they
provide an extremely important alternative for the projects
of protection, restoration and landscape design with these
features. Today, countries are limiting the entry of exotic
taxa and have various arrangements in order to encourage
the use of native plant species. In contrast to these developments in the world, in Turkey, the increasing demands
for ornamental plants material have been provided by exotic plants. Even many of these plants have been imported
from abroad mostly uncontrolled.
The aim of this study is to identify the other potential
areas of naturally growing pine species with similar ecological conditions of the distribution area in Turkey by using GIS. The results of this study may help landscape designing of the potential habitats. Thus, through sustainable
use of plant materials without extra maintenance may be
carried out in a vegetative landscape design.
2. MATERIALS AND METHODS
The main materials of the research are pine taxa naturally growing in Turkey. SRTM DEM data obtained from
satellite images, Climate Map [23] of Turkey and ArcGIS
10.1 software were included as auxiliary materials in this
study. 5 species of pine taxa which grow naturally in Turkey are 14 taxa of these species (Table 1) [24, 25]. Especially pine species are very important plant materials which
can be used in landscape design due to their crown form,
trunk, bark, leaves and cone characteristics.

TABLE 1 - Information on natural pine taxa in Turkey.
Species

Altitude (m)

Habitat

Distribution
in Turkey

Provinces

Phytogeographical Regions (Element)

Grid Squares

Pinus sylvestris L.var.
hamata Steven

1000-2500

Hillside,
Forest

Northwestern Anatolia,
Rare in Central and
Eastern Anatolia

Bolu, Kars, Artvin, Erzincan, Kutahya, Sinop,
Sivas, Tokat

Eurosiberian

A3, A4, A5,
A6, A7, A8,
A9, B2, B6, B7

1000-2500

Hillside,
Forest

Northwestern Anatolia

Bolu

Eurosiberian

A3

300-1200

Forest

Adana, Kastamonu, AnNorthern Turkey, Cenkara, Antalya, Balikesir,
tral, Western and SouthUnknown
Denizli, Hatay, Icel,
ern Anatolia
Kutahya, Sinop, Yozgat

A3, A4, A5,
B1, B2, B4, B5,
B6, C2, C3, C4,
C5, C6

700-1200

Forest

Northwestern, Central
Anatolia

Bolu, Kutahya

Unknown

A3, B2

700-1200

Forest

Northwestern, Central
Anatolia

Kutahya, Kastamonu

Unknown

A4, B2

300-1200

Forest

Southern, Southeastern
Anatolia

Kahramanmaras (Andirin), Antalya (Alanya)

Unknown

C3, C6

P. sylvestris L.
var. compacta (Tosun)
Ü. Akkemik
P. nigra Arnold.
subsp. pallasiana
(Lamb.) Holmboe.
var. pallasiana
P. nigra Arnold.
subsp. pallasiana
(Lamb.) Holmboe.
var. şeneriana
(Saatçioğlu) Yaltırık
P. nigra Arnold.
subsp. pallasiana
(Lamb.) Holmboe.
var. fastigiata Businky
P. nigra Arnold.
subsp. pallasiana
(Lamb.) Holmboe.
var. columnaris-pendula
Boydak
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P. nigra Arnold.
subsp. pallasiana
700-1200
(Lamb.) Holmboe.
var. yaltırıkiana Alptekin
P. brutia Ten.
var. brutia
P. brutia Ten.
var. agrophiotii Papaj
P. brutia Ten.
var. pyramidalis Selik
P. brutia Ten.
var. pendulifolia
Frankis
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Forest

Northern Anatolia

Sinop, Bolu (Yedigoller)

Unknown

A3, A5

0-1200

Forest

External Anatolia, Terrace

Adana, Zonguldak, Antalya, Aydin, Bilecik,
Kutahya, Malatya,
Mugla, Sinop

Mediterranean

A2, A3, A4,
B2, C1, C2, C3,
C4, C5, C6

700–1200

Forest

Central Anatolia

Kutahya (Degirmisaz)

Mediterranean

B2

Mediterranean

B1

600–1200

Forest

Western Anatolia

Balikesir (Edremit Hanirmagi)

0–300

Forest

Southwestern Anatolia

Antalya, Mugla

Mediterranean

C2, C3

P. brutia Ten. var.
0–1200
densifolia Yalt.&Boydak

Forest

External Anatolia, Terrace

Adana, Zonguldak, Antalya, Aydin, Bilecik,
Kutahya, Malatya,
Mugla, Sinop

Mediterranean

A2, A3, A4,
B2, C1, C2, C3,
C4, C5, C6

P. halepensis Miller.

0-100

Forest, with
Southern Anatolia
Pinus brutia

Adana

Mediterranean

C5

Pinus pinea L.

0-350

Coast

Mediterranean

A2, A7, A8,
B1, C3, C6

Antalya, Artvin, Bursa,
External Anatolia, Coast Izmir, Kahramanmaras,
Trabzon

In this study, the spatial information of the distribution
of naturally occurring pine taxa in Turkey was obtained from
Turkey Plants Data Service [26]. Then, maps showing the
distribution of each taxon in Turkey have been rectified in
the GIS environment. Each of the taxa on the rectified maps
spatial information has been digitized. Vertical distributions
of the taxa, phyto-geographical regions were obtained from
the literature review [27]. The resulting altitude groups were
checked by way of overlaying the DEM data obtained from
SRTM satellite with positional data of natural pine species
digitized in GIS environment. Then, the map [28] used in
climate research has been rectified in the GIS and Turkey's
climatic zones have been digitized. Finally, potential sites
which could be used for landscape studies for each taxon in
Turkey are determined with regard to the characteristics of
climates and the elevation groups.
3. RESULTS AND DISCUSSION
Potential habitats of natural and widespread pine taxa
in Turkey have been identified depending on the altitude
groups and climate features in areas where their distribution is shown (Fig. 1). The use of pine trees in the urban
landscape design contributes to urban ecosystems as follows: prevents air pollution, saves energy by stabilizing the
temperature, provides moisture, prepares life’s circumstances for fauna and flora [29-31], reduces noise [32, 33],
reduces the wind, dust and greenhouse effects [34-36], and
prevents the reflections [37, 38]. In Turkey, all naturally
grown pine taxa that keep the soil due to having taproot
system are species which could be used in wind and erosion
prevention studies.
Natural pine species contribute to the completion of
the integrity of color by way of the deciduous species

turned from yellow to brown in the fall, as they create a
source to influence the effect of different shades of green.
Also, it causes some aesthetic images in terms of style
when there is snow on its branches in the winter season.
With their strong taproot structures, these species can be
used as wind curtain and a very good land holder. Black
pine and Scots pine is mainly planted in the front row of
the wind in order to protect orchards in Central Anatolia.
Especially P. brutia, P. halepensis and P. pinea are utilized
in the stabilization of sand dunes, and wind curtains are
used extensively in Turkey's coastal regions. It is also very
suitable to use the pines in the noise curtain levels due to
the density of their tissues.
P. nigra Arnold. subsp. pallasiana (Lamb.) Holmboe.
var. fastigiata and P. brutia Ten. var. pyramidalis Selik taxa
could be used as good orientation and screening plants. With
natural forms, P. nigra Arnold. subsp. pallasiana (Lamb.)
Holmboe. var. yaltırıkiana Alptekin taxon is noteworthy
with cones of 20–30 cm length. It is possible to sell these
taxa as souvenirs, as they appear aesthetically very beautiful
and have the potentials to be used in landscape designs. The
use of P. brutia Ten. var. pendulifolia Frankis and P. nigra
Arnold. subsp. pallasiana (Lamb.) Holmboe. var. columnaris-pendula taxa with their drooping naturally form features in the water edges and large green areas, is very important in terms of vegetation design work.
Stone pines attract people with their natural forms. From
seedling to full grown stage, they constitute a round form. It
is a tree species that draw designers’ attention, and is used
commonly due to this feature. The other pine species offer
aesthetically very pleasing vistas with their habitus as the
older ones obtaining a dispersed form structure, while the
younger ones continue to constitute a pyramidal form structure. This natural pine species are among the essential com-
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FIGURE 1 - The potential areas suitable for using Pine species in landscape design.
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ponents of habitus, both in terms of landscape design and
these formal properties. Habitus and long life with natural
pine species in the nature of a large number of ancient trees
in Turkey are also available. It bears great importance to
identify and invent all pine species in nature. It is necessary
to make the introduction of these species of pine in those
design works. The types of design should be done according to the height and crown which the pine species will
shape in the future. This species is used as emphasis plant
with its habitus having unique beauty in large areas. Stone
pines are particularly noteworthy as emphasis plants when
used as a complete round-shaped solitary. At the same
time, it could be used as a very good allee plant in the landscape designs.
Cultural forms of pine species are preferred intensely
in landscape designs, especially as the roof garden, rock
garden and potted plants. The cultivars of native pine (P.
slyvestris cv. “Argentea”, P. sylvestris cv. “Aurea”, P.
slyvestris cv. “Bouvronensis”, P. slyvestris cv. “Compacta”, P. sylvestris cv. “Compressa”, P. sylvestris cv.
“Fastigiata”, P. sylvestris cv. “Glauca”, P. sylvestris cv. P.
sylvestris cv. “Nana”, P. nigra cv. “Fastigiata”, P. nigra
cv. “Koekelaere” P. nigra cv. “Nana” P. pinea cv. “Fragalis”, P. pinea cv. “Silver Crest”) which grow in Turkey are
used in overseas landscape designs. They offer a very great
importance to replicate the pine cultivars, and to use them
in landscape designs in Turkey. On the other hand, those
works for obtaining the new cultivars should be promoted
immediately.
The pine species is quite resistant to dirty weather conditions with its needle structure. Therefore, it is appropriate
to use it in industrial organizations and in the study of vegetation along the highways. Native plants provide food and
shelter for wildlife. Its natural habitats are an urban and vital shelter for wildlife formed around the use of native plant
species in the regulation of these spaces, replaced by the
suburbs. In addition, the other natural plants and pine taxa
can be utilized for the maintenance and repair of wildlife
habitats. Seeds of Stone pines are important food sources
for wildlife environment, such as birds, squirrels, rabbits
etc. Especially in areas where severe late winter occur,
Black pine and Scots pine taxa are preferred as shelter areas
by wild animals. It is known that natural pine species attract wasps when they blooms. They benefit economically
from natural pine species of cones, shell, tar, resin, pollen,
buds and essences, such as non-wood forest products. In
particular, Stone pines are highly valued in economic terms
and as Bonsai. Natural species growing in Turkey are one
of the most appropriate types for Bonsai arts.
Turkey has the richest bio-diversity in the region with
natural plants (>9000) and more than 30% of endemic
plants. Nevertheless, native plants are used extremely poor
in urban and rural local landscape designs. The number of
studies on the possibilities to benefit from natural plants in
the landscape is not enough [39-45]. Showing a dynamic

structure in creating livable urban spaces, trees and shrubs
that contribute to urban aesthetics and ecology are the symbols of the modern city. In fact, according to Tyruainenen
[46], the trees not only provide city aesthetics but also provide an important contribution to the value of the real properties located nearby [47]. Recently, extensive researches
on the importance of plant materials in urban ecology have
been conducted. The usage and number of plant species in
a city changes according to the socio-economic structure,
geographic location, urban history, the use of space, and
the attitude of local governments depending on personal
preferences [48-51]. Many problems have been faced from
selecting a wrong species in the studies of urban outdoor
planting studies to the usage of the wrong type area. Because of the usage of unsuitable plant species for the region
ecology and vegetation work made by unqualified people,
most of the desired results cannot be reached.
4. CONCLUSIONS
Turkey, in terms of the number of families, genera and
species, has very rich vegetation. Besides many European
countries, Turkey is the richest country in terms of the
number of plant taxa in the neighbouring countries. It could
clearly be seen that we get extremely small benefit from
this rich source in the green space applications in Turkey,
having such rich natural plant assets. The usage of native
plant species in landscape designs contributes to the creation of a healthy ecosystem or repairs the system. The plantation made by using pine taxa in urban settlements helps
regaining the landscape character of the areas. If they are
planted and grown suitably, pine species are more resistant
and less affected from the regional climate extremes when
compared with the exotic taxa. Pine species adapt optimally to the local environment, and contribute to soil with
reducing erosion, and generally require less fertilizers and
pesticides when compared to other plant species. Because
of pine tree properties, the first resort and maintenance
costs of the plantation studies are generally lower than the
plantation studies which exotic plants used.
Using the cultivated forms of plants in landscape design studies is of utmost importance from aesthetic and
functional view. In particular, the cultural forms of those
species which cause problems when used with their natural forms in urban centres constitute very suitable usages in
terms of urban design. In this way, pine species which are
very rich in natural species diversity, but used very little in
Turkey, will have been brought into use much more in urban design of Turkey.
Some exotic plants provide more harmony of natural
species and places where they spread to the natural environment as invading plants that spill out of the places
where they are planted. Invasive exotic plants pose serious
problems in terms of bio-diversity. Possible future work of
the plantation made by using natural plant species will also
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prevent "invasive plants”. The pine taxa are suitable species for the plant transplantation and its importance has
been further increasing recently. The usage of natural species in the plant transplantation studies which cause sudden
changes as green masses in the areas has a great importance. Fulfilling the criteria to be applied before making
transplantation is very important for the survival of plants.
However, transplantation by paying attention to the plant
root development is very important in species, such as
pines, which have a taproot system, as well as to prevent
damage to the root zone, or it is very important to select
appropriate plants. The damage at the roots causes the
death of the plants. The transplantation studies can be conducted in dilution work in pine forests by selecting the appropriate species and the use of these criteria in the design
of this type of plants can be increased.
In Turkey, in consultation with the relevant departments of each province's governor, or by taking the opinions of the people who designed the campus to every province’s university, it should be planted with native pine species that can grow in the appropriate areas and ensuring the
meeting students with the locals. In particular, the plastic
objects, such as the leaves and fruits, play a major role as
identification keys of natural pine species in various sizes.
The identification labels should be prepared and they
should be placed at various locations, such as parks,
schools and universities in order to introduce the pine species to the public and students.
Consequently, the introduction of native plant species
on the landscape design in educational institutions, their
usage and the production should be given enough attention;
at the same time, regarding measures should be taken to
encourage students in this subject. Researches for bringing
open and green areas into practice should take the requests
of employees and their requirements into account, and the
results of researches should contribute to the implementations. For public awareness, studies should be conducted
about the landscape design and its implementations, and
especially at this issue; the usage of native pine species
should be widened through the potential areas in Turkey.
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ABSTRACT
In this study, we determined the carbon (C) and nitrogen (N) contents along with the mass flux in sediment from
a paved forest road (PFR), unpaved forest road (UPFR),
and an undisturbed areas (UA) in Belgrad Forest in Istanbul, Turkey. The sediment samples were collected monthly
during a one-year period from November 2009 to October
2010, and we found that the monthly sediment production
rates on the UPFR was significantly higher than on the PFR
and in the UA. In addition, significant temporal differences
regarding monthly sediment production were identified at
each experiment site, with the highest mean annual sediment
C content being 15.53% in the UA, 14.68% on the PFR, and
6.86% on the UPFR. Furthermore, the change in the N content paralleled those of the C. We also determined that the
mean monthly C and N contents in the sediment of the PFR
were significantly higher than for the UPFR and that the
mean annual percentage of the C and N content in the sediment collected from the PFR was approximately two times
higher than for the UPFR, despite both roads having similar mean annual C and N mass loading.
KEYWORDS: carbon sequestration, forest ecosystems, mass flux,
road pavement, sedimentation

1. INTRODUCTION

construction removes forest vegetation, disturbs the forest
floor, and damages soil structure, all of which dramatically
increase sediment yield [6]. On unsealed roads, road surface
erosion is generally the dominant source of sediment [7].
There is little available data regarding the amount of
nutrient generation stemming from forest roads [8]. Over
time, any increase in nutrient removal from the soil may
have long-term consequences on soil quality and ecosystem productivity [3, 9]. Additionally, the availability of C
and N in terrestrial ecosystems also has added significance.
Moreover, strong links between these two biogeochemically important elements can arise because of the widespread impact that N limitation has on plant growth in temperate forests [10].
The main aims of this study were to examine the temporal changes of C and N in the sediment and determine the
annual differences between unpaved forest road (UPFR),
paved forest road (PFR), and undisturbed area (UA) in Belgrad Forest in Istanbul, Turkey.
2. MATERIALS AND METHODS
2.1 Study site

Belgrad Forest is located between 41°10' 90''– 41° 11'
20'' N latitudes and 28° 15' 40''–29° 10' 00'' E longitudes in
Istanbul, Turkey. The study area was located within the
boundaries of Ataturk Arboretum in this forest. The mean
annual precipitation for this site is 1,074 mm while the
mean annual temperature is 13°C. This area was comprised
of a dominant sessile oak (Quercus petraea L.) forest with
a canopy cover of 0.8, an average tree diameter of 15 cm,
an average tree height of 16 m, and a stand density of 3,200
trees per hectare. The average altitude at the site is 140 m,
and the slope is 4-7% with a north-northeast aspect. The
soil textural classification was determined to be clay loam,
and the dispersion ratios of the soil samples changed between 25-47 %, including those of the erosive soil class. In
addition, the soil permeability class ranged from moderate
to moderately slow [11].

A suitable forest road network is crucial for the sustainable management of forest resources. However, inadequate construction and maintenance of forest roads can have
an adverse environmental impact [1] on forest ecosystems.
Greater knowledge is needed regarding road erosion characteristics and the processes that go into managing the
changes in sediment generation ratios [2]. Erosion has a detrimental effect on land ecosystems by decreasing plant
productivity and activating carbon (C) and nitrogen (N)
movement at the surface [3].
Forest roads produce the highest production of sediment yield into streams from forest lands [4, 5], and road

2.2 Forest road characteristics

* Corresponding author

This study was conducted between November 2009
and October 2010, and the selected paved (PFR) and un-
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FIGURE 1 - Sediment traps on (a) paved forest road and (b) unpaved forest road (c) undisturbed area [11, 12].

2.3 Sediment traps

We utilized a total of 24 sediment traps (ribbed iron
sticks measuring 1.2 cm in diameter and 1.3 m high along
with plastic geotextile materials) and placed them on the
forest road ditch at 10 m intervals and at random locations
throughout the undisturbed area (UA) at least 30 m away
from the forest road where there was no direct road impact
(at least one tree length away from the forest road edge).
There were four of these traps in the UA, 10 each in the
UPFR and PFR ditches. Each trap collected sediment from
an 20 m-2 area on the forest roads (a total of 200 m-2) and
50 m-2 areas in the UA (Figures 1 and 2). All collected
sediment samples were placed in polyethylene bags, labeled, and brought to the laboratory where they were
promptly weighed (within one hour) at an accuracy rate of
within 0.01 g. The samples were then dried at 105o C for
24 hours [11], and the C and N contents of the grounded
and homogenized sediment subsamples along with three
replicates were determined using a Leco CN-2000 elemental analyzer (Leco Corporation, St. Joseph, MI, USA).
2.4 Monthly precipitation

FIGURE 2 - Location of sediment traps on forest roads [11, 12].

paved forest roads (UPFR) were 100 m long, 4.0 m wide
with a longitudinal slope of between 4 and 7% and a transverse slope of between 2 and 5%. The pavement material
on the PFR was crushed stone that measured 25 cm in
thickness. It had been graded once after its construction.
The forest roads pass through the stand in a north-south direction and were previously used for logging and transportation. However, there have been no recent logging and
harvesting activities in the area. The traffic density varies
from one-five vehicles per day, with 2x4s, 4x4s, trucks,
tractors, and tractor trailers having being spotted. The cut
slope of the UPFR and PFR is vegetated with plants measuring 0.5-1.0 m in height. There is also a 1:3 slope. No
recent grading has been done, and both roads are estimated
to be 35 years old [11].

To determine the monthly precipitation, a total of 10
collectors were placed within the study area, and the mean
monthly precipitation was then calculated. The rate was the
highest in January 2010 (133.02 kg m-2) and the lowest in
August 2010 (9.48 kg m-2). The amount of rainy days per
month ranged from two in August 2010 to 16 in January
2010. In addition, the total cumulative annual precipitation
was 635.45 kg m-2 while the total number of rainy days for
the year was 109. The mean monthly precipitation was calculated as 52.96 kg m-2 year-1, and the mean number of
rainy days was nine days per month (Figure 3) [11].
2.5 Statistics

Analysis of variance (ANOVA) was used to compare
the monthly and annual tested data (sediment production,
C and N contents, and C and N mass) at the sites. For significant results, Duncan’s mean separation test was performed at significance level of 0.05. In addition, the SPSS
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FIGURE 3 - Monthly precipitation (kg m-2) and number of rainy days [11, 12].

version 13 for Windows software program (SPSS Inc, Chicago, IL, USA) was used for all of the statistical analyses.
3. RESULTS AND DISCUSSION
The mean monthly sediment production for the UPFR
varied between 33 and 278 g while it ranged from 16-135
g for the PFR and 10-64 g for the UA. The UPFR monthly
sediment production was also significantly higher than for
the PFR and UA (Table 1). Furthermore, we determined
that there were marked differences in the monthly sediment

production among the experiment sites at all observation
periods. Only in April 2010 and May 2010 did the sediment
production not significantly differ between the PFR and the
UA. The highest sediment production for each experiment
site was in January 2010 when most of the precipitation fell,
and the lowest sediment production was in August 2010
when there was minimum precipitation. In addition, the
monthly sediment production at the three sites showed a parallel relationship to the monthly precipitation [11, 12]. The
mean annual sediment production values were 3.63 g m-2
from the UPFR, 1.85 g m-2 from the PFR, and 0.43 g m-2 for
the UA (Table 2).

TABLE 1 - Mean monthly sediment productions (g)
Sediment productions (g)
UPFR
PFR
UA
November 2009
67 a
30 b
13 c
December 2009
194 a
117 b
45 c
135 b
64 c
January 2010
278 a
February 2010
105 a
56 b
22 c
43 b
19 c
March 2010
89 a
20 b
11 b
April 2010
49 a
16 b
10 b
May 2010
40a
103 b
34 c
June 2010
182 a
21 b
11 c
July 2010
54 a
16 b
10 c
August 2010
33 a
27 b
12 c
September 2010
59 a
85 b
30 c
October 2010
158 a
Means within rows followed by the same letter are not statistically different at p<0.05 level according to Duncan mean
separation test. Sediment production values represent per 200 m-2 area [11, 12].
Months

TABLE 2 - Annual mean sediment, carbon and nitrogen in sediments
Characteristics
UA
PFR
UPFR
0.4375a
1.8542b
3.6375c
Sediment (g m-2)
15.5339b
14.6821b
6.8659a
Carbon (%)
b
b
0.3130
0.2840
0.1471a
Nitrogen (%)
0.0722a
0.2762b
0.2157b
Carbon (g m-2)
0.0013a
0.0049b
0.0044b
Nitrogen (g m-2)
Rows followed by the same letter are not statistically different at p<0.05 significance level.
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Similar to our results, unsealed roads have long been
identified as a significant source of sediment that enters
streams in forests [8]. It was also suggested that 30% of the
sediment load from a rural catchment in the United Kingdom was generated from or carried by unsealed roads [13].
Thus, having a sealant on forest roads causes less sediment
production and provides more soil protection. However,
the results of our study indicated less sediment production
than what was found in previous studies [7, 14-16]. This
could because of less traffic density, fewer logging and harvesting activities, the lower longitudinal road slope (4-7%),
the vegetated cut slope, no recent road grading, or a greater
protective effect from plant cover [11-12].
The lowest C contents (%) in the sediment were found
in August 2010 for the PFR and UA and June 2010 for the
UPFR, whereas the highest C contents occurred in April
2010 for the UA, December 2009 on the PFR, and September 2010 for the UPFR. In addition, the monthly sediment
C contents differed significantly (p=0.000) at all of the experiment sites (Figure 4).
The highest mean annual sediment C content was
15.53% in the UA, followed by 14.68% for the PFR and
6.86% for the UPFR (Table 2). A comparison of the mean
annual sediment C contents of each experiment site showed
that the UPFR, which had the lowest mean annual C content, differed significantly (p=0.000) from the other sites.
In contrast, the mean annual sediment C contents of the UA
and PFR were similar and the difference between these two
sites was insignificant (Table 2).
The lowest C mass (g m-2) values at all three experiment
sites were found in August 2010 when the lowest sediment
and precipitation rates took place. Additionally, the highest
C mass values were 0.21 g m-2 for the UA in January 2010,

0.96 g m-2 for the PFR in December 2009, 0.88 g m-2 for
the UPFR in October 2010, and the monthly changes in C
mass at each of these sites demonstrated a significant difference during one year-long research (Figure 4). The UA
had the lowest annual mean C mass (0.07 g m-2) despite
having the highest C contents in the sediment among the
three sites. However, the difference between the mean annual C mass of the PFR and UPFR did not reach statistical
significance (Table 2). Therefore, it can be interpreted that
the PFR and UPFR produced similar mean annual C mass
losses in the sediment.
In general, the N and C contents of the sediment at the
experiment sites were similar. This can be explained by the
fact that N content is highly related to organic matter in the
sediment under the forest cover since it includes more C.
However, the highest C value for the PFR occurred in December 2009, whereas the highest N content was in May
2010. The other monthly changes at all of the experiment
sites related to the N contents were similar to the findings
associated with the C contents (Figure 4).
The changes in N and C mass (g m-2) were also similar,
with the only exception being that the highest C mass value
for the PFR occurred in December 2009 while the highest
N mass was in November 2010. Furthermore, the monthly
changes in the N content and N mass in the sediment at all
three experiment sites showed statistically significant differences (p=0.000) (Figure 4). The mean annual N contents
of the UA and PFR also had comparable values which were
significantly (P=0.000) different from that found in the
UPFR (Table 2). Moreover, the mean annual N mass of the
PFR (0.0049 g m-2) and UPFR (0.0044 g m-2) was nearly
the same, and both were significantly (P=0.000) higher
than the N mass of UA (0.0013 g m-2) (Table 2).

FIGURE 4 - Mean monthly carbon and nitrogen in sediments. Values designated over the bars in different letters for each experiment site are
significantly different at p<0.05 after one-way ANOVA
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Our results indicated that paving the roads causes notable decreases in sediment mass; however, it may not reduce the loss of C and N. Gravel surfacing of roads may
lead to reduced sediment loads, but no corresponding decrease in nutrient loads necessarily occurs [8].
Our research showed significant temporal changes in
the sediment loads as well as in the C and N levels. Similarly, seasonal changes in sediment indicated a fluctuation
in sediment composition at regularly monitored sites that
reflected both its seasonal variability and highly mobile nature [17]. On the other hand, no statistically significant differences were found in the percentages of C and N in suspended sediment or loss rates when comparing summer and
winter rainfall simulations [9].
In addition, comparisons with other road erosion studies
are difficult because of the variation in methods, site characteristics, rainfall patterns, and temporal and spatial scales
[14]. Factors such as rainfall volume and its properties, road
slope, the road catchment area, drainage management, and
the generated runoff and erosion in the source areas due to
regolith type, surfacing, traffic, or cut slope/fill slope characteristics can affect the sediment generation rate from
roads. In practice, these factors are generally somewhat interdependent [8]. The same two authors also showed that
sediment generation from a road is strongly related to the
road surface materials and traffic levels. Surface runoff can
remove large quantities of nutrients from the soil in both dissolved and sediment-bound forms [9]. However, the high degree of temporal and spatial variability in the distribution of
surface runoff makes it difficult to conduct studies that focus
on the nutrients transported by this process. For example,
bird droppings, insects, and intercepted dry deposition from
overhanging trees might provide additional sources of N input to residential roads [18]. Furthermore, the mean N concentration and the C/N ratios are higher in forest surface soil,
which is indicative of the greater amount of plant litter [19].
Erosion also affects lateral C movement which transports
soil organic carbon (SOC) and other biogeochemical elements to rivers, thereby altering the net C flux between the
soil and the atmosphere [3]. Xue et al. [3] also explained that
these processes take place via three avenues. First, the removal of vegetation coverage can create a barren soil surface, which encourages runoff and increases soil erosion.
Second, the removal of vegetation positively interacts with
experimental warming to increase the soil temperature and
surface evaporation, which perhaps can lead to changes in
soil texture and infiltration capacity by influencing the
weathering rates of the soil. In turn, these physical properties
can strongly influence runoff and soil erosion. Third, aboveground biomass and litter removal can significantly reduce
C inputs into the soil, which influences soil microaggregate
formation. This then necessitates accelerated soil erosion
[3]. The loss of surface soil with abundant nutrients and fine
particles not only directly results in a decrease in soil fertility
and productivity, but it also affects other ecosystem services.
However, even small residential roads can accumulate significant N between precipitation events [10].

Our study had some limitations. For example, there
were no spatial replications of the different forest roads,
and only a single section of road was sampled on both the
PFR and UPFR. In addition, we did not address the differences in hydrologic responses and wet and dry deposition,
which can significantly alter sediment transport rates and
mass flux. In fact, dry deposition of dust can be a significant pathway for sediment transport. Furthermore, the sediment mass can vary with the amount of water moving
through the road, or it can be exported independently of the
surface runoff. Unfortunately, we did not ascertain how
much sediment was deposited due to runoff and how much
of it was dust that accumulated during periods of no-runoff.
In addition, we did not evaluate the difference between the
amount of rainfall and the C and N amounts in the sediment
and we made no regional estimates of the N deposition in
the rainfall. However, in spite of these limitations, we believe that the data that we uncovered is valuable.
4. CONCLUSIONS
The annual mean results from our research determined
that the C and N contents of the sediment collected from
the PFR were approximately twice as high as those of the
UPFR, which may have been due to the presence of more
mineral soil on these roads. On the other hand, the annual
mean mass of the sediment C and N of the UPFR and PFR
had similar values and showed no significant differences,
indicating that road surface improvements involving sealing materials may not reduce C and N losses. However,
they can decrease the sediment load.
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WEATHER RESPONSE OF
SWEET CHESTNUT (Castanea sativa Mill.)
RADIAL GROWTH INCREMENT IN BELGRAD FOREST
Hatice Yılmaz
Istanbul University, Faculty of Forestry, Vocational School of Forestry, Department of Ornamental Plants Cultivation, İstanbul, Turkey

ABSTRACT
Seasonal dynamics of growth increment and its response to climate factors were studied using three-year tree
growth profiles of Castanea sativa in Turkey. For this purpose five Castanea sativa trees were selected, and connected girth-bands measurements were carried out at 10day intervals from 2009 to 2011. Seasonal radial growth
increment and relationships between temperature, length of
day, humidity and precipitation were analyzed using a
bootstrapped correlation function and a moving bootstrapped correlation function. We conclude that spring
temperature and length of day have a positive effect on
growth and that summer temperature and length of day significantly and negatively correlated with growth for all tenday periods. Length of day in the previous 10-day period
had a significant positive correlation on the current diameter increment. Despite the known strong relationship between precipitation and radial increment, because there
was no precipitation for many days during summers, no
significant relationships between 10-day growth increment
and daily rainfall in the same period were observed.

KEYWORDS:
Castanea sativa, weather, response, radial, growth, increment

1. INTRODUCTION
In temperate climates dormancy and reactivation of
cambium are regulated by several internal factors, including gene expression [1, 2] and hormonal signals [3], and
environmental factors such as temperature, precipitation
and length of day [4-8]. Tree growth is regulated primarily
by precipitation and temperature, and therefore there are
reasonable correlations with these climate parameters in
general [9,10] and some other environmental factors that
are directly related to precipitation and temperature such as
soil moisture, light and humidity [11]. A large number of
studies have shown that temperature is closely associated
with the radial growth of tree stems [12-14], and maximum

growth rate is correlated with both temperature and maximum length of day [7]. It is important to know the time of
onset, rhythm and duration of tree diameter increment and
how they react to mainly climatic factors [15]. Measurements of daily, weekly, 10-day interval and monthly stem
diameter increment throughout the growing season are
needed to understand the nature of tree ring growth and its
relationship to climate conditions. This is also important
for some forestry activities, including wood production,
forest ecology and carbon storage. On the other hand,
knowledge of the relationship between climate and growth
of tree species is needed to estimate the influence of climate change on future tree growth [16].
Few studies related to cambial activity have been undertaken in Turkey [17-19]. Those studies sought to explain the cambial activity of Quercus petraea in Belgrad
Forest (İstanbul). Castanea sativa is an important tree species with edible fruits and valuable wood. The wood is
ring-porous. Castanea sativa is widely distributed throughout North Anatolia, scattered in West Anatolia and rare in
South Anatolia in Turkey [20] There have been several
studies addressing the intra-annual dynamics of diameter
changes and relationship between earlywood vessels and
temperature [13] and wood formation [21, 22]) for this species in south Europe. However, no previous research has
focused on the seasonal dynamics of growth increment of
Castanea sativa in Turkey.
The purpose of this study is to determine the rhythm
over 10-day periods in the radial growth increment of
sweet chestnut over three years (2009-2011) in Belgrad
Forest and to investigate their relationships with temperature, precipitation, day length and humidity.
2. MATERIALS AND METHODS
2.1. The study area

The study area was selected within the Atatürk Arboretum in Belgrad Forest because it is a protected natural area,
which keeps girth bands away from tampering so that reliable measurements can be made. The latitude and longitude
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of the study area are 41° 10' 41,5" N and 28° 58' 54,8" E,
respectively. The altitude is 108 m a.s.l., and the aspect is
east. Belgrad Forest has a humid climate type with a moderate water deficit in summer. Atatürk Arboretum has
brown forest soils, brown podzolic forest soils and typical
pseudogley [23]. Belgrad Forest is a native broad-leaved
forest composed of mainly Quercus petraea (Mattuschka)
Liebl. subsp. iberica, Q. frainetto Ten., Q.robur L., Fagus
orientalis Lipsky, Carpinus betulus L., Castanea sativa
Mill. Chestnut in the study area occurs in mixed stands
with Quercus petraea subsp. iberica and Fagus orientalis.
2.2. Data collection

Castanea sativa is one of the dominant native tree species. Five dominant sweet chestnut trees between 20-26 cm
dbh were selected to mount “UMS D1-K Permanent Tree
Girth Tape”. According to the datasheet for this model given
by the company, the scale division is 0.05π cm, and the vernier reading 0,01π cm. The unit is π/1 cm. Therefore, the
measured value already indicates the diameter of the trunk.
Bands were placed 1.3 m above the ground. At lower altitudes, the main period of stem radial growth was easily identified from the distribution of the value at time intervals
greater than 10 days [24]. The changes in circumference
were measured at 10-day intervals in the morning during the
2009-2011 growing seasons. Measurements began on March
27 and ended on October 30, but it was determined that
growth increment had not occurred after October 3 for three
years, thus this day was taken as the end date. Therefore,
20 measurements were obtained each year.

In this study, independent variables such as monthly climatic
variables were replaced by daily data, and the dependent variable (10-day growth measurements) was substituted for
one-year tree-ring growth (Table 1). We also used climatic
variables from two periods preceding the actual diameter
change (P1, P2). For the first period (10-day increment from
March 27 to April 6) we used 10-day daily climatic variables
from March 27 to April 6 (as P1) and 10 day before March
17 to 26 (as P2). This method is widely used in response and
correlation function calculations of tree-ring studies to determine the effect of the previous year. This time interval is the
previous 10-day interval in this study. The previously mentioned computer programs can perform these analyses. We
preferred a bootstrapped correlation analysis to determine
the relationships in this study.
The spring to autumn season was divided into 20 periods, each consisting of twenty 10-day periods per year (Table 2). A total of 60 data collections (20 periods for each
year) from 2009 to 2011 were used in the analyses.
TABLE 2 - Conventional tree ring variables and their replacement in
the study
Conventional Data
Annual tree-ring width
Monthly data including precipitation, temperature, humidity and
length of day from January to October-from month 1 to the month 10.

TABLE 3 - 10 day interval measurement periods of a year

During measurements, phenological observations
were also made. Bud activity, leaf formation, maturating of
the leaves and leaf senescence were recorded.

Periods
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

2.3. Growth and climate relationship analysis

The independent variables used in the study (daily average temperature, daily total precipitation and daily average humidity) were obtained from the Kireçburnu weather
station, which is approximately 5 km from the site. The
length of day for the site was calculated using Saga-GIS
ver 2.0.8 [25].
The relationship between diameter increment and climate is usually analyzed by correlation or response function. Analysis of 10-day diameter increment and climate
were performed using the “dplR” [26] and “bootRes” packages [27] in the R statistical analysis software [28]. Before
correlation function analysis, the data were transformed using the “dplR” package of R and small amount of source
code were edited in the “bootRes” package. In addition to
bootstrapped correlation function analysis, a moving window correlation function was also calculated using the
“bootRes” package. For the calculation of the relationships
between diameter and climate in chestnut trees, monthly
resolution data of climate, which are conventional data,
were used in the bootstrapped correlation functions. Using
data that has a resolution of less than one month is unconventional but can be used in response function analysis [4].

Non-conventional
Data
(used in this study)
10-day diameter increment
10-day data such as precipitation,
temperature, humidity, length of
day from the first 10-day period
to the tenth 10-day period.

Days of periods for three years
March 17 to March 26
March 27 to April 6
April 7 to April 16
April 17 to April 26
April 27 to May 6
May 7 to May 16
May 17 to May 26
May 27 to June 5
June 6 to June 15
June 16 to June 25
June 26 to July 5
July 6 to July 15
July 16 to July 25
July 26 to August 4
August 5 to August 14
August 15 to August 24
August 25 to September 3
September 4 to September 13
September 14 to September 23
September 24 to October 3

3. RESULTS AND DISCUSSION
The 10-day period diameter increments during the
three growing seasons (from 2009 to 2011) and climatic
factors are given in figure 1. In 2009, radial growth increment began in April 26. During the same period, bud break
occurred contemporaneously in almost all of the sampled
trees, and the leaves on the lower branches reached 3 cm in
size. From May to June, the diameter increment continued
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and increased in all of the trees; from July to August, the
diameter increment ceased; and a remarkable increase was
observed at the beginning of September. The diameter increment was complete in all trees by the end of the third
week of September. This was just before the onset of leaf
senescence. The remarkable increase in diameter in the
first week of September might have been caused by heavy
rains during the last week of August, which may have
caused the bark to swell or cambial activity. According to
[22] the onset of wood formation began on approximately
10 April, and latewood formation was completed by 26
September 2009 in Central Italy. Their observation was
similar to that made in the present study for the same year
in the Mediterranean Basin.
In 2010 radial growth increment began on April 16
(Figure 1), and during that time, bud break occurred in almost all of the trees. Diameter increment increasingly continued during May, June and July; decreased in August;
and stopped entirely by the beginning of September (September 3). The highest total increment was observed during
2010. In 2011, growth began on 26 April in all trees and
ceased in mid-August. The duration of growth was shorter
than those of 2009 and 2010 due to an early growth cessation in the 2011 growth season. The early cessation of radial growth may have been caused by a drought that occurred that summer. Total precipitation from July 5 to September 3 was 67.5 mm in 2009, 80.1 mm in 2010 and 15.4
mm in 2011, respectively, and the total increments were
0.22 mm in 2009, 0.32 mm in 2010 and 0.20 mm in 2011.
Average July-August temperatures were 24.430C in 2009,
25.340C in 2010 and 23.79 0C in 2011. The climate data
can explain the changes in diameter increments, which
were higher in 2010 and lower in 2011. In 2010, high precipitation during the July-August growth continued during

the vegetation period without pause, and the seasonal
growth rate was much higher compared to the other years.
Rainfall observed at regular intervals throughout the growing period during 2010 probably was responsible for the
fast and regular growth.
Correlation function (CF) analysis produced significant positive correlations between 10-day radial growth increment and the previous period length of day, whereas the
correlations with the current period day length correlation
were positive but not significant (Figure 2). Correlations
between temperature and the 10-day radial growth increment were positive during the current and previous periods,
and correlations with the previous period were significant.
Correlations between humidity and 10-day radial growth
increment were also positive during current and previous
periods, but only the 9th, 10th and 18th, 19th and 20th days
prior to the measurements were significant. No clear explanation has been found for the negative correlation between
the precipitation of the prior 10th day and measurement day
and radial growth. We can state that, rainfall in the prior
measurement day caused some swelling in the bark and subsequent shrinkage, diameter increment in the current 10-day
intervals were determined to be less than the actual growth.
But negative correlation between measurement day and precipitation was not explained. The precipitation regime may
explain the low, negative correlation between 10-day precipitation and growth. The data cover a total of 650 days, but
only 150 days of 650 days had precipitation. The remaining
450 days had no precipitation. Because the data were irregular, the correlation between precipitation and growth is
low and not significant. On the contrary, because temperature, humidity, and length of day data cover all entire study
period, significant correlations between temperature, humidity, and length of day and growth could be determined.
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FIGURE 1 - Growth increment and climatic data
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FIGURE 2 - Correlation function for temperature, humidity, length of day and precipitation for the 10-day intervals and previous period and
current period growth, 2009-2011. The darker bars are significant (p<0.05) and the lines represent the 95% confidence interval.

FIGURE 3 - Moving correlation function of mean daily temperature.
The window size is 10 periods (100 days), and the windows have been
offset by one period (10 day). Darker triangles are significant (p<0.05)
as determined by the standard approach and are coded according to
the grey scale at the right.
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showed the similar results. We propose that radial
growth of Castanea sativa responded positively to
rainfall, but negatively temperature in summer months
in Belgrad Forest.

FIGURE 5 - Moving correlation function of mean daily humidity.

Finally, because daily precipitation was very irregular,
the effect of daily precipitation on the 10-day growth could
not be clearly obtained with this method.
Spring temperature and length of day have a positive
effect on the growth but summer temperature (Figure 3)
and length of day have significantly negative (Figure 4). A
very clear and significant relationship between humidity
and ten day growth were not observed (Figure 5). However
summer humidity had a positive effect on growth.



One of the results of this study, which was explained
for the first time in Turkey, is the relationship between
day length and diameter increment of chestnut.
Previous day length has particularly positive impact on
the current diameter increment, and their correlation
was significant. Therefore, we conclude that long and
rainy periods in summer are positive impact on
growth. Conversely, intense hot and dry periods during
summer affected growth negatively even caused a
cessation of growth. Fonti et al. [10] indicated that
summer precipitation (July) was the main climatic
factor on controlling growth.



The moving bootstrapped method revealed the
seasonal effects clearly. While spring temperature
and length of day have a positive effect on the growth
summer temperature and day length significantly
negative.

However, because initiation, duration, rhythm and cessation of radial growth associated with various factors, further research and analysis in distribution area of Turkey is
needed to explain the sensitivity of Castanea sativa to environmental conditions.
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4. CONCLUSIONS
This study and the applied statistical methods have revealed some important results for diameter increment of
chestnut in Turkey.




In trees with ring-porous wood, cambial activity starts
earlier than the bud break and leaf formation. After
cambial activity begins in the top of a given tree, it
reaches the base of the tree approximately two weeks
later [29]. In chestnut trees growing in Belgrad Forest
we observed that when cambial activity starts at breast
height of trees, bud break also starts in the same trees.
Therefore, bud break began approximately two weeks
after the start of cambial activity in the same tree.
Based on studies of tree rings in Turkey using
conventional methods, spring-summer precipitation is
strongly related to radial growth of tree species [30 32]. This study, based on a non-conventional method,
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ABSTRACT
The research objective has been to determine relationships between the activity of urease, its resistance and soil
contamination with Zn2+, Cu2+, Ni2+, Cd2+ and Pb2+ in an
experimental set up on loamy sand, sandy loam and sandy
clay loam of pH values 5.5 and 7.0. The research comprised laboratory experiments. Soil (loamy sand, sandy
loam and sandy clay loam) was polluted with the above
metals and, on days 30, 60 and 120 of incubation, it was
submitted to determination of the activity of urease. The
results were used to calculate the resistance index (RS) of
urease to contamination by heavy metals. The experimental results proved that the highest urease activity persisted in sandy clay loam and the lowest one appeared in
loamy sand. The heavy metals significantly inhibited urease. The most severe inhibition of urease was caused by
Zn2+ and Cu2+, less so by Ni2+ and Cd2+, while Pb2+ was
responsible for the weakest urease inhibition. Strict correlation was found between the resistance of urease and the
level of soil contamination by heavy metals. The highest
resistance was demonstrated by urease in Cd-polluted
sandy clay loam at pH 7.0, where the RS index ranged from
0.698 to 0.931. The lowest values of the RS index were
observed in the same type of soil polluted by Zn2+ (RS from
0.823 to 0.016), Cu2+ (RS from 0.404 to 0.070) and Ni2+
(RS from 0.810 to 0.040).

these elements, hence it is justified to apply methods testing the impact of trace elements on micro-organisms to soil
quality analyses [3, 4]. Among the most popular methods
which provide measurable data on soil quality is an analysis of the activity of soil enzymes synthesized by soil micro-organisms [5, 6]. Soil enzymes play an important role
in the cycling of biogenic elements [7]. Secretion of enzymes by micro-organisms to the soil environment supports the continuous matter cycling in nature [8]. The activity of enzymes is an important measure of soil quality.
With methods used for determination of soil enzymatic activity it is possible to obtain a quick assessment of soil in
terms of pollution by heavy metals [9, 10]. The tested enzymes include urease, which participates in nitrogen cycling. The content of metals involved in the cellular metabolism and tolerated by micro-organisms may catalyze biochemical processes occurring in cells. However, higher
amounts largely reduce the efficiency of microorganisms
[11], a development which eventually causes degradation
of the soil environment [7, 12, 13].
The objective of this study was to assess the effect of
Zn2+, Cu2+, Ni2+, Cd2+ and Pb2+ in concentrations above
their natural soil content on the activity of urease. Another
aim was to determine the resistance (RS) of urease to soil
contamination by heavy metals, manifested by the activity
of this enzyme, and to diagnose the activity of urease depending on the soil texture and pH.
2. MATERIALS AND METHODS

KEYWORDS:
Urease activity, heavy metals, soil resistance

2.1. Experiment description

1. INTRODUCTION
Industrial processes enlarge the pool of heavy metals
in soils, where excessive concentrations of these xenobiotics depress biological activity [1] and, in the long run,
cause farmland degradation [2].
Areas polluted with heavy metals are characterized by
inferior biological parameters. Autochthonous micro-organisms are the first to respond to soil contamination with
* Corresponding author

The scope of the research comprised determinations of
the activity of urease in sandy loam, loamy sand and sandy
clay loam polluted by Zn2+, Cu2+, Ni2+, Cd2+ and Pb2+. The
soil pollution procedure with the metals was designed according to the soil contamination degrees worked by the
IUNG Institute of Soil Science and Plant Cultivation in Poland [14]. The IUNG standards were used because of their
restrictive soil content of trace elements and detailed descriptions of particular contamination levels, including
possible use of soil for production of specific food products, especially food for infants and babies. Detailed description of soil contamination degrees is shown in another
manuscript [15].
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2.2. Soil preparation

The experiment was conducted in a laboratory. The following variables were tested: 1) type of soil: sandy loam
(SL), loamy sand (LS) and sandy clay loam (SCL) (Table 1),
2) soil pH: 5.5 and 7.0, 3) type of metal: Zn2+, Cu2+, Ni2+,
Cd2+ and Pb2+, 4) doses of metals – determined for light, medium and heavy soils with a neutral and acidic reaction (Table 2), 5) soil incubation period: 30, 60 and 120 days. The
experiment was conducted in 3 replications, separately for
each incubation time. Batches of 100 g air-dry soil were
placed in 100 cm3 beakers and polluted, according to the
experiment’s set-up, by aqueous solutions of the compounds
ZnCl2, CuCl2, NiCl2·6 H2O, CdCl2·21/2 H2O or PbCl2 in
doses as specified in Table 2. Next, the moisture of the polluted soil samples was adjusted to 50% of the maximum
water-retaining capacity. The beakers were sealed with a
plastic film to prevent evaporation and incubated at constant
temperature of 25 °C for 30, 60 and 120 days. The soil moisture was checked regularly.
2.3. Assay of urease activity

The activity of urease (EC 3.5.1.5) was determined according to the method described by Alef and Nannipieri
[16]. Samples of soils weighing 10 g each were placed in
100 cm2 volumetric flasks, poured over with 1.5 cm3 of
chloroform and left aside for 20 min. Afterwards, 20 cm3
of 10% citrate buffer aqueous solution (pH 6.7) and 10 cm3
of 10% urea aqueous solution were added to each flask.
The samples were incubated at 37 °C for 24 h. After the
incubation, 10 cm3 of 10% urea aqueous solution was
added to the control treatments. Next, all the flasks were
topped up with deionized water to 100 cm3. Samples were

filtered quantitatively through a filter paper into 250 cm3
Erlenmeyer flasks. Samples of 1 cm3 of the filtrate were
transferred to 50 cm3 volumetric flasks, topped up with deionized water to 30 cm3, and then, 2 cm3 of 25% sodium
potassium tartrate and 2 cm3 of Nessler reagent were
added. Afterwards, the samples were topped up to the capacity of 50 cm3. Extinction of the produced mercury amide iodide was performed on a Perkin-Elmer Lambda 25
spectrophotometer at the wavelength of 410 nm. The activity of urease was presented as mean results from 3 incubation periods (9 replications) and given in mM N-NH4 kg-1
dry matter (DM) of soil h-1.
2.4. Calculation of urease resistance to heavy metal contamination

The resistance index (RS) of urease to soil contamination with heavy metals was calculated from the formula [17]:
2| |
1
| |
where, RS is resistance index D0 - difference between
the activity of urease in soil with the natural content of
heavy metals and the activity of urease exposed to pressure,
C0 is activity of urease in soil with the natural content of
heavy metals.
The resistance index is bound by the extreme values of
-1 and +1. The value +1 shows that no disruption appeared
(full resistance). Lower values indicate stronger influence
of the disturbing factor on the balance (lower resistance).
The value 0 shows 100% disruption and -1 stands for 200%
disruption caused by the disturbing factor.

TABLE 1 - Physicochemical properties of soils used in experiments.
Soil texture
Corg
[grain diameter, mm]
HAC
TEB
CEC
pHKCl
BS [%]
[g kg-1]
2 – 0.05
0.05 – 0.002
< 0.002
Content (%)
[mMol(+) kg-1 DM of soil]
80
12
8
5.05
7.0
10.50
55.00
65.50
83.97
LS
80
12
8
5.05
5.5
21.75
47.00
68.75
68.36
72
21
7
7.05
7.0
8.00
111.0
119.0
93.28
SL
74
16
10
5.75
5.5
25.50
17.00
52.50
32.38
56
23
21
14.33
7.0
6.00
190.0
196.0
96.94
SCL
56
23
21
14.33
5.5
12.75
107.0
119.7
89.35
*
LS - loamy sand, SL - sandy loam, SCL - sandy clay loam; pHKCl – pH of soil in 1M KCl, Corg – organic carbon content, HAC – hydrolytic acidity,
TEB - sum of exchangeable cations, CEC - cation exchange capacity, BS - base cations of percentage saturation

Soil type*

TABLE 2 - Heavy metal doses used in experiments (mg kg-1 DM of soil).
Soil contamination degree*
0°
I°
II°
III°
IV°
V°
Zn2+
0
70
200
500
1500
5000
Cu2+
0
25
50
80
100
500
0
25
50
75
150
600
Ni2+
Cd2+
0
0.5
1.5
3
5
10
Pb2+
0
50
100
250
1000
5000
*
0° - natural content, I° - elevated content, II° - weak contamination, III° - medium contamination, IV° - strong contamination, V° - very strong contamination
Heavy metal
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TABLE 3 - Content of heavy metals in mg kg-1 DM of soil.
Heavy
metal

Soil contamination degree*
Soil type
LS

Zn2+

SL
SCL
LS

Cu2+

SL
SCL
LS

Ni2+

SL
SCL
LS

Cd2+

SL
SCL
LS

Pb2+

SL
SCL

pH

0°

I°

7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5
7.0
5.5

10.8
10.8
16.6
11.6
13.0
13.0
2.5
2.5
3.8
1.2
3.6
3.6
3.2
3.2
4.6
4.5
3.7
3.7
0.3
0.3
0.3
1.0
0.2
0.2
12.0
12.0
16.0
9.3
11.9
11.9

79.5
81.2
81.7
80.9
82.8
82.8
24.5
24.9
25.8
26.2
25.6
25.4
23.4
24.3
24.6
25.4
24.1
24.8
0.8
0.8
0.8
1.4
0.7
0.8
55.7
59.6
59.2
62.8
63.4
65.3

II°
III°
mg kg-1 DM of soil
208.4
503.2
212.6
513.3
209.0
504.1
213.2
515.4
213.8
503.2
214.3
515.0
44.8
74.1
45.9
77.3
46.1
75.4
47.2
78.6
45.9
75.2
45.7
75.0
44.6
69.8
46.8
71.2
45.8
71.0
47.9
72.3
45.3
70.5
47.3
71.7
1.6
3.3
1.7
3.4
1.7
3.2
2.6
4.3
1.6
3.1
1.7
3.2
108.3
247.2
112.3
255.8
111.8
250.7
114.5
259.0
114.0
254.9
114.9
259.8

IV°

V°

1450.3
1479.3
1461.2
1485.6
1460.1
1484.3
87.7
93.4
89.0
94.7
88.8
88.6
140.0
151.2
141.2
152.3
140.7
151.7
5.2
5.3
5.3
6.4
5.2
5.2
953.6
983.5
957.1
986.7
961.3
997.2

4916.7
5015.0
4920.6
5020.0
4921.5
5019.8
473.5
487.9
474.8
489.2
474.6
474.4
524.4
567.6
525.6
568.7
525.1
568.1
10.0
10.2
10.4
11.3
10.3
10.4
4921.0
4978.5
4924.5
4981.7
4928.7
4995.1

*

Explanation under Table 2

2.5. Assay of physicochemical properties of soil

The soils were sampled from the arable and humic
horizon of fields lying at Experimental Station in Tomaszkowo, which belongs to the University of Warmia and Mazury in Olsztyn, Poland. The type of soil was determined
according to the classifications of soil grain-size distribution proposed by the World Reference Base for soil resources [18]. The details are presented in Table 1. Soil samples were passed through 2-mm mesh sieves, after which
the following determinations were performed: grain-size
distribution by the Cassagrande’s method modified by
Prószyński; pH by potentiometry in 1 M KCl at a soil to
KCl solution ratio equal 1:2.5; hydrolytic acidity (HAC)
and sum of exchangeable bases (TEB) by the Kappen’s
method; organic carbon content by a method employing
potassium dichromate [19]. Based on the HAC and S, the
cation exchange capacity (CEC) was calculated:
CEC = HAC + TEB
where, CEC is cation exchange capacity mMol kg-1
DM of soil, HAC is hydrolytic acidity, mMol kg-1 DM of
soil, and TEB is sum of exchangeable cations, mMol kg-1
DM of soil.
Finally, the base cations of percentage saturation (BS)
of soil weres calculated:

BS =

TEB
· 100
CEC

where, BS is percentage saturation, TEB is sum of exchangeable base cations, mMol kg-1 DM of soil, and CEC
is cation exchange capacity, mMol kg-1 DM of soil.
2.6. Assay of content of heavy metals in soil

The content of heavy metals in soil was determined on
an AAS-30 instrument manufactured by Carl Zeiss Jena;
after extraction in 1 M HCl, according to Polish standards
PN-92/R-04016 [20] and PN-92/R-04017 [21], and the
type of flame was air-acetylene one. The absorption wavelengths were 214 nm for Zn2+, 328 nm for Cu2+, 232 nm for
Ni2+, 228 nm for Cd2+ and 284 nm for Pb2+. The accuracy
degree was 0.1 mg kg-1 DM (dry matter) of soil (Table 3).
2.7. Statistical data

The results were processed statistically with the help
of the ANOVA analysis of variance. Homogenous groups
were distinguished by applying the Tukey’s test at the level
of significance p = 0.01. The Pearson’s simple correlation
coefficients (r) were calculated between the activity of urease and its resistance, on the one hand, and the degree of
soil contamination by heavy metals. In addition, the activity of urease was submitted to the Principal Component
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Analysis. Considering all the examined factors, the variability percentage of the activity of urease was computed by
ANOVA with the aid of η2. This analysis demonstrated that
the activity of urease was quite stable throughout the whole
experiment, that is for 120 days. The effect of time on the
activity of urease was small, ranging from 0.37% in soil
polluted by Cu to 1.94% in Pb-contaminated soil. For this
reason, the activity of urease is presented herein as a mean
for the 3 determination dates. The results were analyzed
statistically using a Statistica 10.0 software package [22].
3. RESULTS AND DISCUSSION
3.1. Activity of urease

The experiment has demonstrated that soil pollution by
Zn2+, Cu2+, Ni2+, Cd2+ and Pb2+ has adverse influence on
the activity of urease. The activity of this enzyme in soil
with the natural content of trace elements depended on the

type of soil and its reaction. Higher activity was observed
in sandy clay loam at pH 7.0 than in other soil variants.
Inhibition of the activity of urease grew stronger in response to higher degrees of soil contamination by heavy
metals in all types of soil polluted by Zn2+, in sandy loam
and sandy clay loam contaminated by Cu2+, in sandy loam
and sandy clay loam at pH 7.0 polluted by Ni2+ and in
sandy loam contaminated by Cd2+. In the other variants,
fluctuations between the activity of urease and the content
of Cu2+, Ni2+, Cd2+ and Pb2+ were noticed. These relationships are confirmed by the coefficients of correlations. On
average, irrespective of the type of soil and pH, the inhibition of the activity of urease under the influence of the
tested metals reached 52% (Zn2+), 47% (Cu2+), 8% (Cd2+)
and 7% (Ni2+). In contrast, Pb2+ stimulated the activity of
urease by 9%. Regardless of the soil type and pH, the highest doses of the metals inhibited the activity of this soil enzyme by an average of 78% (Zn2+and Cu2+), 39% (Pb2+),
18% (Cd2+) and 17% (Ni2+).

TABLE 4 - Influence of Zn2+, Cu2+, Ni2+, Cd2+ and Pb2+ to urease activity (mM N-NH4 kg-1 DM of soil).
Soil contamination degree1

r
II°
III°
IV°
V°
Zn2+
0.199b
0.176c
0.184c
0.112d
0.094e
-0.957**
7.0
0.240a
LS
5.5
0.331a
0.328a
0.282b
0.251c
0.160d
0.133e
-0.969**
a
b
c
d
e
e
0.639
0.465
0.304
0.117
0.108
-0.980**
7.0
0.682
SL
5.5
0.359a
0.333a
0.251b
0.197c
0.129d
0.104d
-0.991**
a
b
c
d
e
f
3.840
3.372
1.558
1.038
0.445
-0.984**
7.0
5.055
SCL
5.5
0.353a
0.242b
0.156c
0.108d
0.096e
0.085f
-0.927**
2+
Cu
0.211b
0.187c
0.166d
0.152e
0.174f
-0.877*
7.0
0.240a
LS
a
a
a
a
b
c
5.5
0.331
0.343
0.343
0.329
0.302
0.165
-0.749
0.419b
0.416b
0.394c
0.359d
0.185e
-0.900*
7.0
0.682a
SL
5.5
0.359a
0.258b
0.219c
0.191d
0.148e
0.109f
-0.975**
2.704b
3.155c
2.237d
1.420e
0.583f
-0.940**
7.0
5.055a
SCL
5.5
0.353a
0.198b
0.183bc
0.170c
0.173c
0.125d
-0.834*
Ni2+
0.278a
0.270a
0.325a
0.269a
0.248b
0.122
7.0
0.240b
LS
0.321c
0.369a
0.339b
0.343b
0.326c
0.043
5.5
0.331c
7.0
0.682a
0.409b
0.413b
0.400b
0.357c
0.236d
-0.885*
SL
5.5
0.359b
0.423a
0.326c
0.322c
0.296d
0.350b
-0.525
4.200b
4.124c
3.794d
2.561e
0.956f
-0.940**
7.0
5.055a
SCL
5.5
0.353e
0.629a
0.534b
0.467c
0.433d
0.346e
-0.341
Cd2+
0.263ab
0.268a
0.260ab
0.243cd
0.253bc
0.001
7.0
0.240d
LS
5.5
0.331b
0.344ab
0.334b
0.355a
0.353a
0.345ab
0.633*
0.487b
0.479b
0.462c
0.449cd
0.446d
-0.790
7.0
0.682a
SL
5.5
0.359a
0.343a
0.317b
0.314b
0.297bc
0.288c
-0.981**
5.297a
5.222b
5.229b
4.708d
4.523e
-0.743
7.0
5.055c
SCL
5.5
0.353b
0.372b
0.327c
0.311c
0.404a
0.278d
-0.355
Pb2+
0.456c
0.444d
0.477b
0.492a
0.310e
0.256
7.0
0.240f
LS
d
bc
bc
a
bc
5.5
0.331
0.414
0.426
0.441
0.425
0.358c
0.223
7.0
0.682a
0.304d
0.324cd
0.368c
0.425b
0.328cd
-0.499
SL
5.5
0.359a
0.294d
0.299cd
0.339b
0.333b
0.313c
-0.151
7.0
5.055a
1.881d
2.043c
2.184b
2.133c
1.309e
-0.721
SCL
5.5
0.353d
0.638c
1.067a
0.842b
0.822b
0.641c
0.390
1
Explanation under Table 2; **significant for p = 0.01, *significant for p = 0.05, n = 4; the same letters in rows are assigned to homogenous groups (p <
0.01)
Soil type

Soil pH

0°

I°
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Numerous references [15, 23-29] concerning soil contamination by heavy metals report similar trends of
changes in the biological activity of soil containing different levels of pollutants and tested under different laboratory conditions. For example, the effect of Zn2+ contamination of loamy sand at pH 7.1, 6.4 and 5.5 on the activity of
urease in a pot experiment in which the following doses of
Zn2+ were used: 0, 5, 500, 1000, 1500, and 2000 mg kg-1
DM of soil. Cellulose in a dose of 15 g kg-1 DM of soil was
added to soil as organic substance alleviating the contamination. It was found out that doses of Zn2+ in excess of 5
mg kg-1 DM of soil had a negative effect on the activity of
all tested enzymes. Further, as the Zn2+ doses increased, the
inhibition of urease was more profound. At the same time,
Zn2+ contamination of loamy sand depressed the reaction
of the analyzed soils. Cellulose added to alleviate the Zn2+
contamination stress proved to be capable of just improving the physicochemical properties of soil but failed to restrain the negative effect of Zn2+ on the enzymatic activity
of soil [24].
The authors’ own experiment supports the results reported by Kucharski et al. [25], who noticed that urease
was highly sensitive to Zn2+ contamination of sandy soil.
They showed that the activity of urease fell down by an
average of 49% in Zn2+ polluted soil at pH 5.5 and by 58%
when the soil pH was 7.0.
Bielińska [26] examined the activity of urease in the
rhizosphere and extra-rhizosphere soil populated by Taraxacum officinale. Soil samples were collected in urbanized
areas and were characterized by neutral reaction. The analyzed soils were different in the content of trace elements:
the ones originating from eastern Poland (very little industry) had a natural content of these elements, while the ones
gathered in Upper Silesia (heavily industrialized region)
were shown to be polluted by Zn2+, Pb2+, Cd2+ and Cu2+.
Significant inhibition of the activity of urease was demonstrated in the soils from Upper Silesia, especially in samples collected outside the rhizosphere. The activity of this
enzyme depended on the extent of anthropogenic pressure,
which was demonstrably higher in the industrial region.
Heavy metals can also inhibit the activity of urease in
some interactions with other trace elements. It has been
shown that in loamy sand and sandy loam at neutral reaction, the presence of Cu2+ in a dose of 50 or 450 mg kg-1
DM in variants with Zn2+, Ni2+, Pb2+, Cd2+ and Cr, both
separately and mutually combined, decreases the activity
of urease. These results coincide with other data achieved
by Wyszkowska et al. [13], who found out that Cu2+ contamination of loamy sand and sandy loam by doses of the
metal between 150 and 450 mg kg-1 DM of soil had an inhibitory effect on the activity of urease. Some of the data
reported in the above papers suggest that sowing plants improved the ability of soil to counteract the negative effect
of Cu2+. Loamy sand was more tolerant than sandy loam.
The authors’ study has also confirmed the results presented by Kucharski et al. [30] on the effect of Ni2+ on the

activity of urease. The cited researchers found significant
disturbances in the activity of this enzyme when the content of Ni2+ in loamy sand at pHKCl 6.6 was 400 mg Ni2+ kg1
DM of soil. After 30 days of incubation, the activity of
this enzyme was the lowest, increasing after 60, 90 and 120
days of incubation.
Balyaeva et al. [27] tested the effects of Zn2+, Pb2+ and
Cu on the activity of urease in soils cropped with spring
barley. Each of the metals was added to soil in different
doses: 0, 24, 45, 75, 105 and 300 mg Zn2+ kg-1, 0, 3, 10, 30,
60 and 100 mg Cu2+ kg-1, and 0, 20, 30, 50 and 100 mg Pb2+
kg-1 of soil. The incubation period lasted for 1 and 2 years.
The experiment demonstrated decreased activity of all enzymes in soils polluted by Zn2+, Cu2+ and Pb2+ in response
to increasing doses of the metals. After two years of incubation, the effect of the tested metals was weaker. In all the
treatments, soil samples polluted with 24 mg of Zn2+, 3 mg
of Cu2+ and 20 mg of Pb2+ kg-1 of soil demonstrated higher
enzymatic activity than unpolluted samples.
2+

According to Stuczyński et al. [28], the effect of heavy
metals on the enzymatic activity of soil depends on the type
of soil. In their study, the authors tested soils from two different parts of Poland (Silesia and Puławy), at diversified reaction (pHKCl 5.1 – 7.2) and texture (loamy sand, sandy
loam, light clay and loamy clay). Samples were contaminated by Zn2+, Pb2+ and Cd2+ in doses of 10, 500 and 700 mg
kg-1 of soil. The experiment showed that soil contamination
with 700 mg Zn kg-1 of soil induced marked inhibition of
the activity of soil and caused retardation of the nitrification process. Besides, the effect of Zn2+ depended on the
soil reaction. In most of the tested soil samples, Cd2+ pollution had a weak effect on the activity of urease. In turn,
Pb2+ inhibited the activity of this enzyme by an average of
30-40%. Although all the above researchers found similar
tendencies, the determined values of the activity of urease
varied among the cited experiments, and were divergent
from the ones reported herein, which is the result of various
research conditions as well as differences in the analyzed
soil material.
Slightly different results of the activity of urease were
published by Yang et al. [29], who examined sandy clay
loam at pH 7.43 contaminated by Zn2+, Cd2+ or Pb2+ and
found no effect of these metals on the activity of urease,
which ranged from 0.33 mg N-NH4 g-1 DM in soil with 25 mg
Cd kg-1, 500 mg Pb kg-1 or 800 mg Zn kg-1 to 0.67 mg N-NH4
g-1 DM in unpolluted soil.
Figure 1 shows that the first principal component explains 91.35% of the original variables. The original variables, reflecting the activity of urease, are negatively correlated with the first principal component. All the heavy metals affected adversely the activity of urease, which, irrespective of the degree of contamination, was the highest in
sandy clay loam at pH 7.0, but lower and on a similar level
in loamy sand and sandy loam at pH 7.0 and 5.5 as well as
in sandy clay loam at pH 5.5.
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FIGURE 1 – Influence of Zn2+, Cu2+, Ni2+, Cd2+ and Pb2+ to urease activity in soil presented with Principal Component Analysis (Vectors
represent the analyzed soil type: 1 - loamy sand, 2 - sandy loam, 3 - sandy clay loam; soil pH: a - pH 7.0, b - pH 5.5; soil contamination degree: 0 - 0, I
- I, II - II, III - III, IV - IV, V - V vectors of Zn, Cu, Ni, Cd and Pb refer to axes: X - upper, Y - right; cases refers to axes: X - bottom, Y – left).

3.2. Resistance index (RS)

The resistance index (RS) of urease decreased in all
types of soil, irrespective of the soil pH, as the degree of soil
contamination by Zn2+ increased (Table 5). The dynamics of
that decrease was higher in acid than in neutral loamy sand;
a reverse relationship was found in both loams.
The soil resistance index (RS) to contamination by
Cu2+, measured by the activity of urease, was negatively
correlated with the content of this metal in all soils. The RS
in neutral loamy sand and neutral sandy loam decreased to
a lesser extent. The resistance of urease decreased most
strongly in sandy clay loam; at the same time, the RS in
that soil had the lowest values independent of the degree of
soil pollution by Cu2+. Cu2+ caused weaker disturbances in
loamy sand and sandy loam at pH 7.0 than in the same soils
at pH 5.5. Urease was more resistant to Ni2+ in loamy sand,
the finding verified by relatively high values of the RS, but
sandy clay loam was the least tolerant to that metal. In soils
at the neutral reaction, the RS value depended on the type
of soil. Resistance of neutral soils was higher than that of
acid ones as the amount of soil colloids increased. The resistance index for the activity of urease in Cd2+-contaminated soils was rather diverse. In general, it was negatively
correlated with the degree of soil contamination. Both neu-

tral and acid loamy sand and sandy clay loam were more
resistant to excess Cd2+ than sandy loam. The soil resistance index (RS) to Pb2+ pollution, expressed by the activity of urease, was negatively correlated with the content
of that metal in sandy soil with either reaction, and in sandy
clay loam at the neutral reaction. On average, independent
of the degree of contamination, the RS index was the highest in loamy sand and sandy loam at the acid reaction. Besides, in loamy sand at pH 7.0, a rapid increase in the tolerance of urease to Pb2+ was observed in soil heavily polluted by this metal. Urease was the least tolerant to Pb2+
contamination in acid sandy clay loam.
The tolerance of urease is closely connected with the
degree of soil contamination by heavy metals, the fact
which is confirmed by the variation of the RS in response
to soil contamination by these elements. Many researchers
[31, 32] use the RS index to determine the capability of soil
to resist stress caused by heavy metals. Data obtained from
studies on the resistance of soils to contamination enable
researchers to verify results on soil enzymatic activity.
Such conclusions have been put forth, for example, by
Dussault et al. [33], who claimed that the RS values
demonstrated the lack of effect by Cu2+ on the activity of
β-glucosidase and protease. In the current experiment, a
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TABLE 5 - Urease resistance index (RS) in soils contaminated by Zn2+, Cu2+, Ni2+, Cd2+ and Pb2+.
Soil contamination degree*
r
III°
IV°
V°
2+
Zn
7.0
0.665a
0.515b
0.509b
0.464c
0.337d
-0.949**
LS
a
b
c
d
e
5.5
0.904
0.669
0.450
0.353
0.278
-0.972**
a
b
c
d
d
7.0
0.826
0.500
0.465
0.068
0.068
-0.955**
SL
a
b
c
d
e
5.5
0.783
0.281
0.224
0.206
0.155
-0.819*
7.0
0.823a
0.681b
0.050c
0.037d
0.016e
-0.899*
SCL
5.5
0.652a
0.336b
0.121c
0.127c
0.097d
-0.883*
Cu2+
7.0
0.751a
0.728a
0.583b
0.533c
0.544c
-0.925**
LS
a
a
a
b
c
5.5
0.955
0.914
0.878
0.740
0.219
-0.972**
a
b
c
d
e
7.0
0.615
0.595
0.518
0.400
0.189
-0.949**
SL
5.5
0.577a
0.439b
0.390c
0.302d
0.242e
-0.986**
7.0
0.404a
0.312b
0.272c
0.242d
0.070e
-0.953**
SCL
5.5
0.294bc
0.296b
0.258cd
0.346a
0.281bcd
0.141
Ni2+
7.0
0.948a
0.947a
0.749b
0.932a
0.600c
-0.728
LS
ab
d
abc
c
5.5
0.983
0.881
0.974
0.936
0.991ab
0.285
7.0
0.355c
0.432a
0.416a
0.385b
0.189d
-0.602
SL
5.5
0.491b
0.577a
0.491b
0.464c
0.439c
-0.649
7.0
0.810a
0.735b
0.665c
0.095d
0.040e
-0.930**
SCL
5.5
-0.443e
-0.116c
-0.145d
0.033b
0.906a
0.882*
2+
Cd
7.0
0.939a
0.853b
0.742d
0.724d
0.799c
-0.729
LS
a
c
b
d
5.5
0.962
0.842
0.910
0.771
0.704e
-0.892*
7.0
0.385a
0.355b
0.340b
0.313c
0.313c
-0.965**
SL
5.5
0.414a
0.344b
0.344b
0.344b
0.323b
-0.822*
e
d
c
b
a
7.0
0.698
0.777
0.808
0.867
0.931
0.993**
SCL
a
c
b
e
d
5.5
0.920
0.764
0.820
0.441
0.577
-0.821*
2+
Pb
7.0
0.080e
0.125c
0.227b
0.102d
0.688a
0.738
LS
5.5
0.689c
0.583d
0.462e
0.727b
0.949a
0.579
7.0
0.189d
0.286c
0.385b
0.615a
0.370b
0.685
SL
5.5
0.673bc
0.708bc
0.745abc
0.745abc
0.822ab
0.948**
7.0
0.128c
0.161b
0.202a
0.201a
0.125c
0.180
SCL
a
b
a
a
-0.746
-0.552
-0.492
-0.500a
0.341
5.5
-0.492
1
Explanation under Table 2; **significant for p = 0.01, *significant for p = 0.05, n = 4; the same letters in rows are assigned to homogenous groups (p <
0.01)
Soil type

Soil pH

I°

II°

significant effect of the increasing Cu2+ contamination degree on urease was demonstrated and verified by the decreasing values of the RS. Sensitivity of urease to soil contamination by heavy metals was also shown by Wyszkowska
et al. [13]. In treatments with a decreasing content of Cu2+,
the resistance of urease gradually increased. A similar relationship was found for dehydrogenases and catalase. The investigations discussed in this paper also support results reported elsewhere on the ability of contaminated soil to recover its tolerance. This recovery period is longer when the
soil resistance is depressed, and in heavily polluted soils, the
adverse effect of heavy metals becomes graver.

4. CONCLUSION
1. Contamination of loamy sand, sandy loam and silty
clay loam by Zn2+, Cu2+, Ni2+ and Cd2+ had an inhibitory effect on the activity of urease.
2. Zn2+ and Cu2+ were the strongest inhibitors of urease,
Ni2+ and Cd2+ were demonstrably weaker than Zn2+ and
Cu2+, while Pb2+ was the weakest inhibitor.
3. In loamy soils at pH 7.0 contaminated by any of the
tested heavy metals, the activity of urease was higher
than in the same soils at pH 5.5. In loamy sand at pH
5.5 exposed to pressure induced by Zn2+, Cu2+, Ni2+ and
Cd2+, the activity of urease was higher than in loamy
sand at pH 7.0. Contamination of loamy sand by Pb2+
did not correlate with the range of pH.

2502

© by PSP Volume 24 – No 8. 2015

Fresenius Environmental Bulletin

4. The resistance of urease to the influence of excessive
amounts of heavy metals in soils are equivocal.
5. Influence of heavy metals to urease resistance is correlated with strength of inhibiting urease activity, in this
case this relationship was only in soils contaminated by
Zn2+ and Cu2+.
6. The resistance of urease to Zn2+ was stronger in all the
soils at neutral reaction rather than in acidic ones. In
soils contaminated by Cu2+, the same relationship was
found in sandy loam and in loamy sand. In sandy clay
loam, a reverse dependence was found.
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ABSTRACT
To improve the formation and regeneration frequency
of protoplasts in Gram-negative bacteria, the effects of
some factors on protoplast isolation and regeneration from
polycyclic aromatic hydrocarbons (PAH)-degrading bacterial strains Pseudomonas sp. GP3A (GenBank EU233280)
and Sphingomonas sp. GY2B (GenBank DQ139343) were
investigated. Pretreatment with penicillin and EDTA enhanced the protoplast formation in both the bacterial strains.
The optimal condition for GP3A and GY2B protoplast formation was in 5 mg/ml lysozyme at 37 oC for 100 min and
80 min in a shaking culture, respectively. The double culture
had a higher regeneration frequency than the mixed or single
culture. The regeneration medium containing 20 mM CaCl2,
20 mM MgCl2, and 50 mM L-serine that was cultured at
30 oC showed higher regeneration frequency for GY2B. For
GP3A, regeneration medium supplemented with 30 mM
CaCl2, 20 mM MgCl2, and 100mM L-serine incubated at
30 oC could improve the regeneration frequency. GP3A
and GY2B protoplast has been fused and regenerated on
selective agar.
KEYWORDS: Protoplast formation; Protoplast regeneration; Pseudomonas sp.; Sphingomonas sp.

vious studies reporting limited success in fusion of protoplasts from Gram-negative organisms. For example, Tsenin
et al. [6] reported generation of prototrophic colonies from
fusion of protoplasts of two auxotrophs of Escherichia coli.
K12 at frequency of only 1×10-5, and only 10% of these colonies appeared to be true prototroph. The low fusants obtained mainly due to the difficulty in both protoplast isolation and regeneration. Therefore, the optimal conditions for
protoplast isolation and regeneration are necessary for obtaining large amounts of active protoplasts [7-9]. Gram-negative bacterial strains Pseudomonas sp. and Sphingomonas
sp. are the major degrading bacteria in the environment.
Pseudomonas sp.GP3A is a pyrene-degrading strain and
Pseudomonas sp.GY2B is a phenanthrene-degrading strain.
Using the protoplast fusion technology, a fusant strain F14
constructed between GP3A and GY2B. The high capacity of
F14 to degrade phenanthrene and pyrene has been reported
in the previous studies [10, 11]. However, the method of protoplast formation and regeneration in case of Pseudomonas
sp. and Sphingomonas sp. has not been introduced systematically. The present study aimed to develop a method of determining the optimal conditions for isolating large quantities of active protoplasts within a short period of time using
these two strains. To the best of our knowledge, there is no
information regarding the isolation and regeneration of protoplast for Pseudomonas and Sphingomonas.

1. INTRODUCTION

2. MATERIALS AND METHODS

Protoplasts obtained from bacteria have been used as
experimental tools in physiological and biochemical studies, which are suitable for protoplast fusion, genome shuffling or transformation experiments [1, 2]. Protoplasts were
generated by treatment of cells with lysozyme to digest the
peptidoglycan layer surrounding the inner membrane [3-5].
The method is efficient in Gram-positive bacteria, but shows
no obvious effect on Gram-negative bacteria, since the lip
polysaccharide (LPS) impedes access of lysozyme to the
peptidoglycan layer. This opinion appears to be based on pre* Corresponding author

2.1 Microorganism and Culture media

GP3A and GY2B used in this work were previously
isolated from petroleum-contaminated soil by our research
group. The cultivation method of bacterial strains was described as references [12, 13]. Pyrene and phenanthrene
were purchased from Fluka (Schnelldorf, Germany). Phenanthrene and pyrene stock solutions were 10 and 5 g L-1
in n-hexane, respectively.
Each bacterial strain was grown in 50 ml of complete
medium (CM) containing 10 g L-1 peptone, 10 g L-1 glucose, 5 g L-1 yeast, 5 g L-1 beef extract and 5 g L-1 NaCl for
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12 h at the condition of 30 oC and 150 rpm and was then
used for protoplast formation. 1 ml cell culture were inoculated into fresh CM subsequently for various incubation
times and shaken at 150 rpm and 30 oC.
Complete regeneration medium (CRM) containing 10 g
L peptone, 10 g L-1 glucose, 5 g L-1 yeast, 5 g L-1 beef extract, 5 g L-1 NaCl , 0.5 M sucrose, 0.2 M MgCl2, 30 mM
CaCl2 for GP3A and 20 mM CaCl2 for GY2B, 100 mM Lserine for GP3A and 50 mM L-serine for GY2B was used
for protoplast regeneration.
-1

Hypertonic buffer (SMM) containing 0.5 M sucrose,
20 mM MgCl2, 20 mM sodium maleate at pH 6.5 was used
for washing and suspending protoplast.
The pH of all media and solutions were adjusted to 7.2
before sterilization and were sterilized by autoclaving at
121 oC for 15 min.
2.2 Preparation of protoplasts

Bacterial culture grown overnight in CM were incubated in a fresh CM at 150 rpm and 30 oC under dark condition. Penicillin was added prior to the logarithmic growth
phase and then continued to cultivate until the cells grew
to the period of logarithmic phase. After 4, 10, 18 hour penicillin pretreatment, the cells were harvested by centrifugation at 4 oC at 8000 rpm for 10 min and washed twice with
phosphate buffer solution (PBS). Then the cells were treated
with potassium ethylenediaminetetraacetate (EDTA, 0.1%
wt/vol, pH 8.0) for 20 min at 110 rpm at 37 oC for the removal of outer membrane. After that, the cells were harvested by centrifugation at 4 oC at 8000 rpm for 10 min and
washed twice with SMM buffer. The cells were resuspended
in SMM buffer and were treated with lysozyme at 110 rpm
at 37 oC for complete protoplast formation. Protoplasts were
collected by centrifugation at 6000 rpm for 10 min and then
washed twice with SMM at 25 oC.
2.3 Regeneration of protoplasts

Protoplasts were resuspended in SMM and then spreaded
onto CRM or CM medium at 30 oC for 7 day incubation. The
colonies formed on CRM medium were counted as the sum
of protoplasts and nonprotoplast cells, while the colonies
formed on CM medium were counted as the non-protoplast
cells. The regeneration frequency was calculated as follows:
Regeneration frequency (%) = (Colonies on CRM medium - Colonies on CM medium) / Number of protoplasts
used
Different cultures were used to regenerate protoplasts,
including mixed plate, single layer and double layer. In
mixed plate method, 100 µl of protoplasts suspension in
SMM buffer was first mixed with regeneration medium
and poured onto the Petri dishes. In single layer culture,
100 µl of protoplasts suspension in SMM buffer was diluted and plated onto the regeneration medium in Petri
dishes and incubated. In double layers culture, the same
protoplasts solution was plated on 10 ml regeneration me-

dium containing 2.0 % agar and covered with 5-8 ml of the
regeneration medium containing 0.8 % agar and incubated.
2.4 Protoplast fusion and fusant select

Two types of protoplasts were gently mixed at the ratio
of 1:1 in SMM solution. The mixed solution was centrifuged
at 6,000 rpm for 10 min. The mixed protoplasts were harvested and suspended in 1 ml SMM. Then, 1 ml of PEG6000
solution (40%) containing 15% dimethyl sulfoxide and
10 mM CaCl2 in the same buffer was slowly added. After
gentle shaking (110 rpm), the tubes were incubated for
5 min at 36 oC and the cells were harvested by centrifugation at 4,000 rpm at 4 oC for 10 min and were again resuspended in 1 ml SMM immediately. 100 μl fused protoplast
was spread onto selective CRM, which 10 ml of 2.0 % agar,
80 μg ml-1 piperacillin, 80 μg ml-1 ceftazidime at the bottom of plate, a warm 5-8 ml of 0.8 % agar, 80 μg ml-1 piperacillin, 80 μg ml-1l ceftazidime was poured to cover the
protoplast solution and used as the top of medium. The plates
were incubated for 7days at 30 oC. The fusants regenerated
on selective medium in the absence of both piperacillin and
ceftazidime. Then, the randomly selected strains were inoculated in solid mineral medium consisting of single phenanthrene and pyrene. Subsequently, strains with obvious clear
zone were selected and then inoculated into liquid mineral
medium containing 50 mg L-1 phenanthrene and 10 mg L-1
pyrene for further screening. Phenanthrene and pyrene were
tested by HPLC (Agilent) after 48 h.
2.5 Biodegradation of PAHs

The residual PAH, including that in the cells and in the
medium in the whole flask, was performed by extracting
20 mL cultures twice with 20 mL n-hexane. The two extracts were combined and dried with anhydrous sodium
sulfate. The solvents were evaporated under the reduced
pressure until the residues were dissolved in n-hexane and
analyzed by HPLC (Agilent). 20 μL of extracts was injected
into the isocratic mobile phase of methanol and water (80:
20 ratios), run at 1mL min-1, isocratic run for 15 min with
Phenomenex C-18 column (250 mm × 4.6 mm).
3. RESULTS AND DISCUSSION
3.1 Effect of penicillin pretreatment and incubation time on the
protoplasts formation and regeneration

The cell wall structure of Gram-negative bacteria is
different from that of Gram-positive bacteria. The cell
wall would become flexible and more sensitive in lysozyme through pretreatment by artificially controlling
condition to influence structure of cell wall [14]. Penicillin inhibited mucopetide and other macromolecules in
the cell wall biosynthesis, so as to restrain peptidoglycan
synthesis. This effect can enhance enzyme hydrolysis of the
cell wall. Therefore, the cell wall that newly synthesized is
very loose in the presence of penicillin and this is conducive
to the enzyme lysozyme. The pretreatment with addition of
different concentration of penicillin had significant effect
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on the formation of protoplast. Both bacterial strains first
grew with increasing concentration of penicillin and then
reached the peak. As shown in Fig. 1, the optimal concentrations of penicillin for GP3A and GY2B were 0.7 U ml-1
and 0.3 U ml-1, respectively.

FIGURE 2 - Growth curves of bacterial strains GP3A and GY2B in
CM medium
TABLE 1 - Effect of culture period on protoplast formation and regeneration for GP3A

FIGURE 1 - Effect of different concentrations of penicillin on the bacterial growth

The lytic efficiency of the enzyme varied among the
components of the cell wall in different stages of bacterial
growth period. In addition, the regeneration varied with
different species and different assimilation times [15].
GP3A cultivated in CM medium entered the logarithmic
growth phase at 4 h, logarithmic growth phase between 4 h
and 11 h, and stationary phase after 11 h. For GY2B, the
logarithmic growth phase began from 4 h, and logarithmic
growth phase between 4 h and 25 h, and stationary phase
after 25 h (Fig. 2). The effect of incubation times on the
isolation and regeneration of protoplast is shown in Table
1 and Table 2. Protoplast yield was higher while the regeneration frequency was lower before the logarithmic growth
phase. In the late logarithmic phase, protoplast yield was
lower while regeneration frequency was higher. The protoplast formation frequency of GP3A was 92.6% at 4 h, the
regeneration frequency was 47.6%, lower than at 10 h and
18 h. The frequency was significantly different among 4 h,
10 h and 18 h (p < 0.05) (Table 1). The GY2B at the age of
4 h produced the largest amount of protoplasts followed by
18 h and 28 h, while the regeneration frequency was lower
and the corresponding regeneration frequency was 30.2%,
35.5% and 39.4%, respectively (Table 2). Significant differences in the formation and regeneration frequency of
GY2B was also found in 4h, 18 h and 28 h old culture (p <
0.05). In the present study, protoplast formation frequency
was higher in the early logarithmic growth phase (4 h) and
decreased in the late logarithmic growth phase. This phenomenon was consistent with the reports in Streptomyces
sp. [14, 15] and edible fungus [16]. Therefore, GP3A and
GY2B grown at the early to the middle log phase treated
with lysozyme were effective when used for protoplast isolation.

Culture time
Formation frequency
Regeneration frequency
(h)
（%）
（%）
4
92.6 ±4.1a
47.6 ±2.2 b
60.2 ±3.3b
53.2 ±3.1ab
10
52.7 ±3.1c
56.8 ±1.7 a
18
Mean ± SD (n=3). Means in the same column which do not share the same
alphabetic superscript (a, ab, b, c) are significantly different at a 5% level
according to the results of Duncan’s multiple range test.
TABLE 2 - Effect of culture period on protoplast formation and regeneration for GY2B
Culture time(h)

Formation frequency
Regeneration frequency
（%）
（%）
30.2 ±2.7 c
4
95.8 ±1.9 a
84.3 ±5.0b
18
35.5 ±1.8 b
69.7 ±5.6 c
39.4 ±1.6 a
28
Mean ± SD (n=3). Means in the same column which do not share the same
alphabetic superscript (a, b, c) are significantly different at a 5% level
according to the results of Duncan’s multiple range test
3.2 Effect of lysozyme concentration, reaction time and temperature on the protoplast production and regeneration

During the preliminary test, we found that protoplast
formation was more efficient at 37 oC than at 25 oC. Consequently, GP3A and GY2B were incubated at 37 oC for
60, 80, 100 min with 1, 5, 10 mg L-1 lysozyme concentration. It is also very important to determine the most suitable
reaction time for protoplast isolation. Too short reaction
time would lead to low protoplasts yield, while exposing
cells to lysozyme for a long time would result in decreased
viability and activity of the isolated protoplasts [15-17].
With increasing the lysozyme treatment, bacterial protoplast formation increased gradually within the tested time
of 60, 80 and 100 min (Table 3). A longer incubation time
resulted in the presence of lysed protoplasts. The highest
formation and regeneration frequency of protoplast for
GP3A was a concentration of 5 mg ml-1 lysozyme under
the condition of enzyme in digesting time 100 min and digesting temperature of 37 oC. Optimal protoplast formation
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TABLE 3 - Effect of lysozyme conditions on protoplast formation and regeneration frequency
Lysozyme
concentration
(mg/L)

Reaction
period
(min)

Reaction
temperature
(°C)

GP3A
GY2B
Formation
Regeneration
Formation
Regeneration
frequency
frequency
frequency
frequency
（%）
（%）
（%）
（%）
15.3 ±4.4d
55.6 ±1.2 d
8.3 ±2.8 d
1
60
25
36.5 ±5.1 c
21.3 ±3.3 d
1
55.4 ±5.5 b
70.2 ±3.4 c
15.7 ±2.1 c
60
37
60.2 ±4.8 b
23.2 ±3.4 d
75.5 ±1.4 c
20.3 ±6.2 bc
1
100
37
63.5 ±2.1 b
40.2 ±1.6 bc
93.2 ±2.8 b
30.2 ±5.9 ab
5
60
37
a
b
a
91.2 ±3.6
45.7 ±3.9
99.8 ±0.2
37.6 ±2.2 a
5
80
37
95.2 ±2.6 a
56.2 ±2.8 a
99.8 ±0.1 a
34.3 ±1.9 a
5
100
37
98.7 ±4.2 a
34.4 ±4.1 c d
99.9 ±0.1 a
23.9 ±4.5 b
10
60
37
Mean ± SD (n=3). Means in the same column which do not share the same alphabetic superscript (a, ab, b, bc, c, d) are significantly different at a 5%
level according to the results of Duncan’s multiple range test.

disintegration of LPS structure and the release of LPS in the
outer membrane, which would also become flexible or more
sensitive to lysozyme. After adding EDTA, protoplast formation and regeneration frequency of GP3A and GY2B
were higher than the absence of EDTA. The protoplast formation and regeneration frequency were higher when EDTA
was added before lysozyme than after lysozyme.

FIGURE 3 - The morphology of GP3A (A), GY2B (C) and their protoplast (B, D)

and regeneration were obtained by treatment of GY2B
with 5 mg ml-1 lysozyme at 37 oC for 80 min. The morphology of strains and their protoplast was shown in Fig. 3.
GP3A was typically long bacilliform (Fig. 3A) and GY2B
was short bacilliform (Fig. 3C), and their protoplasts were
globular (Fig.3B, 3D).

A low level of dissolved oxygen inhibited the microbial growth and lipid consumption [18, 19]. Shaking treatment stimulated the production of dissolved oxygen. The
protoplast formation frequency was 95.2% and 99.6% for
GP3A and GY2B in shaking cultures, while only 28.1%
and 34.2% in the static culture respectively. High aeration
improved the production of protoplast. Table 4 also summarizes the results of experiments designed to identify optimal conditions for protoplast regeneration. It was found
that the optimal incubation temperature for protoplast regeneration was more efficient at 30 oC than at 37 oC
(p<0.05). Therefore, protoplast of GP3A and GY2B were
cultivated at 30 oC for their regeneration.

3.3 Effect of other factors on protoplast production and regeneration

Influence of culture methods on protoplast regeneration was investigated by using mixed culture, double culture and single culture methods, and the results (Table 5)
showed that double layer culture (soft-agar overlayers) significantly increased the regeneration frequency (p<0.05).

Three methods were applied to form the protoplast.
The first method was to treat cells only with lysozyme and
without EDTA. The second method was a modification of
the method used by Weiss [3], treating cells with lysozyme
and EDTA. The third method was a further modification in
which an initial treatment with EDTA was used to remove
the outer membrane. Subsequently, the EDTA was removed
and lysozyme was added to digest the exposed peptidoglycan.
Three different methods were applied to compare protoplast
formation frequency and regeneration frequency (Table 4).
There was a significant difference among these three methods in the protoplast formation and regeneration frequency
(p<0.05). Protoplasts formed and regenerated by the third
method were better than the first and the second method.
Thus, the third method was used for follow-up experiments.
Metal chelating agent EDTA can chelate Ca2+, causing the

The effect of calcium and magnesium ions on the stability of protoplast was illustrated in Fig. 4A and Fig. 4B,
the presence of calcium and magnesium ions in regeneration medium improved the stability of protoplasts. The frequency of protoplasts significantly increased with the supplementation of CaCl2 and MgCl2 at 10 mM and 20 mM
level for GY2B, beyond which the frequency of protoplasts
decreased. The optimal concentration of CaCl2 and MgCl2
for GP3A was 30 mM and 20 mM, respectively. Reaveley
and Rogers [20] reported that magnesium ion could prevent
the release of lipid residue in the plasma membrane and
mesosome from the protoplasts of bacillus. Pigac et al. [21]
reported that calcium and magnesium could stabilize protoplasts, so as to prevent leakage. Amino acid is often
added to the regeneration medium of bacterial protoplast to
improve the regeneration frequency.

2508

© by PSP Volume 24 – No 8. 2015

Fresenius Environmental Bulletin

TABLE 4 - Effect of protoplast generation and recovery conditions on protoplast formation and regeneration frequency
Protoplast generation method

Protoplast
culture
method

Plating
method

Regeneration
temperature
(°C)

(1)Lysozyme

shaking

spreading

30

Formation
frequency
（%）
20.8 ±1.8 d

GP3A
Regeneration
frequency
（%）
9.7 ±0.7 d

(1)Lysozyme
(2)EDTA

shaking

spreading

30

44.3 ±2.4 b

18.3 ±1.3 c

49 ±4.5 b

13.9 ±0.6 d

(1)EDTA
(2)Lysozyme

shaking

spreading

30

95.2 ±1.7 a

55.9 ±2.8 a

99.6 ±0.1 a

37.5 ±3.0 a

(1)EDTA
(2)Lysozyme

shaking

spreading

37

95.2 ±1.7 a

43.1 ±2.3 b

99.6 ±0.1 a

30.1 ±3.3 b

(1)EDTA
(2)Lysozyme

shaking

mixing

30

95.2 ±1.7 a

19.3 ±2.0 c

99.6 ±0.1 a

17.3 ±0.8 c

Formation
frequency
（%）
36 ±3.3 c

GY2B
Regeneration
frequency
（%）
7.4 ±0.5 e

28.1 ±3.4 c
5.8 ±0.7 e
34.2 ±2.4 c
3.7 ±0.2 f
(1)EDTA
static
mixing
30
(2)Lysozyme
Mean ± SD (n=3). Means in the same column which do not share the same alphabetic superscript (a, b, c, d, e, f) are significantly different at a 5% level
according to the results of Duncan’s multiple range test.

TABLE 5 - Effect of regeneration method on protoplast formation and regeneration
Regeneration method

GP3A
GY2B
Regeneration
Regeneration
frequency (%)
frequency (%)
9.8 ±2.3 c
Mixed culture
11.3 ±2.7 c
Double culture
57.6 ±6.5 a
38.7 ±1.1 a
23.1 ±2.8 b
19.7 ±2.3 b
Single culture
Mean ± SD (n=3). Means in the same column which do not share the same alphabetic superscript (a, b, c) are significantly different at a 5% level according to the results of Duncan’s
multiple range test.

FIGURE 4 - Effect of Ca2+ (A) and Mg2+ (B) on protoplast regeneration

As a growth factor in the medium, amino acid being a
precursor of cell wall synthesis, it also could be transformed into precursor of cell wall material through metabolism or play to promote metabolism, speed up the cell wall
synthesis. Gabor and Hotchkiss [22] reported that amino
acids have a stimulating effect on protoplast regeneration.

The effect of L-serine on protoplast regeneration has been
shown in Fig. 5. The optimal concentration of L-serine was
100 mM for GP3A and was 50 mM for GY2B. The regeneration frequency of GP3A was only 23 % without L-serine,
while it reached a maximum value of 57.6% with 100 mM of
L-serine. The regeneration frequency of GY2B was only
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5.5 % in the absence of L-serine, while it increased rapidly
after adding the L-serine. The regeneration frequency
reached 38.7% with L-serine concentration of 50 mM. The
frequency of the protoplasts of the two bacterial strains remained stable while continuing to increase the concentration of L-serine.

condition for Sphingomonas sp.GY2B and Pseudomonas
sp.GP3A protoplast formation were tested, respectively. In
addition, the double culture method had a significantly
higher regeneration frequency than the mixed and single culture method. The information obtained in this study may be
useful for high production of protoplasts by other bacteria.
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ABSTRACT
Pig farms generate wastewaters, which are difficult to
treat since they contain high concentrations of organic matter, nutrients, and pathogens. The organic matter contained
in the wastewaters works as an electron provider for the
bacteria to generate energy. The possibility of generating
electricity was studied using a single-chamber microbial
fuel cells (MFC) fed, having swine wastewater as electron
donors, and simultaneously reducing the organic load during the wastewater treatment. The results showed that the
pig wastewater can be used to produce electricity using a
MFC single-chamber, generating simultaneously removals
of organic matter, nitrogen, and phosphorus (chemical oxygen demand 71.9%, ammoniacal nitrogen 29.2% and total
phosphorus 15.1%). The maximum voltages reached in the
MFC were between 63 mV and 218 mV. The higher power
density was 256 mW/m2 for a current density of 4,000 A/m2
(10 Ω). For an external resistance of 10 Ω, 100 Ω, and
1,200 Ω, the coulombic efficiency was 39 %, 5.5%, and
0.9%, respectively. The sscanning electron microscope image and the elemental analysis showed a biofilm bacterial
developed on the carbon fiber (anode), as well as inorganic
salts precipitated during the treatment of pig farm
wastewater by MFC.
KEYWORDS: pig farm, wastewater, bioelectricity, microbial fuel
cells, power, and current density.

1. INTRODUCTION
It is globally known that pig farm wastewaters (or
swine wastewaters) and/or excreta from the pig industry
generate an environmental impact of great magnitude. Pig
wastewaters are produced under lack of control, so they
cause pollution of surface waters, aquifers and deteriora* Corresponding author

tion of the air and soil quality [1-2]. Each pig generates
around 36 L/d of waste. One cubic meter of pig wastewater
contains approximately 47 kg of chemical oxygen demand
(COD); 25 kg of biochemical oxygen demand (BOD5),
7.6 kg of total nitrogen; 6.5 kg of phosphates, and 7.2 kg
of potassium. It is calculated that 38% of the pig farms pour
their waters in receiving media, which causes pollution of
the saturated zones and of superficial waters [3].
The technologies used for pig farm wastewater treatments by this sector are anaerobic digesters, wetland, and
biofilters [4-6]. The processes of anaerobic digestion provide a solution potentially convenient for the treatment of
high-strength wastewater because, besides reducing the
pollution, methane and hydrogen are formed [7-9]. As a
consequence, the extraction of bioenergy can be obtained
through the biological treatment of pig wastewaters, allowing a more profitable treatment process.
Recently, it has been demonstrated that the microbial
fuel cells (MFC) can be used to produce bioenergy (electricity, methane, and hydrogen) from the treatment of domestic wastewaters [10-11]. The MFCs are bio-electrochemical systems, capable of generating electricity from
the oxidation of organic matter (glucose, acetate, and
wastewaters). The electrons produced by the microbial metabolism in the degradation of the organic (or inorganic)
matter, under anaerobic or fermentative conditions are
transferred to the anode (negative terminal). The electrons
flow through an external resistance or external circuit to the
cathode (positive terminal), where they are combined with
oxygen and protons (H+) to form water. Protons are produced in the anodic chamber and they migrate through a
proton exchange membrane or a cationic one towards the
cathode [12-14]. The electromotive force or voltage generated in the MFC is the result of a difference between the
potential reduction of the reactions occurring in the cathode
and in the anode. The object of study was the wastewater
treatment from a pig farm by a single chamber MFC and
simultaneously the production of electricity during the removal of organic matter.
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2. MATERIALS AND METHODS

2.3 Scanning Electron Microscopy (SEM)/Energy-dispersive
X-Ray Spectroscopy (EDX)

2.1 Configuration and operation of the MFC

For SEM analysis, samples of fiber carbon (anode),
fouled and virgin CEM were cut into pieces and fixed in
5% glutaraldehyde and 5% dehydrated in a solution of ethanol-deionized water. The samples were carefully rinsed
with monosodium phosphate (NaH2PO4.H2O) and disodium phosphate (Na2HPO4) at pH 7. Then, they were subject to dehydration using ethanol series 50%, 60%, 70%,
80%, and 100%; 30 min each concentration. The surface
morphology of the anode and microscopic structure and elemental components of the CEM were examined using a
LEO 1450-VP SEM connected to the EDX equipment.

The MFC is a horizontal plexiglass cylinder with a volume in the anodic chamber of 128 mL. The configuration
of the MFC used was that of a single chamber. In the ends
of the MFC there were two electrodes, an anode, and a
cathode. As the anode, a carbon fiber was used, which was
impregnated with 0.4 mg Fe2+/cm2. Three layers in the following order built the cathode: cation-exchange membrane
(CEM) with a thickness of 50 µm, carbon fiber, and stainless steel mesh. The cathode was exposed to the environment
and it was aired by natural convection, while the anode was
on the opposite side and it was covered. Two copper wires
were extended from the top for electrical connections. The
distance between the electrodes was 5.5 cm. The electrodes
were connected through an external resistance (Rext). The
MFC was inoculated with 3.7 g of anaerobic granules from
an upflow anaerobic sludge blanket (UASB). The granules
were dissolved with the swine wastewater before being introduced to the anaerobic chamber (anodic chamber) of the
MFC.
The MFC was fed with pig wastewater from the maternity area of a pig farm located in Jojutla, Morelos, Mexico. All the tests were carried out without diluting the pig
wastewater and without any modification of the characteristics of the wastewater, such as adjustment of the pH, addition of nutrients, and trace metals. The wastewater used
in this research was only the liquid part of the swine
wastewater. The solid waste was removed by sedimentation. The wastewater was replaced completely after each
operation cycle of the MFC.

3. RESULTS AND DISCUSSION
3.1 Physicochemical characteristics of the pig farm wastewater

Table 1 shows the physicochemical characteristics of
the wastewater in the maternity stage of the pig farm. The
pig wastewater that fed the MFC presented a total COD of
6,825 ± 571 mg/L. Different pig wastewaters have been
characterized in other countries (United States and China)
and even Mexico by presenting total values of COD, TSS,
NH4-N, TKN, and TP in a range of 958-130, 800 mg/L,
370-61, 800, 151-4, 800 mg/L, 148-7, 300 mg/L, and 39125 mg/L, respectively [9,16-17]. The difference between
the concentrations of the pollutants found in the pig
wastewaters in the world depend on the number of livestock, amount and quality of food, amount of water consumed, the stage of growth of the pig, and the environmental conditions.
TABLE 1 - Physicochemical characteristics of the pig farm wastewater

2.2 Analysis

The COD, total suspended solids (TSS), and volatile
suspended solids (VSS), total Kjeldahl nitrogen (TKN),
ammoniacal nitrogen (NH4+-N), nitrogen of nitrates and nitrites (NO3+NO2-N), and total phosphorus (TP) were measured according to Standard Methods [15]. The performance of the MFC was evaluated through the electrical
current (I = V/R), electric power (P = I x V), current density
(J= I/Aelectrode), and power density (P/Aelectrode), where A is
the electrode area. The coulombic efficiency (CE) was obtained when integrating the electric current generated
through time regarding the removal of the COD

CE =

Ms0tI (t)dt
Fbevcan(CODinitial-CODfinal)

where Ms is the oxygen mass (32 g/mol), F is the Faraday constant (96, 485 Coulomb/mol), be the moles of the
produced electrons (4 mol e-/mol) and vcan anaerobic chamber volume (L). The CE defines the amount of coulombs
transferred in the MFC or the amount in percentage of electricity generated by the system.

Parameter

Concentration (mg/L)

COD

6,825 ± 571

TSS

6,250 ± 326

VSS

5,187 ± 263

TKN

673 ± 62

+

NH4 -N

500 ± 40

NO3+NO2-N

2.3 ± 4.8

TP

72.2 ± 12.4

3.2 Inoculum acclimation to pig farm wastewater

Before the evaluation of the performance of the MFC
in the production of electricity at closed circuit mode (external resistance), the MFC was operated at open circuit
mode for further acclimation of the inoculum to the pig farm
wastewater. After introducing the inoculum and the pig
wastewater inside the MFC, electricity was generated immediately. The voltage increased exponentially during the first
20 hours, until reaching a maximum voltage of 650 mV (Figure 1). This high initial voltage could be influenced mainly
by electrochemical factors due to an electrical potential difference between the anode and the cathode. Nevertheless,
the increase of voltage through time was due to a biochem-
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ical activity within the anodic chamber. The operation cycle
of the MFC under open circuit mode was of 161.5 hours. The
voltage decreased from 660 mV to 400 mV. The COD removal was of 43% for an initial total COD of 6,513 mg/L.
This performance of the MFC indicated good production

of electricity with simultaneous removal organic matter
contained on pig farm wastewater. After two operational
cycles of the MFC, the inoculum was acclimated to pig
farm wastewater.
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FIGURE 1 - Voltage generation during the start and colonization of the MFC

FIGURE 2 - Power and current density profile vs. time at different external resistances
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3.3 Electricity production in MFC in closed circuit mode

After the acclimation of the inoculum, the electrical
circuit of MFC was closed and operated under three different external resistances (10 Ω, 100 Ω, and 1,200 Ω). The
operation cycle of the MFC was determined according to
the voltage drop (100 %). For each resistance, the operation
time of the MFC was 167 hours. The maximum voltages
reached under closed circuit mode were 63 mV, 70 mV,
and 218 mV with resistances of 10 Ω, 100 Ω, and 1,200 Ω,
respectively. The maximum power (Pmax) and current density (Jmax) obtained during the MFC’s operational period
was of 256 mW/m2 and 4,000 mA/m2, respectively, using a
resistance of 10 Ω. The density values were lower when the
MFC worked with resistances of 100 Ω (29 mW/m2) and
1,200 Ω (25 mW/m2) (Figure 2). No lag-time was observed
in the performance of the MFC under different resistances.
The MFC operated with 100 Ω and 1,200 Ω of resistance, it
kept constant power and current density along time. While
the MFC operated with 10 Ω, the power and current density
through time did not keep the same power values. The maximum power densities determined with different substrate in
the single chamber MFC have demonstrated that the type of
substrate used affects the generation of electricity. Liu and
Logan [18] and Liu et al. [19] reported power densities of up
to 506 mW/m2 with glucose and acetate as main substrate.
Using butyrate and domestic wastewater, the powers were
between 305 mW/m2 and 146 mW/m2, respectively.
This behavior indicated a competitive fermentation
process at a different external load, which arose in fermentable compounds that favored the competition between fermentative metabolites and electron transfer to the anode.
When working with high resistances, a lower current density was generated and the electrons transference diminished towards the anode, allowing a lower generation of
energy for the microorganisms that generated electricity.
The power and current density under three resistances
dropped continuously through time to lower values of
around 0 mW/m2.
The increase of the external resistance in a MFC
caused an increase in voltage and a decrease in the current
and power densities according to Ohm’s law and mainly to
the decreased recovery and transportation of electrons in
the anaerobic chamber [20-21]. It is a fact that the amount
of electrons that flowed in the MFC could be controlled by
adjusting the magnitude of external resistance. Hence,
when a different external resistance was applied to the
MFC for a longer operation time, the microbial community
structure could be changed resulting in a different performance of anodic reactions (current density, voltage, and
COD removal rates). The values reported in Table 2 confirm this fact.
3.4 Pollutants removal

The COD removal obtained after 167 hours of operation in the MFC under different external resistances was

between 63.5 % and 71.9 %. The NH4-N and TP removals
in the MFC were lower than 29 %. These removals of pollutants indicated the presence of soluble compounds that
were initially oxidized and progressively consumed, but it
did not indicate a high production of energy. The removal
of NH4+-N in single chamber air-cathode MFC indicated
the occurrence of a nitrification process due to oxygen diffusion through the cathode’s air atmosphere. According to
Kim et al. [22] the nitrifying bacteria found in the MFCs
does not compete with exoelectrogenic bacteria.
The COD removal in the MFC operated in closed circuit mode was higher than the one obtained at open circuit
mode (43%). Kim et al. [23] reported a low removal of
COD when the MFC was operated at open circuit. For a
resistance of 10 Ω, the total COD of the wastewater treated
by MFC was 2,461 mg/L. The COD for resistances of 100
and 1,200 Ω were 1,936 and 2,025 mg/L, respectively (Table 2). In other studies, the total removal of the COD in the
MFCs, during the treatment of similar wastewaters, was
within a range of 19 % to 85 %, however, these studies diluted the pig wastewater with fresh water with a proportion
of 1pig wastewater/10fresh water [9, 13]. The COD removal increased when the external resistance increased. Similar results were observed for NH4+-N. Despite obtaining high
COD removals for the external resistances of 100 and
1,200 Ω, the CE were low, reflecting low values of power
and current density, showing thus, that most part of the
consumed substrate by the microorganisms was not used
for the generation of electric current. When the MFC was
exposed to low resistances, the flow of electrons was
higher. The increase of the external resistance in the MFC
could be favored by the development of anaerobic microorganisms, which competed for the substrate with electroactive microbial species, generating a lower performance
of electrons and/or electron loss in the anaerobic chamber
[24]. In this way, a lower transportation of electrons to the
anode could be carried out.
TABLE 2 - Pollutants removal obtained during single-chamber MFC
operation
10

100

COD
Influent (mg/L)
Effluent (mg/L)
Removal (%)

6,746
2,461
63.5

6,421
1,936
69.8

NH4+-N
Influent (mg/L)
Effluent (mg/L)
Removal (%)

491
405
17.5

487
370
24

520
368
29.2

TP
Influent (mg/L)
Effluent (mg/L)
Removal (%)

68
60
11.8

65
58
10.7

73
62
15.1

Pmax (mW/m2)
Jmax (mA/m2)
CE (%)

256
4,000
39

28
397
5.5

20
88
0.9

Resistance (Ω)
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1,200
7,228
2,025
71.9
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The CE was inversely correlated to the external resistance. For a resistance of 10 Ω, the maximum efficiency
was 39 %, higher than the ones obtained for the resistances
of 100 and 1,200 Ω, which were 5.5 %. and 0.9%, respectively. The CEs can vary according to the kind of configuration of the MFC, the kind of substrate used (real
wastewater, glucose, acetate, peptone), the catalyst (platinum, iron3+, titanium, lead oxide, and catholytes (for example ferrocyanide)), the membrane (cation and proton exchange) and the use of a redox mediator. In the case of real
wastewaters, the coulombic efficiencies that have been reported are within a range of 0.7%-96% [18, 25].
3.5 Microbial biofilm and CEM fouling in MFC

A microbial biofilm layer was noticed on the anode
surface after 319.5 hours of operation of the MFC (Figure
3b). SEM micrographs revealed a variety of bacterial morphologies of different sizes and shapes (rod and cocci bacteria) around the electrode. The formation of the biofilm in
the anode allowed biochemical interactions between the
bacteria and the pig wastewater, for the generation and
transportation of electrons and protons within the anodic
chamber.

The CEM showed fouling over the surface of the membrane characterized by the formation of a biofilm layer
(Figure 3D). According to Chae et al. [26] and Xu et al.
[27], the membranes used in the MFC’s are easily susceptible to contamination. According to these authors, microorganisms, extracellular polymeric substances, and inorganic salts compose the constituents of this layer of solids
deposited in the membranes. The elemental analysis by
EDX applied to CEM fouling showed the presence of inorganic compounds (Mg2+, P+, Ca2+ and K+), which were
mainly precipitated from pig farm wastewater (Figure 4).
The elemental compounds founded in the virgin membrane
were C, Na+, and S2-.
Other possible cause of contamination of the MFC was
the high concentration of TSS during the treatment of pig
wastewater. The accumulation of solids over the membrane could originate a waste of same, and limitations in
the transfer of protons to the cathode, thus provoking low
electric performance, caused by an unbalance of loads between the anode and cathode.

B

A

B

CC

D

FIGURE 3 - SEM image showing biofilm developed on the carbon fiber (anode) and CEM fouling during the treatment of pig farm wastewater
by MFC. Electrode without microbial biofilm (A), electrode with microbial biofilm (B), SEM image of virgin membrane (C) and SEM image
of CEM fouling long-term of MFC performance (D)

2516

© by PSP Volume 24 – No 8. 2015

Fresenius Environmental Bulletin

B

A

FIGURE 4 - EDX spectrum virgin CEM (A) and fouled CEM (B)
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ABSTRACT
The adsorption of Pb(II) by polyamidoamine-β-cyclodextrin copolymer (PAMAM-CD) was studied with respect to kinetics, thermodynamics and mechanisms. Maximum Pb(II) adsorption capacity was obtained at pH 4.6-5.1
and at low temperature. Pb(II) adsorption followed the
pseudo-second order kinetic model and intra-particle diffusion was involved in the adsorption process, but it was not
the only rate-controlling step. The enthalpy change value
was -50.45 kJ/mol. At 288, 293, 298, 303 and 308K, the
Gibbs-free energy change values were -26.90, -26.91, 26.74, -26.00 and -25.30 kJ/mol, respectively. PAMAMCD could be regenerated at acidic conditions, and the regenerated PAMAM–CD had almost the same adsorption
ability in contrast to new PAMAM–CD. The adsorption
mechanisms between PAMAM-CD and Pb(II) were demonstrated by X-ray photoelectron spectroscopy analyses, which
showed that both oxygen and nitrogen atoms of PAMAMCD shared electrons with Pb(II) during the adsorption process. Based on the above analyses, several complex forms
were firstly mentioned.

and nephritis syndrome [2]. Many techniques, such as ion
exchange [3], chemical coprecipitation [4], reverse osmosis [5], and coagulation–flocculation [6], are used to remove Pb(II) from water. For Pb(II) removal from aqueous
solutions, the adsorption method can be considered as an
effective and widely used process [7]. Some adsorbents are
exploited for the removal of Pb(II), such as activated carbon [8], industrial by-products [9], agricultural waste [10],
and polyamidoamine derivatives [11].
Polyamidoamine (PAMAM) dendrimers are synthetic
polymer-based nano-particles, which have unique structural components [12]. One of potential applications of PAMAM is that as agents for the purification of water [11]. βCyclodextrin (CD) has recently received much attention in
water treatment technology because of its forming complex
with various guest molecules of suitable polarity and dimension. Some CD-based polymers are successfully applied to the removal of pollutants from aqueous solution
due to their adsorption abilities [13].

KEYWORDS:
polyamidoamine-β-cyclodextrin copolymer; adsorption; Pb(II);
X-ray photoelectron spectroscopy; adsorption mechanisms

1. INTRODUCTION
The contamination of water by toxic heavy metals is
worldwide environmental problem. Pb(II), one of the most
spread toxic heavy metal ions, can enter the food-chain
through drinking water and crop irrigation. It can be accumulated mainly in muscles, bones, brain, and kidney. Excessive Pb(II) causes severe damage to kidney, nervous and reproductive systems, liver and brain [1]. Long-term drinking
water containing even a low concentration of Pb(II) may
cause disorders, such as anemia, encephalopathy, hepatitis
* Corresponding author

FIGURE 1 - The structure of PAMAM-CD.

In our previous work [14], we have firstly prepared a
novel insoluble polyamidoamine-cyclodextrin cross-linked
copolymer (PAMAM-CD; Fig. 1). PAMAM-CD could be
used as an adsorbent (one of its applications), and it could
be easily separated from solvents after use [15]. Studies
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showed that PAMAM-CD exhibited high adsorption capacities and high removal efficiencies toward some organic
compounds, such as 4-chlorophenol, 2,4-dichlorophenol
and 2,4,6-trichlorophenol, in the aqueous solutions [15].
However, it is unclear whether PAMAM-CD can effectively adsorb the heavy metal ions from aqueous solution
at different adsorption conditions. The adsorption behaviors and the adsorption mechanisms of PAMAM-CD toward heavy metal ions in the aqueous solutions are also unclear. In order to further develop its potential of application, herein we report about the use of PAMAM-CD for the
adsorption of Pb(II) from aqueous solutions.
In this research, the adsorption behaviors of Pb(II)
from aqueous solution using PAMAM-CD were studied by
batch adsorption experiments at different conditions, such
as contact time, initial pH and Pb(II) concentration. In order to elucidate the possible mechanisms between Pb(II)
and the functional groups, the chemical states of the atoms
involved in the adsorption were analyzed by X-ray photoelectron spectroscopy (XPS).
2. MATERIALS AND METHODS

cording to each experiment. The initial pH of the solution
was adjusted to pH 4.8 by adding a small quantity of 1 M
HNO3 or 1 M NaOH. Immediately after the adsorption was
accomplished, the particles were removed by centrifugation. The residual Pb(II) concentration in solution was determined by flame atomic absorption spectrophotometry
(Perkin Elmer AA/800, USA).The operating parameters
for Pb(II) were set as follows: lamp current, 5 mA; fuel,
acetylene; support, air; flame stoichiometry, oxidizing;
wavelength, 283.3 nm; slit width, 0.5 nm. The stability of
the Pb(II) solution (without PAMAM-CD) was tested under the same conditions. Each experiment was done three
times under identical conditions. The adsorption amount of
Pb(II) was calculated by Eq. (1):
qe 

V (C0  Ce )
m

(1)

where C0 and Ce (mg/L) are initial and equilibrium
Pb(II) concentrations in liquid phase, respectively; qe
(mg/g) is the amount of Pb(II) adsorbed at equilibrium; V
(L) is the volume of Pb(II) solution used; and m (g) is the
mass of PAMAM-CD used.
2.3.1 Adsorption kinetics

2.1 Materials

All reagents employed in these experiments were of
analytical grade. All aqueous solutions were prepared with
deionized water that had been passed through a Millipore
Milli-Q Plus water purification system. All glass-wares
were rinsed with deionized water three times prior to their
use. A stock solution of 500 mg L-1 of Pb(II) was prepared
by dissolving a desired amount of Pb(NO3)2 in deionized
water and in a brown flask.
2.2 Preparation of PAMAM-CD

PAMAM-CD was synthesized according to the following reaction: 35 g of tosyl β-cyclodextrin powder was
dissolved in 25 g of PAMAM G 2.0 (40 wt% in ethanol)
solution, and the mixture was refluxed at 55±5 °C until a
gel appeared. The product was cut into small pieces,
soaked in ethylenediamine at 75±5 °C for 10 h, filtered,
washed and dried. The polymer used in this work was of
small particles with sizes ranging between 0.1 and 0.2 mm.
Its CD content was 58.57 wt% by elemental analysis, and
its swelling capacity was about 5 cm3/g in water [14]. The
Brunauer-Emmet-Teller surface area of the dry particles,
1.47 m2/g, was measured by low-temperature nitrogen adsorption isotherms (Micromeritics ASAP 2020, Version
3.01H) at 77 K using a high-vacuum volumetric apparatus.
2.3 Adsorption experiments

Experimental data were determined by the following
batch method: in each experiment, 50 mg of PAMAM-CD
was mixed with 50 ml of a solution with a known Pb(II)
concentration in a sealed flask. The flask was shaken in a
constant-temperature oscillator at 90 rpm. The adsorption
temperatures and the concentrations of Pb(II) varied ac-

PAMAM-CD samples (each 50 mg) were placed separately in a series of flasks containing 50 ml of Pb(II) solutions (100 mg/L, pH 4.8). Then, these solutions were agitated at 90 rpm and 288, 298 and 308 K, respectively. At
different adsorption time intervals, the remaining concentration of Pb(II) in different solutions were determined and
calculated. After adsorption, the polymer was dried, and
then stored in a desiccator for XPS analyses.
2.3.2. Adsorption isotherms

In each experiment, 50 mg of PAMAM-CD was mixed
with 50 ml of Pb(II) solution at a known concentration (initial concentration range: 0-120 mg/L) at pH 4.8 in a closed
flask. These solutions were agitated at 90 rpm for 2000 min
at constant temperature. Then, the remaining concentration
of Pb(II) was determined. The experiments were done at
283, 288, 293, 298 and 308 K, respectively.
2.3.3 Effect of pH

The pH of a solution is a critical factor, significantly
affecting the metal ions adsorption process. To evaluate the
effect of pH on the adsorption of Pb(II), tests were carried
out in solutions at 293 K. PAMAM-CD samples (each 50
mg) were placed in a series of flasks containing 50 ml of
solution with varying pH(pH 2-6, initial concentration of
Pb(II): 50, 100 or 150 mg/L). Then, the solutions were
shaken at 90 rpm for 2000 min and the remaining concentration of Pb(II) was determined.
2.4 Desorption

To recover the adsorbed Pb(II) and reuse the adsorbent, 0.1 g of PAMAM–CD, with previously adsorbed
equilibrium adsorbate, was shaken for 10 min at 298 K
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with 20 ml of nitric acid solution (pH=2) as washing solvent. Then, the particles were separated by centrifugation
and the supernatants were determined. The recovery ratio
was defined as the ratio of the Pb(II) amount in nitric acid
solution to the amount previously adsorbed on PAMAMCD. The recycle use of PAMAM-CD was investigated to
be 5 cycles by repeating the adsorption and desorption.

chemisorption process [16]. The goodness-of-fit for the kinetic equation was estimated by the correlation coefficient
(R>0.98). The results showed that the adsorption system
followed the Ho and McKay equation under the experimental conditions (R >0.997, Fig. 3).

2.5 X-ray photoelectron spectroscopy (XPS)

XPS analyses were carried out with an XSAM-800
multifunctional photoelectron spectrometer (Kratos Analytical, UK) at room temperature, using Al Kα (1486.6 eV)
and Mg Kα (1253.6 eV) excitation radiation. Spectra were
recorded with the X-ray generator operated at 12 kV and
15 mA. The energy scale of the spectrometer was calibrated using the Cu 2p3/2 (932.67eV), Ag 3d5/2 (368.30ev),
and Au 4f7/2 (84.00ev) photoelectron lines, respectively.
The vacuum in the analysis chamber was 2 ×10-7 Pa. Binding energies were corrected using the binding energy value
for C 1s of adventitious carbon fixed at 284.8 eV. The sample was mounted on a holder without an adhesive tape and
kept under high vacuum in the preparation chamber overnight before it was transferred to the analysis chamber of
the spectrometer. A survey spectrum over the range 0–
1100 eV was recorded. The intensity of the XPS peak was
recorded as counts per second (CPS).

FIGURE 2 - Effect of contact time on Pb(II) adsorption (conditions:
adsorbent: 50 mg; initial concentration: 100 mg/L; volume: 50 ml).

3. RESULTS AND DISCUSSION
3.1 Adsorption kinetics

In order to ascertain the minimum time to reach adsorption equilibrium, a study on the effect of contact time
will be necessary. Figure 2 shows the effect of contact time
on the adsorption of PAMAM-CD. It was shown that adsorption increased instantly at initial stages. For example,
about 40% of the equilibrium value occurred in the first 60
min at 288 K. The initial high adsorption rate was due to
the abundance of the free binding sites, which became saturated resulting in a decreased adsorption rate. In addition,
with the process of adsorption, desorption rate increased,
and adsorption-desorption competed with each other
around equilibrium. In this study, adsorption time for
Pb(II) on PAMAM-CD was chosen as 2000 min in order
to ensure the adsorption equilibrium.
It is essential to evaluate the adsorption kinetics using
theoretical models in order to design and control the adsorption process. The kinetic data in Fig. 2 were fitted by
the following pseudo-2nd-order equation [16]:
1
t
t


qt qe k 2 qe2

(2)

where, qt and qe are the amount adsorbed at time t and
at equilibrium (mg.g-1), respectively; k2 is the rate constant
(g. mg-1.min-1).The model proposed by Ho and McKay is
based on the assumption that the adsorption follows a

FIGURE 3 - Ho and McKay plotsforadsorptionofPb(II) on PAMAMCD.
3.2 Rate-controlling step in the process of adsorption

The pesudo-second-order kinetic equation is an apparent rate equation and cannot elucidate the diffusion mechanisms. In general, the adsorption process can be described
by 3 consecutive steps: liquid film diffusion, internal diffusion and adsorption of adsorbate at the active sites of the
sorbent. The last one is usually relatively fast in comparison to the fist 2 steps. Therefore, the overall rate of adsorption is controlled by either film or internal diffusion, or a
combination of both. In order to investigate the actual diffusion mechanisms for Pb(II) adsorption on PAMAM-CD
under the selected conditions, the kinetic experimental data
were further analyzed by the Weber-Morris equation [17]:
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where, qt (mg/g) is the amount of the adsorbed portion
at time t (min), ki (mg g-1 min-1/2) is the intra-particle diffusion rate constant, and c (mg/g) is the intercept.
As seen from Fig. 4, the plots were not linear over the
whole time range, implying that more than one process affected the adsorption. In general, the 3 plots at different
temperatures had the same features, and there were 3 different portions. At the beginning of adsorption, there is linear region representing the rapid surface loading, followed
by a linear region representing intra-particle or pore diffusion, and finally, a horizontal linear region representing
equilibrium. The similar dual or multiple linear plots were
also reported in the literature [15]. It could be also observed
that the plots did not pass through the origin, indicating that
intra-particle diffusion was involved in the adsorption process, but it was not the only rate-controlling step and some
other steps also played an important role [15].

high adsorption ability toward Pb(II). Obviously, qmax values increased with decreasing temperature, which indicated that adsorption was better at lower temperature.

FIGURE 5 - Adsorption isotherms of Pb(II) on PAMAM-CD at different temperatures.
TABLE 1 - Langmuir parameters for adsorption Pb (II) on PAMAMCD (pH 4.8)
Parameters
qmax (mg/g)
b (L/mg)
R

Temperature (K)
288
293
101.01 99.01
0.365
0.302
0.9975 0.9987

298
96.15
0.235
0.9812

303
95.24
0.147
0.9910

308
92.59
0.094
0.9811

3.4 Thermodynamic parameters

FIGURE 4 - Plots of qt versus t0.5 for the adsorption of Pb(II) on PAMAM-CD at different temperatures (conditions: adsorbent: 50 mg;
initial concentration: 100 mg/L; volume: 50 ml).

The Langmuir constant ‘b’ can be used for estimation
of the thermodynamic parameters [19]. The thermodynamic parameters, i.e. the Gibbs-free energy change (ΔGi)
and enthalpy change (ΔH), were evaluated using the following equations [19]:

3.3 Adsorption isotherms

The Pb(II) adsorption amount (qe) onto PAMAM-CD as
a function of residual Pb(II) concentration (Ce) is shown in
Fig. 5. The Langmuir isotherm model was used to fit the experimental data [18]. The linear equation is given as follows:
Ce
C
1
(4)

 e
qe bq max qmax
where, Ce (mg/L) is the equilibrium Pb(II) concentration in solution, qe (mg/g) is the adsorption amount at equilibrium, b (L/mg) is the Langmuir constant, qmax (mg/g)
which is the theoretical maximum adsorption capacity representing a practical limiting adsorption capacity when the
adsorbent surface is fully covered with mono-layer adsorbate. The Langmuir isotherm parameters for the adsorption
of Pb(II) on PAMAM-CD are presented in Table 1.
Apparently, Langmuir isotherm model was well fitted
to the experimental data, suggesting a mono-layer adsorption of Pb(II) on the surface of PAMAM-CD. From the
qmax values, it could be found that PAMAM-CD exhibited

Gi   RT ln bi

(5)

H
c
RTi

(6)

ln bi  

where, bi (L/mol) is the Langmuir constant, R (8.314
J.mol-1.K-1) is the gas constant and Ti (K) is the absolute
temperature. The calculated ΔG values were found to be 26.90, -26.81, -26.74, -26.00 and -25.30 kJ/mol at 288,
293, 298, 303 and 308 K, respectively. The negative ΔGi
values indicated the feasibility and spontaneous nature of
the adsorption process. These results were consistent with
the foregoing separation factor analyses. A plot of lnbi as a
function of 1/Ti yielded a straight line (R=0.9895, figure
not shown). The value of ΔH obtained from the slope of
the plot was -50.45 kJ.mol-1. The negative ΔH value suggested that the adsorption was exothermic and especially
favorable at low temperature, which was in good agreement
with the experimental observations. Typically, ΔH for physical adsorption ranging from -4 to -40 kJ/mol, compared to that
of chemical adsorption ranging from -40 to -800 kJ/mol [20],

2522

© by PSP Volume 24 – No 8. 2015

Fresenius Environmental Bulletin

and therefore, the adsorption process of Pb (II) on PAMAMCD might be considered as chemical adsorption.
3.5 Effect of pH

The adsorption of Pb(II) on PAMAM-CD was strongly
pH-dependent (figure not shown). The pH values of the solution were not significantly changed before and after adsorption. For example, for 100 mg/L of Pb (II) solution, at
initial pH ranging from 2.0 to 3.3, the qe values were very
low (<2 mg/g). The adsorption amount of Pb(II) increased
sharply from 1.6 to 78.9 mg/g with the elevation of pH
from 3.3 to 4.6, and maintained almost constant from pH
4.6 to 5.1. Similar results were obtained from other Pb(II)
concentrations (50 and 150 mg/L). In order to understand
this effect, it was necessary to examine the adsorbate and
the adsorbent state at different pH values. In the solution of
pH 2.0-8.0, Pb is known to exist in the forms of Pb2+,
Pb(OH)+ and/or Pb(OH)2 [7]:

regeneration cycles, the regenerated PAMAM-CD had almost the same adsorption ability in contrast to new PAMAM-CD. This showed the stability and recyclable value
of PAMAM-CD.
3.7 XPS analyses

In order to further understand the adsorption processes,
PAMAM-CD and Pb-PAMAM-CD (after Pb(II) adsorption on PAMAM-CD) were analyzed with XPS.

3.6 Desorption studies

The XPS wide scan spectra of PAMAM-CD and PbPAMAM-CD are illustrated in Fig. 6a. Three major peaks
at binding energies (B.E.) of 284.90, 399.30 and 532.55
eV, representing C1s, N1s and O1s, respectively, were observed in PAMAM-CD(Fig. 6a I). Significant changes can
be seen in Fig. 6a after Pb(II) adsorption. The peaks at
binding energies of 140.6, 438.87 and 648.89 eV, representing Pb4f, Pb4d and Pb4p, respectively, appeared in PbPAMAM-CD (Fig. 6a II). The O1s spectrum of PAMAMCD comprised 2 peaks with different binding energy values via deconvolution (Fig. 6b). These peaks could be assigned to the oxygen atoms in forms of C=O (531.03eV)
and –OH (and/or C-O, 532.31eV), respectively [21, 22].
After Pb(II) adsorption on PAMAM-CD (Fig. 6c), the
binding energy values increased, and even a new peak appeared (530.64 eV), which confirmed the formation of
complexes between Pb(II) and PAMAM-CD surface. The
increase in binding energy after Pb(II) adsorption was
likely because that the oxygen atoms shared electrons with
Pb(II), and thus electron densities of oxygen atoms were
reduced [23]. The same trend was observed in the N1s
spectra of PAMAM-CD (Fig. 6d) and Pb-PAMAM-CD
(Fig. 6e), indicating that the nitrogen atoms could also
share electrons with Pb(II). The C1s spectra before and after Pb(II) adsorption kept almost unchanged (figures not
shown). From Fig.6f, it is clearly seen that doublets characteristic of Pb(II) appeared at 138.3 eV (assigned to Pb
4f7/2) and at 143.8 eV (assigned to Pb 4f5/2) after Pb(II) adsorption. Comparison of the Pb 4f7/2XPS datum of
Pb(NO3)2 with that of adsorbed Pb (II) on PAMAM-CD
showed that the binding energy of Pb 4f7/2 shifted from
139.10 to 138.72eV [24, 25]. The downward shift of binding energy might be explained as the increase in the electronic density around Pb(II) resulting from the electrons receiving from the nitrogen and oxygen atoms in the PAMAM-CD polymer. The result was in good agreement with
the above analyses. These observations provided evidence
to the complexation between PAMAM-CD and Pb(II) during the adsorption process.

One of the important goals in the development of adsorbents was their regeneration capacity. On one hand, regeneration could allow the repeated use of adsorbent. On
the other hand, the isolation of adsorbate could allow its
reuse or efficient disposal [15]. At the first time washing,
the average recovery ratios of Pb (II) were 98.4 ±1.5%, and
the value was almost up to 100 % after washing two times.
It was observed that the adsorption capacity was not obviously changed after these treatments. Even after 5 times of

Both the N atoms of -NH2/-NH- and the O atoms of –
OH in PAMAM-CD have the lone pair electrons, and these
pair electrons can form the complexation with Pb (II) [2628]. Based on the above XPS analyses, the structure of PAMAM-CD and the complex property of Pb(II) [26-28], the
following several forms of the complex were very possible
(Fig. 7). In fact, there were a lot of active sites in the polymer, and so, it was practically impossible to present all the
complex forms.

Pb2++H2O↔Pb(OH)++H+ logK1=-7.8
Pb2++2H2O↔Pb(OH)2 +2H+ logK2=-9.4
The hydrolysis of Pb2+ to form Pb(OH)+ and Pb(OH)2
at about pH 3.6; however, Pb2+ is still the dominant species
at pH lower 5.1. Subsequently, Pb(OH)2 increases sharply
and becomes the dominant species at pH higher than 6.0 [7].
Based on the structure of the adsorbent and the adsorbate, a possible reason for the effect of pH is as follows: under strong acidic conditions, an intense competition effect
between Pb(II) and H+ caused by high concentration of H+
led to a decreased amount of Pb(II) immobilized onto PAMAM-CD. Furthermore, at low pH, the functional groups
of PAMAM-CD were presented in protonated forms which
had electrostatic repulsion to Pb(II), and were hard to provide their electron pair to complex with Pb(II), thus decreasing the adsorption capacity of Pb(II). With the elevation of
solution pH, due to the decrease of H+ concentration, the
competition effect between Pb(II) and H+ became weak, resulting in more Pb(II) adsorption onto PAMAM-CD. Besides, the functional groups of PAMAM-CD were in the
deprotonation states at high pH and in favour of the complexation between Pb(II) and the functional groups. Similar
results were also obtained from the adsorption of Pb(II) by a
modified Typhaangustifolia biomass[7]. The complexation
effects would be analyzed by following XPS analysis.
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FIGURE 6 - XPS spectra of PAMAM-CD and Pb-PAMAM-CD: wide-scan spectra of PAMAM-CD and Pb-PAMAM-CD (a); O1s spectra of
PAMAM-CD (b) and Pb-PAMAM-CD (c); N1s spectra of PAMAM-CD (d) and Pb-PAMAM-CD (e); Pb4f spectrum of Pb-PAMAM-CD (f).
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FIGURE 7 - The complex of PAMAM-CD and Pb(II).
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THE RISK OF PRODUCTION OF MYCOTOXINS IN
CEREAL GRAINS BY THE CHEMOTYPES OF Fusarium spp.
Katarzyna Pieczul*, Joanna Horoszkiewicz-Janka, Agnieszka Perek, Ilona Świerczyńska
Institute of Plant Protection – National Research Institute, ul. Władysława Węgorka 20, 60-318 Poznań, Poland

ABSTRACT
Fusarium culmorum and Fusarium graminearum are
the major agents of Fusarium head blight (FHB) in Poland.
Both pathogens produce trichothecene B mycotoxins, such
as deoxynivalenol (DON), nivalenol (NIV), and their acetylated derivatives. Over one hundred isolates of F. culmorum and F. graminearum were collected from symptomatic wheat, triticale and barley spikes from fields at several locations in Poland. A PCR assay with selective primers was used to identify the strains of F. culmorum and
F. graminearum producing nivalenol (NIV), 3-acetyl-deoxynivalenol (3Ac-DON) and 15-acetyl-deoxynivalenol
(15Ac-DON). The results indicated that DON- and NIVproducing strains were present among the tested isolates of
these species. However, most of the isolates under study
were classified as DON-producing strains (84 of 97 isolates
of F. culmorum and 23 of 26 isolates of F. graminearum).
According to the data presented, the DON chemotype of F.
culmorum and F. graminearum is predominant in Poland.
Additionally, all F. culmorum isolates were identified as
3Ac-DON-producers, while F. graminearum isolates were
identified as 15Ac-DON-producers only.
KEYWORDS: Fusarium head blight, F. culmorum, F. graminearum, chemotypes, deoxynivalenol, nivalenol

1. INTRODUCTION
Cereals are the most common crops in Poland. At present, they occupy a considerable area of farmland – 73.8%
of the total crop area in 2012 [1]. Due to the considerable
share of cereals in crop rotation, the risk of diseases increases. The diseases, which become more intensified due to
the considerable share of cereals in crop rotation, include the
complex of diseases caused by Fusarium fungi. The presence of the fungi during the whole vegetative period of cereals involves the risk of diseases they cause. During germination, Fusarium fungi cause blight in cereal seedlings, and
later they cause fusariosis on leaves. At the end of the vegetation, Fusarium fungi cause Fusarium head blight (FHB).
* Corresponding author

Fusarium head blight may be caused by many fungi of the
Fusarium genus [2]. In Poland and Europe, the disease
is mostly caused by Fusarium graminearum Schwabe,
Fusarium culmorum (W.G. Smith) and Fusarium
aveanaceum (Corda ex Fries) Sacc. [3-6]. Until recently,
F. culmorum was predominant in colder temperate areas of
northern Europe, while F. graminearum predominated in
warmer southern and western parts. It resulted from differences in the optimum temperature for the growth of F. culmorum and F. graminearum. In Italy and in eastern Croatia, F. graminearum was the causal agent of FHB [6, 7]. F.
graminearum predominated in the western Ukraine, while
F. culmorum was the most common in drier regions of the
southern Ukraine [8]. In recent years, an increase in the
prevalence of F. graminearum has been observed in temperate regions. F. graminearum has been spreading in the
north of Europe and north-western Russia [9, 10]. In the
Netherlands, at the beginning of the twenty-first century,
F. graminearum isolates were more numerous than F. culmorum, which had previously been the predominant species [11]. The data from Austria and Germany also confirm
this trend [12, 13]. In Poland, the prevalence of F. graminearum has increased more than five times in the last two
decades [14]. The study conducted by Stępień in 2005 and
2006 also revealed that F. graminearum was more prevalent than the isolates of F. culmorum [15]. The reasons for
this situation include global warming and an increase in
corn acreage. F. graminearum is well recognized as a major pathogen of corn, and it is able to survive in corn stubble [11].
The presence of FHB may lead to the accumulation of
mycotoxins in grain as early as before harvest time. FHB
causes a significant reduction in yield and crop quality, expressed as e.g. protein level, low weight of grains, and reduced germination [16, 17]. In addition to spike infection,
grain is contaminated with mycotoxins. Most Fusarium
species produce phytotoxic metabolites (mycotoxins),
which also represent a serious health threat to human and
animal consumers. Trichothecenes are potent inhibitors of
eukaryotic protein synthesis and are suspected carcinogens
[18]. F. culmorum and F. graminearum are considered to be
the most toxin-producing pathogens [17]. Both pathogens
produce mycotoxins of group B trichothecenes, such as nivalenol (NIV) and deoxynivalenol (DON) with acetylated

2527

© by PSP Volume 24 – No 8. 2015

Fresenius Environmental Bulletin

derivatives [18]. Three profiles of trichothecene metabolites of F. culmorum and F. graminearum were described on
the basis of type B trichothecene production. The 3-acetyldeoxynivalenol (3Ac-DON) chemotype produces DON
and 3Ac-DON mycotoxins, while the 15-acetyl-deoxynivalenol (15Ac-DON) chemotype is able to produce DON
and 15Ac-DON toxins. The NIV chemotype generated
NIV mycotoxins and 4-acetyl-nivalenol (4Ac-NIV) [19,
20, 21, 22]. Twarużek et al. [23] indicate DON as the most
frequently detected mycotoxin contaminating cereal grain
in Poland during 2011 and 2012. The mycotoxin was the
most frequently detected in wheat grain, followed by barley, rye and triticale grain. In other studies on the content
of mycotoxins in raw materials and products from conventional and organic farms, Twarużek et al. [24] proved that
DON and ZEA were the most frequently detected mycotoxins in wheat raw materials and products. The findings
pointed to the increased risk of occurrence of mycotoxins.
DON is more associated with F. culmorum and F. graminearum strains occurring in Europe and the USA rather
than with NIV [6, 25], and therefore, it is regarded as a major mycotoxin in Poland. Also 15Ac-DON and 3Ac-DON
chemotypes exhibit differences in geographic distribution.
Sometimes both chemotypes may coexist. In Europe 3AcDON was usually reported to be produced by F. culmorum,
but in France and in the USA, the co-occurrence of both
acetylated derivatives of DON was reported [26, 27]. On
the other hand, usually 15Ac-DON chemotype isolates of
F. graminearum are predominant in Europe. However, in
the north of Europe and America, the 3Ac-DON chemotype is prevalent [12, 28-31]. The 3Ac-DON isolates of F.
graminearum are considered to be more aggressive, growing more quickly and producing more mycotoxins and conidia than the 15Ac-DON isolates [30, 32].
Chandler et al. [25] and Quarta et al. [32] present in
their studies that the chemical assessment of mycotoxins
and DNA testing can be used for determination of the
chemotype. Currently, PCR assays are more and more often used to determine the Fusarium chemotype. The available characterization of the trichothecene biosynthesis
pathway enabled the selection of PCR primers, which were
successfully used for the molecular assessment of NIV,
DON and DON-acetylated derivatives [23, 25, 26, 32, 33].
The knowledge of mycotoxins produced by local populations of fungi can predict the type of cereal product contamination. Early detection of fungi and their toxic products is very important for the safety of food and feed products. In the European Union, food safety is ensured through
strict international regulations concerning the concentration of mycotoxins in food and feed products. These assays
can be useful in epidemiological studies and assessment of
trichothecene contamination of cereal grains and products.
The aim of the study was a PCR identification of NIV
and DON chemotypes with acetylated derivatives of 123
cereal isolates of F. culmorum and F. graminearum collected from different locations in Poland.

2. MATERIAL AND METHODS
2.1 Fungal isolates

From 2008 to 2012, naturally-infected, ripening ears
of wheat, triticale and barley were collected from fields at
47 locations in Poland (Table 1). Fifty ears with noticeable
symptoms of FHB were collected from each location. The
spikelets were separated and cut into small pieces. Then,
they were surface-sterilized for 3-5 min in commercial
bleach, rinsed twice in sterile water to eliminate hypochlorite
residues, and dried with sterile filter paper. The spikelet
pieces were placed on Petri dishes containing potato dextrose agar (PDA, Oxoid), and were incubated for 4-5 days.
The mycelium was transferred onto new PDA medium and
incubated for another 7-14 days at 22 °C until sufficient
sporulation. All isolates were purified with the single-spore
technique. After 10-14 days of incubation at 22 °C, the cultures obtained from single spore cultures were identified to
the species level according to the colony appearance on the
PDA medium and spore features on sucrose nutrient agar
(SNA), according to taxonomic keys. The morphological
identification of Fusarium species was previously confirmed by PCR with species-specific primers Fc01F/Fc01R
for F. culmorum and Fg16F/Fg16R for F. graminearum
[34] (data not shown). A total of 97 isolates of F. culmorum
and 26 isolates of F. graminearum were chosen for the
study. For long-term storage, PDA plugs overgrown with
mycelium were cut and transferred into 2-ml Eppendorf
tubes filled with sterile 10% glycerol water solution and
kept at –20 °C as stock collection.
2.2 DNA extraction

In order to extract DNA isolates from the stock collection, they were incubated on PDA for 7 days at 22 °C.
Before the isolation, mycelia were scraped off and thoroughly ground in a porcelain mortar. DNA was extracted
with a DNeasy Plant Mini Kit (Qiagen) according to the
manufacturer’s instructions. The isolation efficiency was
assessed by means of spectrophotometer mensuration
(Eppendorf). For PCR reactions, a DNA concentration of
20 ng/µl was made.
2.3 Determination of F. culmorum and F. graminearum chemotypes

Primers based on the sequence of TRI3 and TRI7
genes, which were previously described by Quarta [32,
33], were used for the identification of DON- and NIVproducing strains. PCR primers specific to chemotypes
DON (3551H and 4056 H), 3Ac-DON (Tri3F1325 and
Tri3R1697), 15Ac-DON (Tri3F971 and Tri3R1679) and
NIV (Tri7F340 and Tri7R965) were used. A multiplex PCR
method was employed. Multiplex PCR reactions were carried out with 40 ng of fungal DNA in the total volume of
25 µl of reaction buffer containing the following components: 10 pmol of each of the abovementioned primers,
1xPCR buffer with KCl (Fermentas), 1.5 mM MgCl2 (Fermentas), 0.2 mM dNTP mix (Fermentas), 2U Taq DNA
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TABLE 1 - Fusarium species, hosts plant, origin of isolates and theirs chemotypes identification by PCR assay.

Number
1
777
872
1690
1864
1877
1914
2159
2160
2161
2183
2191
2196
2197
2206
2232
1876
244
738
739
741
886
1484
1487
1488
1492
1499
1500
1501
1503
1507
1508
1513
1521
1530
1676
1694
1706
1717
1723
1735
1738
1744
1773
1777
1778
1780
1782
1865
1868
1870
1871
1874
1879
1881
1884
1889
1929
2156
2162
2163
2164
2165
2169
2170
2173
2185

Species
2
F. gram
F. gram
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. gram
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm

Host
3
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
triticale
wheat
triticale
barley
triticale
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
barley
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat

Field location
4
Winna Góra
Głubczyce
Głubczyce
Baborówko
Marszewo
Baborówko
Sandomierz
Sandomierz
Sandomierz
Radostowo
Ostrowina
Szczecinki
Węgorzewo
Młynary
Nidzica
Radostowo
Pawłowice
Borowo
Borowo
Borowo
Głubczyce
Winna Góra
Rzeszów
Strzelce
Strzelce
Pawłowice
Pawłowice
Pawłowice
Strzelce
Sielinko
Sielinko
Rzeszów
Winna Góra
Strzelce
Głubczyce
Głubczyce
Głubczyce
Głubczyce
Swadzim
Głubczyce
Głubczyce
Głubczyce
Głubczyce
Winna Góra
Głubczyce
Głubczyce
Winna Góra
Baborówko
Przysiek
Przysiek
Przysiek
Radostowo
Marszewo
Marszewo
Marszewo
Radostowo
Winna Góra
Plewiska
Tczew
Dębina
Dębina
Toruń
Radostowo
Radostowo
Toruń
Morgi

Province
5
Wielkopolskie
Opolskie
Opolskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Lubelskie
Lubelskie
Lubelskie
Pomorskie
Dolnośląskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Małopolskie
Pomorskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Opolskie
Wielkopolskie
Podkarpackie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Podkarpackie
Wielkopolskie
Wielkopolskie
Opolskie
Opolskie
Opolskie
Opolskie
Wielkopolskie
Opolskie
Opolskie
Opolskie
Opolskie
Wielkopolskie
Opolskie
Opolskie
Wielkopolskie
Wielkopolskie
Kujawsko-pomorskie
Kujawsko-pomorskie
Kujawsko-pomorskie
Pomorskie
Wielkopolskie
Wielkopolskie
Wielkopolskie
Pomorskie
Wielkopolskie
Wielkopolskie
Pomorskie
Pomorskie
Pomorskie
Kujawsko-pomorskie
Pomorskie
Pomorskie
Kujawsko-pomorskie
Warmińsko-mazurskie
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Amplified fragments (bp)

Chemotype

525
6
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

10
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV/DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac -DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON

354
7
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

708
8
-

625
9
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-
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2186
2187
2188
2189
2190
2193
2194
2195
2199
2200
2202
2203
2204
2207
2208
2210
2211
2212
2215
2216
2217
2218
2223
2224
2225
2226
2227
2228
2229
2230
2231
2234
2236
2237
1562
1654
1658
1661
1665
1670
1680
1701
1704
1707
1708
1712
1713
1731
1779
1783
1789
1862
1866
1869
1872
1878
1905

F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. culm
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
F. gram
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wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
barley
wheat
wheat
wheat
barley
triticale
wheat
barley
triticale
triticale
triticale
wheat
wheat
wheat
wheat
wheat
wheat
triticale
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat
wheat

Duszniki
Kośc. Wieś
Bąków
Dorołtowice
Dorołtowice
Bielany Wr.
Międzybórz
Międzybórz
Lepno
Łęgowo
Kętrzyn
Kętrzyn
Zalewo
Pasłęk
Reszel
Susz
Stawki
Szczecinki
Wilczęta
Bażyny
Stańczyki
Stańczyki
Dąbrówka
Bażyny
Frombork
Frombork
Młynary
Bisztynek
Podlechy
Samogowo
Pasłęk
Głubczyce
Głubczyce
Głubczyce
Zalipie
Strzelce
Sielinko
Głubczyce
Głubczyce
Głubczyce
Głubczyce
Łagiewniki
Łagiewniki
Głubczyce
Głubczyce
Głubczyce
Głubczyce
Głubczyce
Winna Góra
Głubczyce
Głubczyce
Baborówko
Baborówko
Przysiek
Radostowo
Marszewo
Sielinko

Wielkopolskie
Wielkopolskie
Śląskie
Dolnośląskie
Dolnośląskie
Dolnośląskie
Dolnośląskie
Dolnośląskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Warmińsko-mazurskie
Opolskie
Opolskie
Opolskie
Małopolskie
Wielkopolskie
Wielkopolskie
Opolskie
Opolskie
Opolskie
Opolskie
Wielkopolskie
Wielkopolskie
Opolskie
Opolskie
Opolskie
Opolskie
Opolskie
Wielkopolskie
Opolskie
Opolskie
Wielkopolskie
Wielkopolskie
Kujawsko-pomorskie
Pomorskie
Wielkopolskie
Wielkopolskie

polymerase (Fermentas). The PCR program included preliminary denaturation for 4 min at 95ºC; next 36 cycles for
30 s at 95ºC, 30 s at 48ºC, 40 s at 72ºC, followed by the
final elongation step for 5 min at 72ºC. The PCR products
were separated in 1.5% agarose gel and run at 70 V for 3 h
in 1x TBE. The products were visualized with ethidium
bromide with UV light. The PCR was repeated twice

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

-

3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
3Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON
15Ac-DON

3. RESULTS
We collected wheat, triticale and barley isolates from
fields located at 47 places in 10 provinces of Poland –
mostly from Opolskie (the south of Poland), WarmińskoMazurskie (the north-east of Poland), and Wielkopolskie
(the west of Poland). Most of the strains we obtained were
identified as F. culmorum, followed by F. graminearum,
F. avenaceum and F. poae. Most of the F. graminearum
isolates were collected from Opolskie and Wielkopolskie
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provinces – the warmest part of Poland, while F. culmorum
was common all over Poland and predominant in the colder
province of Warmińsko-Mazurskie. Ninety-seven F. culmorum and 26 F. graminearum isolates were chosen for
the genetic study of the chemotypes. The morphological
determination of fungal species of the isolates under study
was confirmed with PCR assays described by Nicholson
(1998) [34]. As expected, single-band products of about
600 bp for F. culmorum and 450 bp for F. graminearum
isolates were observed (data not shown).
A multiplex PCR was successfully used to identify the
chemotypes of F. culmorum and F. graminearum isolates.
On the basis of the PCR results, DON (3Ac-DON or 15AcDON) and NIV chemotypes were successfully identified.
PCR-generated products of the expected size of 525 bp for
DON producers or of 625 bp specific to NIV-producing
isolates of both species were observed. Most of the isolates
under study were identified as DON-producing strains. The
NIV chemotype was detected in 13 of 97 F. culmorum isolates under study, and in 2 of 26 F. graminearum isolates.
For DON-producing isolates, a second PCR product was
observed – 354 bp for 3Ac-DON or 708 bp for 15Ac-DON
strains, respectively. All F. culmorum isolates were identified as 3Ac-DON-producers, while F. graminearum isolates were identified as 15Ac-DON-producers. Only one
isolate of F. graminearum was identified as a NIV-andDON-producing strain. The results indicated that in Poland
the predominant chemotype of F. culmorum was 3Ac-DON
and the predominant chemotype of F. graminearum was
15Ac-DON.
4. DISCUSSION AND CONCLUSION
F. culmorum and F. graminearum are the most common species responsible for FHB in Poland. Chełkowski
[4] examined the occurrence of Fusarium fungi from infected ears collected from 106 fields in northern, central
and southern Poland. Among the identified species, F. graminearum was predominant, as it was found in 47.7% of
trials [4]. According to our study, F. culmorum was isolated from infected spikes more frequently than F. graminearum. The latter was found mostly in the south of Poland (Opolskie Province) and in the west of Poland (Wielkopolskie Province), while in the north of Poland (WarmińskoMazurskie Province), F. culmorum was the most prevalent
species. F. culmorum prevailed in northern Europe (England, the Netherlands, Norway, Finland, northern Germany
and northern Poland) until the end of the year 2000 [12,
14]. But since then, the level of F. graminearum has been
increasing in all of these countries. In our study, most of
the isolates under study included F. culmorum strains,
which enabled better characterization of these species.
DON and NIV chemotypes were detected among the isolates of both species. However, most of the isolates under
analysis were classified as DON-producing strains (84 of
97 isolates of F. culmorum and 23 of 26 isolates of F. graminearum). We observed the occurrence of the 3Ac-DON

chemotype for F. culmorum and the 15Ac-DON chemotype for F. graminearum only. Previously, Stępień and
Quarta [15, 32] identified NIV and DON (3Ac-DON and
15Ac-DON) chemotypes with PCR assay in Poland. Similarly, among the isolates tested by those authors, 3Ac-DON
was the predominant chemotype for F. culmorum, whereas
15Ac-DON was predominant for F. graminearum. One of
F. graminearum isolates was determined as a DON- and
NIV-producer.
The isolates of F. culmorum from England and Wales,
which were examined by Jennings [28], contained 59% of
3Ac-DON and 51% of NIV-producers. In our study, the
NIV chemotype was not so common, because only 13 isolates of F. culmorum were identified as NIV-producers.
Also Stępień and Quarta [15, 32] described only the 3AcDON chemotype among the isolates of F. culmorum from
Poland. Similarly, all the isolates of F. culmorum from
England and Wales, which were described by Jennings,
were 3Ac-DON-producers [28]. Also in Turkey the 3ACDON chemotype is predominant among F. culmorum isolates [35]. In the studies by Mert-Türk and Gencer chemotyping PCR assays showed that the DON chemotype of F.
culmorum was predominant among the population in all
three provinces in the north-west of Turkey [36]. Out of the
55 DON isolates, 16 and 39 isolates were 3-AcDON and
15-AcDON, respectively. Previously, 3Ac-DON isolates
of F. culmorum were found in Norway and Germany, while
3Ac-DON and 15Ac-DON chemotypes occurred in France
[26, 37, 38]. In our study, we identified almost all isolates
of F. graminearum as 15Ac-DON-producers and two isolates as NIV-producing strains. We did not find 3Ac-DON
isolates of F. graminearum. Stępień [15] also demonstrated
that the 15Ac-DON chemotype was predominant in Poland. The author did not find 3Ac-DON isolates of F. graminearum in Poland, either. Our data are partly comparable
with those reported by other researchers in Europe. In Germany, a great part of the F. graminearum population consists of 15Ac-DON isolates (92%), followed by 3Ac-DON
(6.8%) and NIV (1.2%) isolates [13]. Prodi [6] showed that
all the 3 chemotypes of F. graminearum were present at
several locations near Bologna in Italy. The most common
strains were 15Ac-DON (82.7% of tested isolates), followed by 3Ac-DON (8.1%) and NIV (2.7%). Similar data
on chemo-typing the European isolates of F. graminearum
were obtained by another research team, i.e. 15Ac-DON
(71% of tested isolates), followed by NIV (21%) and 3AcDON (8%) [39]. However, Yli-Mattila [40] noted that
15Ac-DON isolates of F. graminearum were predominant
in Europe, China and in the east of Russia, while the 3AcDON chemotype was much more common in Finland,
Scandinavia and in the west of Russia. Also in Turkey, the
15Ac-DON chemotype was predominant among F. graminearum isolates [35]. According to Gale, 15Ac-DON
was the predominant chemotype of F. graminearum in the
United States, followed by 3Ac-DON (5.1%) [41]. However, Ward [30] showed that the 15Ac-DON chemotype of
F. graminearum was predominant in western Canada, but
in the last decade it was replaced by 3Ac-DON. In eastern
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provinces, the isolates producing 3AC-DON were prevalent [30]. Guo et al. [42] also confirmed that 3A-DON became more numerous in the south of Manitoba (Canada),
but the predominance of 15Ac-DON was still observed. In
the results shown by Astolfi [43], most of the strains of F.
graminearum under study (66%) included 15Ac-DONproducers, and there were only a few 3Ac-DON-producers,
although 29% of the isolates were able to produce NIV. Different Fusarium chemotypes can coexist, and they seem to
differ in their geographical distribution. Such data were presented by Jennings [28]. A greater proportion of DON
chemotypes of F. culmorum was found in the north and east
of England, while NIV predomination was observed in the
south and west of England and Wales. Jennings [28] also
described a mixed population of both chemotypes. Strains
of F. culmorum producing DON or NIV are observed in
the same fields in Poland, but we cannot find differences in
the distribution of DON and NIV isolates in Poland. Only
13 isolates tested in our study were NIV-producers. Stępień
[15] also described the NIV chemotype in 5 of 41 tested
isolates of F. graminearum from Poland]. In a study by YliMattila [40], there were also only a few isolates of F. culmorum and F. graminearum from Finland and the west of
Russia, which were classified as the NIV chemotype. This
finding was in accordance with previous data from Germany and Italy, where, respectively, only 1.2% and 2.7%
of F. graminearum isolates under study were identified as
NIV-producers [6, 13]. In the south and west of England
and Wales, NIV-producing isolates of F. culmorum were
much more common than the strains producing DON [28].
Also in the data presented by Haratian [44] from Iran, most
of the strains of F. graminearum under investigation were
NIV-producers.
The use of a multiplex PCR to identify the chemotypes
of Fusarium species is simple, rapid and gives a possibility
to screen a large number of samples. The studies make a
great contribution to the understanding of the population
structure of Fusarium chemotypes, and may be useful to predict the type of mycotoxin contamination. The knowledge
which chemotype is present in a local population is important to predict the type of mycotoxins produced. On the
other hand, PCR results provide structural rather than functional information on potential mycotoxin producers [32].
Therefore, an effective biosynthesis of mycotoxins should
be confirmed chemically or spectrographically.
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ABSTRACT
The hydrolysis of octachlorodipropyl ether (OCDPE)
was investigated in aqueous solutions under a variety of pH
conditions (pH 3.0-11.0), temperatures (10-35 °C) and with
the initial concentrations of OCDPE (1.0-100 mg L-1).
OCDPE hydrolysis was found to obey the first-order model
and similar rate constant values ranging from 0.0361 ±
0.0006 to 0.0406 ± 0.0008 day−1 were obtained at different
initial concentration ranging from 1.0 to 100 mg/L. The
rates of OCDPE degradation were pH dependent, with increasing k values being associated with higher pH values.
At pH 11.0 OCDPE degradation was >60-fold faster than
at pH 3.0. The rate constant of OCDPE hydrolysis increases with the increases of the initial concentration and
temperature. When the temperature is increased from 10
to 35 , the rate constant of hydrolysis rises 3-fold. The
effect of temperature on the rate of OCDPE hydrolysis was
characterized using the Arrhenius equation with an estimated energy of activation of 32.01 kJ mol-1. The hydrolysis products of OCDPE are shown to be 1,1,2-trichloro-3[(2’,3’,3’-trichloroallyl)oxy] prop-1-ene and 1,1,2- trichloro-3-(2',3',3',3'- tetrachloropropoxy)prop-1-ene. The
possible OCDPE hydrolysis pathway of dehydrochlorination is proposed.
KEYWORDS:
Octachlorodipropyl ether (OCDPE); Hydrolysis; pH; Half-life

and photolysis) and biodegradation [1, 2]. In particular, hydrolysis, are the most important naturally occurring reactions in the environment and represent the most important
degradation pathways for many pesticides [3-5].
Octachlorodipropyl ether [bis (2,3,3,3-tetrachloropropyl) ether, Fig. 1] was used as an insecticide synergist for
pyrethroid, organophosphorus and carbamate insecticides
widely used in commercial agricultural and household insecticides [6, 7]. It was reported that an estimated 700 tons
of OCDPE were produced in China in 1998 [8]; in Japan
OCDPE had been produced at approximately 200 tons a
year from 1972 to 2001 [9]. Although the acute toxicity of
OCDPE is low, it has subacute or chronic toxicity, such as
subacute hepatotoxicity, cytotoxicity, carcinogenicity and
contact allergenicity [9, 10]. Since 1980s, OCDPE residues
have been detected in human breast milk [11], household
dust [12], surface water, sediments, rain [13] and fish [9].
It is suggested that more attention should be paid to the environmental behavior of OCDPE as well as other persistent
organochlorine pesticides, such as HCHs, DDTs and chlordane, which have long half-lives in the environment [9,
14]. To our best knowledge, the hydrolysis of OCDPE in
the environment up to now has not been investigated and
reported yet. In this article, the degradation kinetics and the
main hydrolysis products in aqueous solutions are evaluated by using the GC-MS. The corresponding hydrolysis
pathway is also proposed.

1. INTRODUCTION
Pesticides undergo many different pathways once they
enter the environment, including transformation/degradation, sorption-desorption, volatilization, uptake by plants,
runoff to surface waters, and transport to groundwater.
Among them, transformation/degradation is one of the key
processes that governs the environmental fate and transport
of a pesticide, which also comprises of different processes
including abiotic degradation (e.g., oxidation, hydrolysis,
* Corresponding author; # These authors contributed equally to the work
and are co-first authors.

FIGURE 1 - Structure of octachlorodipropyl ether (OCDPE)

2. MATERIALS AND METHODS
2.1 Reagents and Chemicals

Analytical grade octachlorodipropyl ether standard
(98.0%) was obtained from Dr. Ehrenstorfer GmbH (Augs-
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burg, Germany). Sodium hydroxide, phosphoric acid, boric
acid, acetic acid were used to prepare the buffer solution.
Acetonitrile, petroleum ether and hexane were obtained
from Shanghai Chemical Reagent Corp., China Medicine
Group (Shanghai, China). All solution used in this investigation were analytical grade.
A standard solution of 1.0 mg/mL OCDPE was prepared by weighing 10.0 mg OCDPE into a 10 mL volumetric
flask, dissolving and diluting it to volume with acetonitrile.
Sample solutions of 1.0 mg/L OCDPE for hydrolysis experiments were prepared by putting the appropriate volume
of standard solution in water or buffer solutions to give an
acetonitrile content of <1%.
Five buffer solutions of varying pH values were used
to study the aqueous hydrolysis of OCDPE, and Table 1
shows the procedures followed for their preparation.
TABLE 1 - Buffer solutions prepared for the aqueous hydrolysis of
OCDPEa
pH of
buff solution

Preparation procedure

18.0 mL of 0.2 mol/L NaOH + 100 mL of Stock
solutionb
35.0 mL of 0.2 mol/L NaOH + 100 mL of Stock
5.0
solution
52.5 mL of 0.2 mol/L NaOH + 100 mL of Stock
7.0
solution
67.7 mL of 0.2 mol/L NaOH + 100 mL of Stock
9.0
solution
82.9 mL of 0.2 mol/L NaOH + 100 mL of Stock
11.0
solution
a
The buff solution was corrected by acidometer (PHS-25, Shanghai
REX Instrument Factory)
b
Stock solution was the mixture of 0.04 M acetic acid, 0.04 M
phosphoric acid and 0.04 M boric acid
3.0

2.2 Hydrolysis Experiments

Hydrolysis rates were determined by monitoring the disappearance of OCDPE in aqueous buffer solutions within
the pH range of 3.0-11.0. The experiment solutions containing 1.0 mg L-1 of OCDPE were obtained by diluting aliquots
of 0.5 mL of the stock solution (1000 mg L-1) to a 500 mL
volumetric flask with the appropriate buffer solution.

2.3 Extraction from the experiment solution

10 mL of hydrolysis experiment solution was transferred into a 25 mL glass-stoppered tube, to which 1.0 g
sodium sulfate was added. The hydrolysis solution was extracted with 5 mL, 3 mL and 2 mL petroleum ether, respectively. The upper layer liquid was collected and diluted
with petroleum ether in a 10mL volumetric flask. Three
replicates of each treatment were analyzed by GC-ECD.
2.4 Instruments and Chromatographic Parameters

The concentration of OCDPE was determined by gas
chromatograph (GC) (Agilent 6890, USA) equipped with
a 63Ni electron capture detector (ECD). A HP-5 capillary
column (30 m × 0.25 mm i.d. × 0.25 μm) was employed.
The temperatures of the injector and the detector were
maintained at 260 ℃ and 320 ℃, respectively. The oven
temperature was programmed from 150 ℃ (held for 1 min)
at a rate of 4 ℃/min to 170 ℃, which was maintained for
3 min, then at a rate of 5 ℃/min to 190 ℃, which was
maintained for 4 min. Nitrogen (N2, 99.999% purity) was
used as carrier gas. The flow rate was 1.5 mL/min. Injection volume of the sample was 2 μL in splitless mode.
The hydrolysis products of OCDPE were analyzed by
GC-mass spectrometry (MS) (Agilent 6890 / 5971 N,
USA) equipped with DB-1ms capillary column (30 m ×
0.25 mm i.d. × 0.25 μm). Helium (flow rate 1.0 mL/ min)
was employed as carrier gas. The operating conditions
were as follows: column temperature 70 ℃ for 1 min, 20 ℃/
min to 250 ℃ and held for 3 min; temperature of injector,
interface and ion source were 260℃, 280℃, 230 ℃, respectively. All injections were in splitless mode. Electron
impact (EI) mode with an ionization voltage of 70 eV was
used in MS. The structures of degradation products were
determined by comparison with the Chemical Structure
Database (NIST02.LIB).
3. RESULTS AND DISCUSSION
3.1 Method validation

The treated buffer solutions were stored in the dark at
an ambient temperature of 25 ± 1 in a conical flask with
stopper. Ten milliliters from each test vessel was aseptically removed at appropriate time intervals for OCDPE
analysis. In all trials, the pH of each sample was periodically measured and did not vary by >0.1 unit.

The typical chromatogram of OCDPE analysed by
GC-ECD is shown in Fig. 2. There are two peaks located
at 7.3 min and 14.1 min, respectively. It was proved by GCMS identification that the compound located at 14.1 min is
OCDPE, and the compound detected at 7.3 min is the thermal decomposition product of OCDPE [15].

The experiment solutions containing different concentrations (1.0, 10 and 100 mg L-1) of OCDPE and 1.0 mg L1
of OCDPE at different temperatures (35 ± 1 , 25 ± 1
and 10 ± 1 ) were used to study the aqueous degradation
of OCDPE according with the same method.

The described method of determination of OCDPE
residues in aqueous solutions is sensitive and selective.
Quantification was accomplished by using a standard
curve, prepared by diluting the stock solution in n-hexane.
Good linearity was achieved with a correlation coefficient
of 0.9935. The limit of quantification (LOQ) was determined to be 0.01 mg L-1 when signal to noise ratio was
10:1. Accuracy and precision were estimated in terms of
recovery and relative standard deviation (RSD) at three
levels, namely, 0.05, 0.1, and 1.0 mg L-1 (five times each).

To avoid microbial degradation, buffer solutions were
sterilized by filtration and all glass apparatuses by autoclaving for 20 min at 121℃. Aseptic techniques were
adopted throughout the study to maintain sterility.
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FIGURE 2 - GC-ECD chromatogram of OCDPE standard sample(The compound located at 14.1 min is OCDPE, and the compound detected
at 7.3min is the thermal decomposition product of OCDPE, which could be 3,3-dichloroprop-2-enyl-2', 3', 3',3'-tetrachloropropyl ether )

Table 2 shows the results of the recovery study of OCDPE
in aqueous solutions, which were 91.6–95.4% with RSDs
of 0.2–3.3%.
TABLE 2 - Recoveries and RSDs of OCDPE in water
Fortified level,
mg/L
0.05

Average
recoveries, %
92.0

Standard
deviation
2.4

0.1

95.4

0.2

0.2

1.0

91.6

3.1

3.3

RSD, %
2.6

Additionally, the values of first-order rate constant, k,
obtained for different initial concentrations of OCDPE are
constant. They are 0.0361 ± 0.0006, 0.0396 ± 0.0005, and
0.0406 ± 0.0008 day-1 for the initial concentration of
OCDPE at 1.0, 10 and 100 mg/L, respectively. The constant values of the rate constant at different initial concentrations imply that OCDPE hydrolysis at environment relevant concentrations, which are about 102 to 104 times
lower than the experimental concentration in this study [13],
may have the similar value of hydrolysis rate constant to
those obtained in this study.
3.3 Effect of solution pH on OCDPE hydrolysis

3.2 OCDPE hydrolysis with different initial concentrations

For OCDPE hydrolysis at pH 7.0 (± 0.1) and 25± 1 ℃
with different initial concentrations, a linear correlation
was always obtained between In Ct and t for each selected
initial concentration (Fig.3). Values of regression coefficients are all greater than 0.99. The linear correlation indicates that OCDPE hydrolysis at different initial concentrations follows the simple first-order model.

The hydrolysis kinetics of OCDPE at 25± 1 ℃ in different pH values were found to all obey the simple firstorder model. The observed rate constant, k, and calculated
half-lives (t1/2= ln 2/k) are shown in Table 3. The results
indicated that rates of OCDPE degradation were pH dependent, with increasing k values being associated with
higher pH values. At pH 11.0 OCDPE degradation was
>60-fold faster than at pH 3.0. The hydrolysis half-lives of
OCDPE at pH 3, pH 5, pH 7, pH 9 and pH 11 are 77.0 d,
46.2 d, 21.0 d, 9.63 d and 1.21 d, respectively. It is clear
that the k values increase with increasing pH.
TABLE 3 - Kinetic parameters of OCDPE hydrolysis under selected
conditions
Factor
Temperature
a

pH b

FIGURE 3 - Linear correlation between In Ct and t for OCDPE hydrolysis at pH 7.0 with different initial concentrations.

a
b

Value

K/d-1

R2

t1/2 (d)

35 °C

0.053

0.9822

13.1

25 °C

0.036

0.9931

19.2

10 °C

0.019

0.9701

36.5

3.0

0.009

0.9823

77.0

5.0

0.015

0.9643

46.2

7.0

0.033

0.9853

21.0

9.0

0.072

0.9730

9.63

11.0

0.575

0.9496

1.21

The pH value of the solution was set at 7.0 ± 0.1.
The temperature of the solution was set at 25± 1
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FIGURE 4 - Variation of ln(k) with pH for the hydrolysis of OCDPE
in aqueous solution

Using this relationship, ln k versus pH was plotted and
its linear regression determined (Figure 4), which is similar
to the trend of cymoxanil hydrolysis in buffer solutions
[16]. The increase in OCDPE degradation with increasing
pH may perhaps be explained by base-catalyzed hydrolysis, which maybe due to the easy dehydrochlorination of
OCDPE in the solutions of higher pH values.

FIGURE 5 - Variation of ln(k) with temperature for the hydrolysis of
OCDPE

As can be seen in Figure 5, a linear regression line fitted the experimental points, as expected for the Arrhenius
equation. The activation energy (Ea), calculated from the
slope of the linear regression multiplied by R, was 32.01 kJ
mol-1. This value is similar to the average estimated value
(28-58 kJ mol-1) for most organic compounds [17].
3.5 Identification of hydrolysis products of OCDPE

3.4 OCDPE hydrolysis at different temperatures

The hydrolysis of OCDPE at pH 7.0 (± 0.1) was monitored in the temperature range of 10-35 °C and showed a
marked effect of temperature on degradation rate and halflife (Table 3). The hydrolysis rate of OCDPE increases
with the increases of temperature. When the temperature is
increased from 10 ℃ to 35 ℃, the rate constant of hydrolysis rises 3-fold. The effect of temperature on the rate of
OCDPE hydrolysis was characterized using the Arrhenius
equation [16-17]:
ln k = ln A - Ea/RT
Where A is the pre-exponential factor typical of
OCDPE hydrolysis reaction, Ea is the activation energy (J
mol-1), R is the universal gas constant (8.314 J K-1 mol-1),
and T is the absolute temperature (K).

After the aqueous solution of 10 mg/L OCDPE in the
buffer solution of pH 11.0 was degraded at 25 ± 1 , it was
transferred to a SPE LC-18 column, prewashed with 10 mL
methanol and 3 mL pure water. The SPE column was
eluted with 5 mL methanol. The eluent was analysed by GCMS. Total ionic chromatograms of GC-MS (Fig. 6) shows
that three peaks are detected. MS analysis indicates that the
compound at 9.85 min is OCDPE remaining in the experiment
solution. The compounds at 8.27 min and 9.02 min are the
hydrolysis products of OCDPE, which could be 1,1,2trichloro-3-[(2’,3’,3’-trichloroallyl)oxy] prop-1-ene and
1,1,2-trichloro-3-(2',3',3',3'-tetrachloropropoxy)prop-1-ene
(Fig.7). Accordingly, the possible OCDPE hydrolysis pathway of dehydrochlorination is proposed (Fig.8). Studies for
elucidation of further degradation products are underway.

FIGURE 6 - Total ion current chromatogram of hydrolysis compounds of OCDPE in aqueous solution (The compound at 9.85 min is OCDPE
remaining in the reaction solution. The compounds at 8.27 min and 9.02 min are the hydrolysis products of OCDPE).
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A

B

FIGURE 7 - Mass spectrum chromatograms of hydrolysis compounds of OCDPE (A: product 1, tr = 8.27; B: product 2, tr =9.02 )
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HEALTH RISK ASSESSMENT OF HEAVY METAL
EXPOSURE TO SURFACE DUST OF SHENYANG CITY, CHINA
Wei Hou, Le Zhang, Jian Wang*, Chaoxing Zhang, Chunlu Yang and Yichen Lu
College of Environmental Sciences, Liaoning University, Liaoning Shenyang, 110036, P.R. China

1. INTRODUCTION

ABSTRACT
Surface dust is the most pervasive and important factor
affecting human health and well-being. Due to the influence of traffic and material flow, heavy metals absorbed on
the surface dust which would be highly harmful to human
health. Metal contamination in surface dust in industrial
city of Shenyang was investigated. The mean content of
Cu, Cd, Pb, Zn, Ni, and Cr in surface dust was 213.39 mg/
kg, 5.72 mg / kg, 275.13 mg / kg, 459.74 mg / kg, 75.63 mg/
kg, and 481.11 mg / kg, respectively and was compared
with the mean concentrations for other cities around the
world. Cu, Cd, Pb, Zn, Ni, and Cr concentrations appear to
be higher than many other cities in the world. Spatial distribution of the six metals was produced among six functional areas including cultural and educational area, business area, residential area, park, traffic area and main road.
Relevance analysis and cluster analysis showed that Zn and
Pb have a relatively strong correlation and their class is
close to each other. Carcinogenic and non-carcinogenic
risk in different functional areas and different exposure
pathways were calculated. The average carcinogenic risk of
Cd, Ni, and Cr in urban dust of Shenyang is 6.49 × 10-8,1.14
× 10-7, and 3.64 × 10-5, respectively, which are lower than
the acceptable risk threshold (10-6-10-4) recommended by
US EPA . In terms of contribution rate to the carcinogenic
risk, the contribution rate of Cr is over 98.94%. In terms of
exposure pathways, ingestion is the most important exposure pathway. In terms of age, non-carcinogenic risk for
children is relatively higher than that for adults. Non-carcinogenic risk of six heavy metals through three exposure
pathways for children is 3.74, which is more than the standard value of 1.0. The main risk source is ingested Cr and
Pb, which are higher than the safety threshold and especially, the Cr content is more than 2.34 times of the safety
threshold. However, three exposure pathways have little
effect on adults and non-carcinogenic risks of six heavy
metals for adults are all not over the safety threshold.
KEYWORDS: surface dust; heavy metal; health risk assessment;
carcinogenic risk.

* Corresponding author

Urban dust is produced by a long-term deposition-floating-deposition process of urban atmospheric dust and road
dust with the combined effects of people and natural forces,
which are the main source and the end-result of particulate
matter in the atmosphere. Urban dust is complex of various
pollutants and is also the main source and the end-result of
various pollutants in cities [1]. Heavy metals in urban dust
become secondary pollution sources when they exist in atmosphere by resuspension or they come into water through
rain under certain meteorological conditions, which pose severe threats to the health of urban residents. With the increasing concern of haze, the study of heavy metals in urban
dust attracts more and more attentions. The research of urban dust began in the mid of 1970s [2], and with the publication of research results, the danger of urban dust concerns
a majority of scholars. The contaminants attached to urban
dust, such as heavy metals will seriously threat human health
through the respiratory tract or the direct contact with skin
[3, 4]. Fergusson et al. [5] found that the heavy metal content
in urban dust was relative to transport condition on the street
and it was relatively higher in an idle transport condition;
Charlesworth and Lees [2] stated that in general the heavy
metal content in urban dust was proportional to urban population, which also proved the relation between the heavy
metal content and human activities; according to de Miguel
et al. [6], the Pb content in urban dust was related to the energy used by vehicles and for instance, the Pb content decreased significantly when unleaded gasoline was used. In
addition, the spatial distribution of heavy metals in urban
dust was also studied. For instance, Charlesworth and Lees
[2] drew the spatial distribution maps of heavy metals in urban dust of Birmingham and concluded that: the heavy metal
content in urban dust within the Ring Road and industrial
areas was the highest; meanwhile the heavy metal content in
urban dust around special traffic posts was also relatively
high. AL-Rajhi et al. [7] studied the content of Cu, Cd, Pb,
Zn, Cr, Li, and Ni in urban dust of different functional areas
of Riyadh in Saudi Arabia and also found that the heavy
metal content in urban dust of old industrial areas and main
traffic thoroughfares was relatively high.
Statistical methods such as correlation analysis, principal component analysis, factor analysis, and cluster anal-
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ysis etc. are widely applied to source analysis of heavy
metals in urban dust. Heavy metals in indoor and outdoor
dust were mainly from vehicle exhaust emissions. Based
on elemental analysis and principal component correlation
analysis [7], According to the factor analysis of Yeung et
al. [8], urban dust in Hong Kong came from four sources:
mixture of metal particles and crust materials, automobile
exhaust emissions, pavement materials and mixture of marine aerosol and crust materials.
Long-term exposure to the polluted dust environment
would cause chronic damage through ways of inhalation, ingestion, and dermal contact. Health risk assessment makes
full use of research results of toxicology and epidemiology,
and follows certain evaluation procedures to identify possible risk sources in environmental media, in order to evaluate
their exposure pathways and to quantitatively evaluate the
degree of harm to human health. In recent years, extensive
research has been focused on health risk assessment [9-11].
But few studies have been related to health risk assessment
for the general public in industrial cities in Northeast China.
Shenyang is the biggest city in Northeast, one of the ten major cities in china. The total area is more than 1,300,000 ha
in 2014. The population is 8257000. Shenyang is one of the
national heavy industry bases in the early days and now is
still one of important industrial base mainly in the equipment
manufacturing industry.
As the largest city and the political and cultural center
of Northeast, Shenyang is a distribution center of people,
material flows, and energy flows. As an old industrial base
in Northeast, Shenyang has typical heavy chemical industries that accounts for a large proportion of the total economy, which is a key reason for the unavoidable great heavy
metal types and content. In addition, the rapid increase in
car ownership is also an important factor, and currently car
ownership of Shenyang is up to 1.3 million. Moreover, gasoline combustion and tire chafing are also important reasons for the increasing heavy metal in urban dust. Few
studies related to health risk assessments for the general
public have been done in industrial cities in Northern
China. The content and composition of heavy metals in atmosphere and their effects on human health are always
concerned. In this study, six functional areas (residential
area, business area, educational area, park, traffic area and
main road) in five districts (Huanggu District, Tiexi District, Shenhe District, Heping District and Dadong District)
of Shenyang are selected as sampling points and meanwhile the content, spatial distribution, sources and health
risk of heavy metals in urban dust are researched, which
provides a scientific basis for mitigation and control of
heavy metal pollution as well as for administration of atmospheric environment.
2. MATERIALS AND METHODS
2.1 Sample collection and processing

Located in the southern part of Northeast China and
the center of Liaoning Province, Shenyang is mostly flat

with some mountains and hills concentrated in the southeast. The city area is approximately 12948 km2 and the urban area occupies 217 km2. Shenyang is the largest city in
Northeast China and is an old industrial base. In this study,
six functional areas (residential area, business area, educational area, park, traffic area and main road) in five districts
(Huanggu District, Tiexi District, Shenhe District, Heping
District and Dadong District) of Shenyang are selected as
representative monitoring points (Figure 1). A residential
district is where people live. Business area mainly refers to
the Middle street, Taiyuan Street, Tiexi square, northbound
four main business area. Educational area mainly refers to
all types of schools, government agencies and other office.
Traffic area mainly refers to the first ring road, second ring
road, Youth Street, East –west fast trunk road, etc. (A level
road). Main road mainly refers to Ningshan Road, Chang’an
Street, etc. (B level road) (Figure 1). In sunny and windless
days during July-September 2012, urban dust samples of
each sampling point are collected with a brush within 1 m2
and a plastic dust pan and then they are transferred to plastic sample bags which are numbered and sealed. In addition, detailed information of the natural and human environment of each sampling point is recorded. In order to ensure the representativeness of samples, three parallel samples at each sampling point are collected and they are uniformly mixed as one sample. 12 points were collected in residential district. 16 points were collected in business area.
12 points were collected in educational area. 18 points were
collected in traffic area. 18 points were collected in main
road. 6 points were collected in park. And there were 12 control points. Totally 94 samples were collected (Table 1).
2.2 Sample analysis and data processing

Accurate 10 g urban dust of each collected sample is
screened by a 240-mesh, 120-mesh, 65-mesh and 35-mesh
nylon sieve, respectively, and then four particle-size range
samples are obtained, respectively, less than 75μm ,75150μm ,150-250μm and 250-500μm. The quality of each
mesh sample is weighed respectively and quality fraction
of each particle-size range is calculated. After calculation,
dust samples are further grinded and then screened by a
120-mesh nylon sieve, after which 0.3g is taken for total
analysis. The 0.3g dust is put into a sealed digester and
12ml of concentrated HNO3 (Sinopharm, AR) is added to
the digester. Then the MDS-2003F microwave digestion
instrument which is non-pulse and with automatically frequency control, is used to digest. After 20 minutes digestion, the digester is taken out and cooled naturally. The digested sample is put into a 10ml volumetric flask and after
constant volume the resulting solution is stored at a low
temperature. Then TSD-490 atomic absorption spectrometer is used to measure the content of Cu, Cd, Pb, Zn, Ni,
and Cr. All the samples including blank, parallel samples,
and standard recoveries were analyzed in duplicates for
quality assurance/quality control (QA/QC) of laboratory
analyses. The QA/QC was performed by field and laboratory
blanks and standard spiked recoveries. The recoveries of
SRM (standard reference materials) and internal standards

2541

© by PSP Volume 24 – No 8. 2015

Fresenius Environmental Bulletin

FIGURE 1 - Study area and sampling points

TABLE 1 - Function area, sampling points and mainly activities
Function area

Sampling points

Main activities

Residential district
Business area
Educational area
Traffic area
Main road
Park

12
16
12
18
18
6

Eating, sleeping, walking
Located in the city center, convenient traffic, populous area
Primary and secondary schools, universities, offices, including meeting activities, learning, etc.
Traffic flow is the highest, including all types of vehicles (large and small ones)
Mainly small vehicles
Running, fitness, leisure

varied from 88% to 107%. The degree of precision was analyzed by the standard parallel experiments to reflect the
random error of the analysis method. The relative standard
deviations of heavy metals in the parallel samples ranged
from 1.29% to 25.6%, approaching the standard US EPA
RSD 30%, thus demonstrating good precision in the experimental data.

while Cu, Zn and Ni are not carcinogenic toxicity. After
analysis of possible scenarios where heavy metals in dust
are harmful to human body, three exposure pathways are determined: ingestion, inhalation and dermal contact. Moreover, exposure models and associated parameter values of
pollutants are determined to further calculate the exposure
dose of pollutants in various exposure pathways.

2.3 Exposure assessment

In reference to human exposure risk assessment
model made by US EPA [12], health risk assessment of urban dust in Shenyang is carried out. But a lot of parameters
were modified according technical guidelines for risk assessment of contaminated sites [13] for risk assessment of
contaminated sites of the People’s Republic of China national standard of environmental protection. According to
the guidelines, Cd, Pb and Cr are carcinogenic toxicity,
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Where : ADDing, ADDinh and ADDder ( mg/(cm2·d))
represent long-term daily exposure dose of ingestion, inhalation and dermal contact, respectively; C (mg / kg) indicates the heavy metal content in soil or dust of exposure
point; IngR (mg / d) means the ingestion rate of dust; InhR
(m3/d) refers to inhalation rate; EFing, EFinh and EFder (d/a)
refer to the exposure frequency of ingestion, inhalation and
dermal contact, respectively; EDing, EDinh and EDder (a)
represent the exposure duration of ingestion, inhalation and
dermal contact, respectively; BW (kg) refers to average
weight of recipients; AT (d) is the average exposure time;
PEF(m3/kg) means the particulate matter emission factor;
SA (cm2)is the exposed skin area; SL (mg/(cm2·d)) refers to
the sticking coefficient of dust in skin.; ABS is the skin absorption factor, dimensionless. As to carcinogenic effects,
in general, the total exposure doses in childhood and adulthood need to be divided evenly into the entire life cycle and
the calculation model of average daily exposure is:
c  EF  CRchild  EDchiild CRadult  EDadult 
LADD 



AT 
BWchild
BWadult


Based on exposure risk assessment, the carcinogenic
hazard and non-carcinogenic hazard of heavy metals were
analyzed. Toxicity parameters (reference dose, reference
concentration, carcinogenic slope factor and unit carcinogenic factor and etc.) of heavy metals were determined according to relevant toxicity assessment data recommended
by US EPA [12]. The carcinogenic hazard and non-carcinogenic hazard of heavy metals to human health and the
corresponding reaction doses are concerned (Table 2).
TABLE 2 - Parameter values in average daily dose of heavy metals in
surface dust
Adult

IngR(mg/d)

250

150

EFing=EFinh=EFder

320

350

BW(kg)

15.9

60.3

AT(d)

6×365

24×365

InhR(m3/d)

7.63

20
9

1.36×109

PEF

1.36×10

SA(cm2)

1150

2145

SL

0.2

0.07

ABS

0.001

0.001

HQi 

ADDij
RfDi
6

3

HI   HQi
i 1 j 1

2.4 Toxicity parameters acquisition

Children

On the basis of exposure assessment and toxicity assessment, concentration data of each sampling point were
analyzed. Carcinogenic risk value and hazard quotient
were calculated based on risk assessment model, including
the risk value of each exposure pathway of the same pollutant and the risk value of the same pollutant in all exposure
pathways, as well as the total risk value of all pollutants in
all exposure pathways.
For non-carcinogenic effects, HQ=D/RfD, where D
refers to the exposure dose to hazardous substances and
RfD is reference dose. When there are multi-pollutants and
various exposure pathways, the total non-carcinogenic risk
value, HI, can be expressed as:

(4)

Where: LADD (mg/ (kg·d)) represents the lifelong average daily exposure dose in certain exposure pathway; AT
(d) is the average exposure time, hypothetically 365d; CR
indicates the strength of contact or intake, while for ingestion and inhalation, respectively, CR = IngR and CR =
InhR; for dermal contact, CR = SA • SL • ABS. EF, ED
and BW (kg) still refers to average weight of recipients.

Parameters

2.5 Risk characterization

Where: i and j denote the type of pollutants and the
number of exposure pathways, respectively; HQi refers to
the health risk value of heavy metal i; ADDij (mg/(kg﹒d))
is the exposure dose of heavy metal i in the exposure pathway j; HI represents the total risk value of six heavy metals
in three exposure pathways. When HQ or HI < 1, it means
that the health risk of heavy metals can be ignored; When
the HQ or HI> 1, it indicates that there exists health risk of
heavy metals. The larger the value of HQ or HI is, the
greater the value of health risk becomes.
For carcinogenic risk effects, R=LADD·SF. When
there are multi-pollutants and various exposure pathways,
the total carcinogenic risk can be expressed as:
3

CRi   LADDij  SFij
j 1
3

TCR   CRi
i 1

Where: CRi is the single carcinogenic risk value of
heavy metal i in three exposure pathways and LADDij
(mg/(kg﹒d)) is the exposure dose of heavy metal i in the
exposure pathway j; SFij (kg﹒d﹒ mg-1) refers to the carcinogenic slope factor of heavy metal i in exposure pathway j; TCR denotes the total carcinogenic risk value of
three carcinogenic heavy metals in all three exposure pathways. The probability of cancer is usually indicated by the
arising number of individuals with cancer in certain number of population. At present, there is no uniform and recognized evaluation standard for carcinogenic risk assessment at home and abroad. However, in existing researches,
health risks are always determined in reference to 10-6~10-4 ,
recommended by the US EPA and 5.0*10-5, the acceptable
risk maximum put forward by the International Commission on Radiological Protection (ICRP).
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TABLE 3 - Reference doses for non-cancer metals and slope coefficients for carcinogens metals
Reference dose mg/(kg﹒d)
RfDing
3.50×10-3
3.00×10-1
3.00×10-3
4.00×10-2
2.00×10-2
1.00×10-3

Pb
Zn
Cr
Cu
Ni
Cd

RfDinh
3.52×10-3
0.3
2.86×10-5
4.02×10-2
1.00×10-3

Cancer slope factor(kg﹒d /mg)
RfDder
5.25×10-4
6.00×10-2
6.00×10-5
1.20×10-2
5.40×10-3
1.00×10-3

SFing
-

SFinh
42.0
0.84
6.30

SFder
-

TABLE 4 - Heavy metal content in road dust of domestic and foreign cities (mg/kg)
Cu

Cd

Pb

Zn

Ni

London

111-512

6.25

544-1636

988-3358

32-74

New York

355

8.0

2582.5

1811

4.4

Sydney

147

Zhengzhou

22.66

Tongling

1346.59

Luoyang
Beijing

Cr

References
[14]
[15]

389

657

27.2

83.6

[16]

227.01

317.00

37.60

84.59

[10]

20.72

312.03

2689.61

121.15

145.47

[17]

240.94

2.33

176.04

1019.75

401.63

[18]

21

4.3

98

680

62

[19]

Wuhu

135.42

1.95

138.61

313.53

21.38

110.31

[20]

Shenyang

213.39

5.72

275.13

459.74

75.63

481.11

This study

3. RESULTS AND DISCUSSION
3.1 Heavy metal content in urban dust of Shenyang

In this paper, the obtained experimental data are analyzed in SPSS and Excel (Table 4). The average content of
Cu, Cd, Pb, Zn, Ni, and Cr in urban dust of Shenyang is
213.39mg/kg, 5.72 mg/kg, 275.13 mg/kg, 459.74 mg/kg,
75.63 mg/kg, and 481.11 mg/kg, respectively. The data of
450 samples show significant differences, which indicates
that the heavy metal content is significantly influenced by
spatial location and human disturbance. By contrast to the
heavy metal content in dust of major cities, it can be found
that cities with a larger scale, a more developed economy
and a larger population generally have greater content of
heavy metals in urban dust. Compared with foreign developed cities, such as New York and London, the heavy
metal content in urban dust of Shenyang is much lower.
But the content of some heavy metals such as Cd and Cr is
larger than that in developed cities.
Meanwhile, the heavy metal content in urban dust of
Shenyang changes with a great variation and the differences between different functional areas are great. It is
found that: the average Cu content is the greatest in traffic
area and the smallest in residential area; the average Cd
content is the greatest in traffic area and the smallest in
park; the average Pb and Zn content are the greatest in main
road and the smallest in park; the average Ni content is the
greatest in traffic area and the smallest in educational area;

20.4

the average Cr content is the greatest in traffic area and the
smallest in educational area. It is easy to be found the heavy
metal content in traffic area is relatively higher than that in
other functional areas.
The results of this study are consistent with previous
findings. The average content of Cd, Cu, Pb and Zn in urban
dust of Shenyang was 4.35 mg / kg, 81.33 mg / kg, 106.26
mg / kg, 334.47 mg / kg, respectively, which was respectively
as much as 27.18, 3.31, 4.80, and 5.67 times of the soil background values[21]. In addition, Cd pollution was excessively
serious. High values of heavy metal content presented in
Tiexi District, due to the intensive industries in this district.
The average Pb content in urban dust of Shenyang was
220.06 mg / kg and different functional areas had a greater
impact on the distribution of heavy metals[22], the Pb content around Shenyang smelting plant was relatively high and
the greater the distance from the plant was, the lower the Pb
content was. Comparison of Pb content showed that industrial area > business area > the secondary mixed area > the
first mixed area > educational area. Researches of heavy
metal content in urban dust of Shenyang are relatively lacking, therefore studies on types and speciation of heavy metals need to be further carried out.
3.2 Source analysis of heavy metals in urban dust of Shenyang

In this paper, the correlation coefficient between
heavy metals is introduced to source analysis. If the correlation coefficient is not zero, the sources of heavy metals
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TABLE 5 -The correlation coefficient among heavy metals in urban dust (n = 150)
Heavy metals

Cu

Cd

Pb

Zn

Ni

Cr

Cu
Cd
Pb
Zn
Ni
Cr

1
0.139
0.361**
0.486**
0.112
0.164*

1
0.298*
0.379**
0.289
-0.056

1
0.512**
0.209
0.223

1
-0.117
0.101

1
0.192*

1

FIGURE 2 - Dendrogram of cluster analysis

have some similarities, otherwise the sources are different.
The closer the absolute value of correlation coefficient is
to 1, the higher the similarity of the sources of heavy metals
is. Table 5 shows the correlation coefficients between
heavy metals in urban dust of Shenyang. In Table 5, * indicates the correlation coefficient is significant at 0.05
probability level, and ** represents it is significant at 0.01
probability level. Therefore it can be seen that Zn was significantly related to Cu, Cd, and Pb, which indicated that
when Zn was together with Cu, Cd, and Pb, complex reaction occurred extremely easy and their sources were probably the same or they had the greatest impact on each other.
In addition, Cu-Pb, Cu-Cr, Cd-Pb, and Ni-Cr also had some
relevance, indicating that their sources and pathways of
pollution had a relatively high similarity.
Cluster analysis is to classify data into different classes or clusters, therefore the objects in the same cluster are
very similar and the objects in different clusters have a
great dissimilarity. Cluster analysis of average heavy metal
content in urban dust of Shenyang was carried out in SPSS
19.0. Results are shown in Figure 2. Pb and Zn were combined to one class at distance 1. Cu and Pb, Zn were combined to one class at distance 2. Ni and Cu were combined

to one class at distance 3. Ni, Cu and Cd were combined to
one class at distance 7.
The above two methods showed that Zn and Pb had a
relatively strong correlation and their class was close to
each other, which proved that Zn and Pb were mainly produced by vehicle exhaust and tire chafing [23] and influenced by vehicle stagnation, they may not be the only source
as coking, metallurgical and other industrial activities also
took place in the area. Previous studies also showed that
Pb, Zn, Cu in urban dust is from typical anthropogenic
sources, particularly because urban industry is closely related to transportation [24]. Shenyang is an important industrial base in the northeast. Machine tool, coking, metallurgy and other industries release heavy metals into the surroundings and those heavy metals gather in urban dust,
which is the main reason why the heavy metal content in
urban dust of Shenyang is relatively high.
3.3 Health risk assessment of heavy metals in urban dust of
Shenyang

Non-carcinogenic risks of Cu, Cd, Pb, Zn, Ni, Cr in
different functional areas and carcinogenic risks of Cd, Pb,
Cr in different functional areas were calculated. Reference
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dose and carcinogenic slope factor are shown in Table 3 [6,
12, 25].
3.3.1 Carcinogenic risk analysis

After calculation, the average carcinogenic risk of Cd,
Ni, and Cr in urban dust of Shenyang was 6.49 × 10-8, 1.14 ×
10-7, and 3.64 × 10-5, respectively. The carcinogenic risk of
each functional area is shown in Table 6. It can be found that
the carcinogenic risk of Cd and Ni were relatively low,
which were lower than the acceptable risk threshold (10-610-4) recommended by US EPA but not over the limit. Compared with the maximum acceptable risk (5.0 × 10-5) put
forward by ICRP, the carcinogenic risks of heavy metals in
urban dust of Shenyang except traffic areas were e not over
the standard but were relatively close to the standard. The
carcinogenic risks of Cd, Ni, and Cr in traffic area were the
highest, followed by business area and they changed similarly in the two functional areas. Except the above two
functional areas, comparison among carcinogenic risks of
Cr in other functional areas showed that main road > park
> residential area > educational area; a comparison among
carcinogenic risks of Cd in other functional areas showed
that main road > educational area > residential area >park;
comparison among carcinogenic risks of Ni in other functional areas showed that main road > residential area > park
> educational area. In terms of contribution rate to the carcinogenic risk level, the contribution rate of Cr was over
98.94%, higher than that of Cd and Ni.
3.3.2 Non-carcinogenic risk analysis

Non-carcinogenic risks of six heavy metals in three
exposure pathways were calculated (Table 7). From the
point view of exposure pathways, ingestion was the most important non-carcinogenic risk exposure pathway, the contribution rate of which accounted for 99.83% and 99.84% of

that to non-carcinogenic risks for adult and children, respectively. The contribution rate of inhalation and dermal contact
was relatively small. From the point view of age, non-carcinogenic risk for children was relatively higher than that
for adults. Non-carcinogenic risk of six heavy metals
through three exposure pathways for children was 3.74,
which provide the scientific basis for the prevention of
child health effects of heavy metals. The main risk source
was ingested Cr and Pb, which were higher than the safety
threshold and especially, the Cr content was more than 2.34
times of the safety threshold. However, three exposure
pathways had little effect on adult and non-carcinogenic
risks of six heavy metals were not over the safety threshold.
From the point view of contribution rate, Cr was the highest contributor, followed by Pb, then in order, Cd, Cu, Ni,
and Zn.
In terms of non-carcinogenic risks of six heavy metals
in different functional areas (Table 8), non-carcinogenic
risk of traffic area was the highest, followed by, in order,
general road, business area, residential area, parks, and educational area. In terms of age, non-carcinogenic risks for
adult in all functional areas were not over the safety threshold, but non-carcinogenic risks for children were relatively
higher. Moreover, non-carcinogenic risks of Cr and Pb for
children in the five functional areas except educational area
all exceeded the safety threshold, while those of other
heavy metals were not over 1.0.
Compared with previous results of health risk assessment of heavy metals, two conclusions are shared: one is
that health risk for children is higher than adults; the other
is that ingestion is the most important exposure pathway
[26]. Carcinogenic risks of heavy metals in urban dust of
Shenyang, Urumqi and Zhengzhou are at the same level,
however, non- carcinogenic risk of Shenyang is higher
than that of Zhengzhou and Urumqi (lower than 1.0) [10,

TABLE 6 - Individual cancer risks for carcinogens metals in urban dusts from different land-use types

Cd

Cultural and
educational
area
5.53×10-8
-8

Ni

8.59×10

Cr

1.38×10-5

Business
area

Residential
area

Park

8.97×10-8

4.62×10-8

-7

-8

1.02×10

4.35×10-5

9.73×10

3.41×10-5

Traffic area

Main road

Average

2.52×10-8

9.60×10-8

7.67×10-8

6.49×10-8

-8

-7

-8

1.14×10-7

3.80×10-5

3.64×10-5

8.97×10

3.55×10-5

2.12×10

5.33×10-5

9.89×10

TABLE 7 - Individual non-carcinogenic risks corresponding to different exposure pathways

Adult

Children

Cu

Cd

Pb

Zn

Ni

Cr

Ingestion

1.31×10-2

1.40×10-2

1.93×10-1

3.75×10-3

9.26×10-3

3.93×10-1

Inhalation

9.60×10-6

1.03×10-5

1.41×10-4

2.76×10-6

6.81×10-6

2.89×10-4

Dermal

1.31×10-5

1.41×10-5

1.93×10-4

3.77×10-6

9.29×10-6

3.94×10-4

Ingestion

7.79×10-2

8.36×10-2

1.15

2.24×10-2

5.52×10-2

2.34

Inhalation

-5

6.14×10

-5

1.65×10

-5

4.06×10

-5

1.72×10-3

7.69×10

-5

2.06×10

-5

5.08×10

-5

2.16×10-3

Dermal

5.73×10
7.17×10

-5

8.44×10

-4

1.06×10

-3
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TABLE 8 - Non-carcinogenic risks of urban dusts in different land-use types
Business area

Residential
area

Park

Traffic area

Main road

Cu

Cultural and
educational
area
0.010

0.015

0.007

0.008

0.021

0.018

Cd

0.012

0.019

0.010

0.005

0.021

0.017

Pb

0.056

0.285

0.200

0.030

0.242

0.345

Zn

0.002

0.005

0.004

0.001

0.005

0.006

Ni

0.007

0.008

0.008

0.007

0.017

0.008

Heavy metals

Adult

Children

Cr

0.150

0.471

0.369

0.384

0.577

0.411

Total

0.237

0.803

0.597

0.436

0.883

0.804

Cu

0.061

0.089

0.040

0.048

0.125

0.106

Cd

0.071

0.116

0.060

0.033

0.124

0.099

Pb

0.332

1.698

1.194

0.178

1.443

2.058

Zn

0.014

0.030

0.022

0.006

0.029

0.033

Ni

0.042

0.049

0.047

0.043

0.103

0.048

Cr

0.892

2.807

2.199

2.291

3.442

2.449

Total

1.412

4.789

3.561

2.599

5.265

4.793

27]. Both carcinogenic risk and non-carcinogenic risk of
Shenyang are lower than those of Tongling, Anhu province
[17], and they are lower than those of transit hubs in Fuzhou. In this study, the average of heavy metals are used
for health risk assessment, but health risk assessment involves various factors, such as, speciation of heavy metals,
receptor difference and crowd behavior etc., therefore there
still exists some uncertainties in this paper. Further studies
on speciation of heavy metals, toxicity parameters and the
uncertainties should be carried out, in order to provide a
scientific basis for health risk assessment of urban dust in
China.
4. CONCLUSION
The average content of Cu, Cd, Pb, Zn, Ni, and Cr in dust
of Shenyang is 213.39 mg / kg, 5.72 mg / kg, 275.13 mg / kg,
459.74 mg / kg, 75.63 mg / kg, and 481.11 mg / kg, respectively. The data of 450 samples show significant differences, which indicates that the heavy metal content is significantly influenced by spatial location and human disturbance. The heavy metal content in urban dust of different functional areas varies greatly. Relevance analysis and
cluster analysis show that Zn and Pb have a relatively
strong correlation and their class is close to each other.
Meanwhile, Zn is significantly related to Cu, Cd, and Pb,
which indicates that when Zn is together with Cu, Cd, and
Pb, complex reaction is extremely easy to occur and their
sources are probably the same or they have a greatest impact on each other.

10-5, respectively, which are lower than the acceptable risk
threshold （10-6-10-4）recommended by US EPA . Compared with the maximum acceptable risk (5.0 × 10-5) put
forward by ICRP, the carcinogenic risks of heavy metals in
urban dust of Shenyang except traffic areas are not over the
standard but relatively close to the standard. In terms of
contribution rate to the carcinogenic risk, the contribution
rate of Cr is over 98.94%. In terms of exposure pathways,
ingestion is the most important exposure pathway. In terms
of age, non-carcinogenic risk for children is relatively
higher than that for adults. Non-carcinogenic risk of six
heavy metals through three exposure pathways for children
is 3.74, which is more than the standard value of 1.0. The
main risk source is ingested Cr and Pb, which are higher
than the safety threshold and especially, the Cr content is
more than 2.34 times of the safety threshold. However,
three exposure pathways have little effect on adults and
non-carcinogenic risks of six heavy metals for adults are
all not over the safety threshold. Because the sample collection, calculation parameters, different categories of
heavy metals, these calculations have limitations and
health risks may be underestimated.
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ABSTRACT
The aim of this study is to find out the cytotoxic, genotoxic and apoptotic effects of bitter P. armeniaca seed extracts (PE) on cultured human lymphocytes in vitro. Cytotoxic, genotoxic and apoptotic effects were evaluated
using lactate dehydrogenase (LDH) assay, cell proliferation
(WST-1) assay, sister chromatid exchange (SCE) as well as
chromosomal aberration (CA) assay and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, respectively. Although LDH results showed that the
PE groups were not cytotoxic, WST-1 assay showed low
cell viability in low concentrations of the PE-treated group.
According to SCE results, there was a significant increase
between control and PE-treated group. In CA assay, the
ring and fragmented chromosome number in low PEtreated group was greater than in the other PE-treated and
control groups. Especially in the PE-1 treated group, CA
was 4.58% while it was 0.67% in the control group. When
PE concentrations increased, the percentage of CA decreased gradually. In addition, the highest apoptotic index
(78%) has observed from the lowest PE-treated group. In
conclusion, the lower concentrations of PE may cause cytotoxic, genotoxic and apoptotic effects due to their lower
antioxidant components on human lymphocytes.

KEYWORDS: Bitter Prunus armeniaca seed, amygdalin, cyanogenic glycoside, genotoxicity and apoptosis.

1. INTRODUCTION
Prunus armeniaca is a widely known apricot which
has 3-5 cm wide fruits, and its colour ranges from yellow
to reddish orange. Its flowers resemble peach and cherry
trees, and it is cultivated all around the world, but Turkey
is the principal producing country worldwide. Malatya region produces half of the amount [1, 2]. P. armeniaca ingredients vary between the species, but the main components are nearly the same (moderate amounts of saturated

fat and energy, no cholesterol), and it has high amounts of
carbohydrates and fiber [3, 4]. Its major vitamin contribution is vitamin A, and it is a rich source of phenolics, such
as chlorogenic and neo-chlorogenic acid, (+) catechin, (-)
epicatechin, rutin and pectin [3, 5, 6]. P. armeniaca has two
types of seeds (sweet and bitter). Chemical compositions
differ between sweet and bitter variety. Sweet variety has
more oil, neutral detergent fiber and ash, while bitter seeds
are dominant in protein, sugar, acid detergent fiber, and
amygdalin [7]. It is delineated that bitter variety has a lower
antioxidant property and lower lipid peroxidation than the
sweet variety [8]. At meantime, bitter seeds have been wellknown for their toxic effects. Amygdalin and prunasin toxic
cyanogenic glycoside gives a bitter taste to the seeds, and
their products of hydrolysis may give rise to both acute intoxication and to chronic human central nervous system syndromes and thyroid effects [9-11]. The difference between
the toxicity of this fruit is the variation in both cyanogenic
glycosides and degrading enzymes [12]. Amygdalin is assigned to release hydrogen cyanide (prussic acid) via β-glucosidase [13]. Since this enzyme is found in the small intestine and in a variety of foods, it has lethal consequences
when taken orally [14]. The consumption of seeds containing cyanogenic glycosides may cause some degree of intoxication, primarily on nervous system and thyroids [15].
Amygdalin, a cyanogenic glycoside in the apricot seeds,
can degrade to cyanide (CN) by β-glucosidase. CN inhibits
oxidative phosphorilation and damages the cell membrane.
Cyanide prevents cells from using oxygen, by inhibiting
the oxidative function of mitochondrial cytochrome oxidase, an enzyme in the electron transport chain that is an
integral part of production of aerobic energy for cellular
function [16]. However, Vock et al. [17] showed that potassium cyanide (KCN) causes the inhibition of cell viability, double strand breaks in DNA, and DNA fragmentation
on cultured human lung epithelial cells (A549) [17].
There are numerous case reports related to bitter seed
poisoning [18-21]. However, little scientific experiments
have been carried out to understand their effects on cell
culture. Therefore, in this study, our focus was to find out
the cytotoxic, genotoxic and apoptotic effects of bitter P.
armeniaca seed extracts on cultured human lymphocytes.
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SCEs per cell. In the meantime, at least 100 cells were
counted, and also the percentage of chromosomal aberrations.

2. MATERIALS AND METHODS
2.1 Reagents

Cytotoxicity detection (lactate dehydrogenase [LDH])
kit, cell proliferation reagent (WST-1), and Roche in situ
detection kit were acquired from Roche (Germany). RPMI1640, phytohaemagglutinin (PHA), fetal bovine serum
(FBS), phosphate buffer saline (PBS), ficoll, L-glutamine
and penicillin–streptomycin (PS) were acquired from Biochrom AG (Germany). Colcemide solution, 5-bromo-2desoxyuridin (BrdU) and Hoechst 33258 were purchased
from Sigma (USA). All other chemicals were of reagent
grade.
2.2 Preparation of extracts

Prunus armeniaca seed extracts (PE) were prepared by
using a Soxhlet extractor (Yiğit, 2009). 20 g P. armeniaca
L. seeds (purchased from a local market in Turkey) were
ground to powder, and powdered seeds were extracted in
methanol for 24 h in a Soxhlet extractor. Finally, methanol
was evaporated with a rotary evaporator, and the extract
was dissolved in 20 ml distilled water, and mixture was filtered.
2.3 Cell culture medium

100 ml RPMI-1640, 2 ml L-glutamine, and 1 ml penicillin-streptomycin was mixed, and 6 ml of this mixture
was divided to each of the culture tubes. Tubes were stored
at –20 °C, and 2 drops of phytohaemaglutinin (PHA) was
added freshly in the culture tubes.
2.4 SCE and chromosomal aberration assay

This study was approved by the local ethics committee. Experiments were also conformed to the guidelines of
the World Medical Assembly (Declaration of Helsinki).
500 µl blood samples collected by vein puncture (obtained
from 3 20-28 years aged healthy, non-smoking woman volunteer donors), 200 µl 10-2 M stock 5-bromo-2-deoxyuridine (BrdU), in addition to each of the cell culture media,
and CCl4 (final concentration 5 µM) was added to one of
the tubes as a positive control, and different concentrations
(0.56, 1.12, 2.25, and 9 mg/mL) of PE were added to the
tubes. Cell culture tubes were covered with aluminum foil
and incubated at 37 °C in a CO2 incubator for 72 h. Then,
0.1 mg/mL colcemide was added after 71th h to culture the
tubes, in order to arrest the cells at the metaphase. After
72 h, the cultures were centrifuged at 800g for 10 min.
Cells were harvested and treated for 30 min with a hypotonic solution (0.075 M KCl), and fixed in a 1:3 mixture of
acetic acid/methanol (v/v). BrdU incorporated metaphase
chromosomes were stained with the fluorescence plus
Giemsa technique, as described by Perry and Evans [22].
In the SCE study, by selecting 20 satisfactory metaphases,
the results of SCE were recorded on the evaluation table.
For each treatment condition, well-spread second division
metaphases containing 42–46 chromosomes in each cell
were scored, and the values obtained were calculated as

2.5 Isolation and culturing of peripheral blood mononuclear
cells

The peripheral blood mononuclear cells (PBMCs)
were isolated from heparinized blood samples by density
gradient centrifugation with ficoll. The cells were cultured
at 37 °C, and supplemented with 5% CO2 in RPMI-1640,
with 10% fetal bovine serum.
2.6 LDH activity assay

The cytotoxic effect of P. armeniaca seed extracts was
evaluated with the activity of LDH released from cells.
PBMCs were seeded as 1x106 cells/ml equally, and incubated with P. armeniaca seed extracts at different concentrations. Cytotoxicity was determined by using LDH cytotoxicity detection kit (Roche, Germany) according to the
manufacturer’s instructions. Absorbances of the samples
were measured at 490 nm with enzyme-linked immunosorbent assay (ELISA) reader (BioTek-PowerWaveXS,
USA). Assays were performed in triplicate on 2 independent experiments. Percentages of cytotoxicity were evaluated via the formula:
Cytotoxicity (%) =

∗ 100

2.7 WST-1 assay

The cell viability was measured using cell proliferation
reagent (WST-1) (Roche, Germany). Cells were seeded as
1x106 cells/ml, and cell proliferation was determined according to the manufacturer’s instructions. Absorbances of
the samples were measured at 450 nm with an ELISA
reader (Biotek powerwave xs). Assays were performed in
triplicate with two independent experiments.
2.8 TUNEL assay

Cell cultures were prepared as in the SCE assay, except
BrdU. Two drops of colcemide solution were added to each
of the tubes after 71 h. All tubes were centrifuged after 72 h
for 10 min at 1000 rpm, and supernatant was discarded.
Then, 8 ml hypotonic solution was added to all of the tubes,
and samples were incubated in a CO2 incubator for 20 min.
All tubes were centrifuged for 5 min at 1200 rpm, and supernatant was discarded. The first 20 drops of the fixation
solution were added drop by drop, and then, 7 ml fixation
solution was poured to the sample. This process was done
for 3 times. At last, the supernatant was discarded, the pellet was shaken, and it was dropped to the slides. Slides
were dried at room temperature. Dried slides were placed
in 100 ml PBS buffer solutions for 5 min. This process was
repeated. Slides were placed in 70, 85, and 100% ethyl alcohol solutions for 1 min, respectively. Afterwards, slides
were kept at room temperature until all of the slides were
dehydrated. Roche in situ detection kit (Roche, Germany)
was applied according to manufacturer’s instructions.
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Slides were examined under a fluorescence microscope (excitation wave length 450-500 nm and scanning wave length
515-565 nm). At least 10 satisfactory areas (or 50 cells) were
counted and apoptotic cell index was recorded.
2.9 Statistical analysis

All statistical analyses were performed by using SPSS
15.0 programmes. Data were evaluated by T-test, MannWhitney test, and one-way ANOVA. The TUNEL assay
was analyzed via the chi square test. Statistical differences
between time, dose and extract were analyzed, and p< 0.05
level was taken as significant, but p<0.001 was taken as
very important.

3. RESULTS
The cytotoxic effect of PE was determined via LDH
and WST-1 assay. All of the LDH levels were less than the
control group after 24 and 48 h. The decreases were statistically important (0.05). The lowest LDH release was observed in the lowest PE treated group after 24 and 48 h. In
the meantime, LDH release was increasing exponentially
the extract amount. There were significant statistical differences between control and PE-treated groups, except for
PE-4 group at the 48th h (Fig. 1).
In WST-1 assay, all of the cell viability percentages
were close to the control group (Fig. 2). In the meantime,

FIGURE 1 - Cytotoxicity percentage for different PE treated groups. Cytotoxicity percentage for different PE treated groups. ap<0.05 compared with control, bp<0.05 compared with PE-1, cp<0.05 compared with PE-2, dp<0.05 compared with PE-4.

FIGURE 2 - Cell viability as percentage at 24 and 48 hours. ap<0.05 compare with control group, bp<0.05 compare with PE-1 group, cp<0.05
compare with PE-3
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FIGURE 3 - SCE percentages in control and different PE treated groups. ap<0.05 compared with control.

FIGURE 4 - Chromosomal aberration percentages in different PE treated groups. ap<0.001 compare with control group, bp<0.001 compare
with PE-1 group, cp<0.001 compare with PE-2 group, dp<0.05 compare with PE-3 group.

the lowest cell viability was observed in the lowest PEtreated group after 24 h (p<0.05). Cell viability increased
the PE-4 extract after 24 and 48 h (Fig. 2). In SCE assay,
there was a slight increase in SCE amount in the PE-treated
group (Fig. 3). However, in PE-treated groups, there was
no prominent relationship with each other group. In addition,
we were surprised, when we saw some areas with broken

chromosomes and ring-shaped chromosomes in the SCE
assay (Fig. 5b). According to our CA assay results, chromosomal aberrations were high in low PE-treated group
but low in high PE-treated group. CA level was decreasing
gradually when PE concentrations increased (Fig. 4). There
was a significant increase in the CA level in PE-treated
group when compared with the control group. This decrease
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in CA levels correlated with the increase in PE concentration. Chromosomes had a tendency to make ring-shaped
chromosomes (Fig. 5). Moreover, some broken chromosomes were thinner in their middle, indicating that they are
about break from their middle again. Finally, we tested the
apoptotic effects of PE groups with TUNEL assay (Fig. 6).
TUNEL assay data were in parallel with CA results, indicating that a low level of PE has more apoptotic effect
(p<0.05) than the highest PE-group (Fig. 5).
4. DISCUSSION AND CONCLUSION
Bitter P. armeniaca seed is used extensively by nations
as a hope to cure many diseases including cancer, inflamma-

tory diseases, and skin renewal. However, using bitter P. armeniaca seed as a remedy is controversial. Little scientific
experiments are conducted to understand the effects of bitter
P. armeniaca in vitro and in vivo. Studies concerning bitter
apricot seeds are mostly case studies [20, 23] about its toxicity. It is estimated that amygdalin hydrolysis reaction with
β-glucosidase enzyme to produce CN is responsible for this
toxicity. Because hydrolysis reaction takes place in the small
intestine, researchers claim that bitter PE has no cytotoxic
effects when infused intravenously. Basis for this idea is no
cyanide is present in the blood when not swallowed [14, 24].
Hence, there are several research articles about sole amygdalin and its toxicity on cell cultures. However, there are
only few studies concerning with bitter apricot seed extracts.

FIGURE 5 - a.SCE on human peripheral lymphocyte cells PE-1. b. Representative examples of fragmented and ring shaped chromosomes in
PE-1 treated groups

FIGURE 6 - The percentages of apoptotic indexes (a p<0.001 compared with control, b p<0.05 compared with control, c p<0.001 compared with
PE-1 group, d p<0.001 compared with PE-2 group).
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FIGURE 7 - TUNEL assay results for different PE-treated groups (a. control group, b. PE-1 group, c. PE-2 group, d. PE-4 group;
(Blue arrow): normal cell,
(Red arrow): apoptotic cell).

In addition, the cytotoxic effects of KCN appeared to
be cell cycle-independent. KCN can activate DNA-degrading enzymes. Activation of DNA-degrading enzymes
would explain the formation of small DNA fragments in
the majority of the cell population [25].
In this work, LDH, WST-1, SCE, CA and TUNEL assays were used for the first time to understand the cytotoxic, genotoxic and apoptotic effects of PE on cultured human lymphocytes. So far, no studies were conducted to understand these effects of PE on cultured human lymphocytes.
The genotoxic effect of bitter PE was studied via CA
and SCE test system. In CA test system, there were areas
with fragmented chromosomes and ring-shaped chromosomes. Ring-shaped chromosomes were seen in fragmented chromosome areas. The size of the ring chromosomes was varying from sample to sample, and also sometimes in the same sample. We counted these areas and
found that these areas are inversely proportional with extract amount. That is, these areas were increasing with decreased amounts of PE. In SCE, results showed that PE
cause genotoxic effects but there was not any significant
effect when they were compared with each other. In addition, we have seen many fragmented and ring chromosome
shapes in SCE slides. Therefore, the reason of close SCE
values may be associated with DNA fragmentation in the

low PE concentration. TUNEL assay result was also in accordance with SCE assay results. The highest apoptotic index was seen in the lowest PE-treated group. All of the
apoptotic indexes were higher than those of the control
group. In a previous study of Vock et al. [25], KCN caused
double strand breaks and DNA fragmentation when 100 mM
KCN was used for 12 and 72 h. Therefore, KCN has genotoxic and apoptotic effects [25].
The cytotoxic effect of PE was determined via LDH
and WST-1 assay. According to LDH assay, none of the
samples was cytotoxic, and values were smaller than those
in control group. Furthermore, cytotoxicity was increasing
with increased amount of PE. All of the tests conducted
were showing that low-level PE was genotoxic and cytotoxic, because of the components present in the apricot
seeds. Amygdalin is not the sole component present in apricot seeds. There are several other components in bitter apricot seeds that have antioxidant properties and lipid peroxidation inhibition activity, but at a low level [8]. As mentioned before, antioxidants have membrane-protecting effects. When extract amount increases, the proportion of antioxidants also increases. Hence, lipid peroxidation inhibition activity increases which may be the result of low cytotoxicity. In addition, a small amount of CN can be detoxified by cells, since the low concentration of CN does not
cause damage of cell membranes [26].
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WST-1 assay results were also in accordance with SCE
and TUNEL showing that cell viability was low in the lowlevel PE-treated group; it was increasing when PE was increasing. Hence, low-level PE is more cytotoxic than highlevel PE.
In conclusion, results show that bitter P. armeniaca is
cytotoxic, genotoxic and apoptotic. Small amounts of bitter
PE are sufficient to see such cytotoxic effects. Cytotoxicity
is decreasing with high PE, which may be the result of the
other components. Especially the ratio of antioxidant components was decreased.
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