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SORPTION CHARACTERISTICS OF
THE MAJOR COMPONENTS OF CRUDE OIL TO
VADOSE ZONE SOIL IN XINJIANG OILFIELD, CHINA
Bo Liu1,2, Yulong Liu2,*, Honghan Chen1 and Hongkun Chen2
1

Beijing Key Laboratory of Water Resources and Environmental Engineering, China University of Geosciences, Beijing 100083, P.R. China,
2
Research Institute of Safety and Environment Technology, China National Petroleum Corporation, Beijing 102206, P.R. China

ABSTRACT

process in oilfields. All these can lead to the spill of crude
oil and produced water into vadose zone soils. There are
lots of dissolvable components in crude oil and produced
water, and most of them are volatile organic compounds
(VOCs) such as benzene, toluene, ethylbenzene, xylenes,
(known as BTEXs); and polycyclic aromatic hydrocarbons
(PAHs). They simultaneously undergo sorption-desorption,
violation, leaching and degradation processes in the soil
environment; and among which, sorption is an important
factor affecting other processes [1]. All these soluble contaminants can pose a threat not only to air, soil and groundwater environment but also to human health. Vertical
transport of the soluble components in crude oil and produced water can result in contamination to soils and shallow groundwater.

In order to evaluate the retention of vadose zone soil
to pollution of spilled crude oil and produced water in
Xinjiang oilfield, China, batch experiments were conducted
to analyze the sorption characteristics of benzene, toluene,
ethylbenzene, xylenes (including o-xylene, m-xylene, pxylene), 1,3,5-trimethylbenzene and naphthalene. Columns
filled with soil layers of different thickness were designed
to test the leaching characteristics of crude oil compounds.
The results showed that all the equilibrium sorption data of
the single component and the mixed components can be
described by linear sorption isotherms. The distribution
coefficients for the eight single components ranged from
1.10 to 3.52 L/kg, suggesting that sorption capacity of
vadose zone soil in Xinjiang oilfield to the crude oil pollutants is not high. For the mixed components, the sorption coefficients were from 0.49 to 1.81 L/kg, significantly lower than those of the single ones. It indicated that
competitive sorption existed in this kind of soil and sorption was not just a partitioning process but with a surface
adsorption of mineral in the soil. Leaching experimental
results showed that crude oil compounds of benzene, toluene, m/p-xylene were the main soluble volatile organic compounds (VOCs), and benzene still existed in the leachate
after passing through 10 cm soil layer in the column.
Therefore, because of the weak retention of vadose zone
soil to crude oil pollutants in Xinjiang oilfield, the spilled
crude oil and produced water can contaminate deep soil
and groundwater easily.

The sorption of crude oil pollutants can be realized by
macroreticular resins, activated carbons, organoclays, organobenonites and zeolites [2-6]. There are some different
views on the sorption mechanisms of organic compounds
to soils. A three-domain model proposed that sorption by
exposed mineral domain and amorphous soil organic matter
(SOM) domain is a fast linear partition process; but sorption
by condensed soil organic matter domain appears to be a
very slow and nonlinear process [7]. While, another view
claims that sorption of organic substances to soil organic
matters is not only a simple partition process but some
special sorption sites work when the competitive and slow
sorption phenomenon happens [8]. Kinetic studies show
that sorption of toluene by humic acids mainly follows
pseudo-ﬁrst-order and pseudo-zero-order kinetics [9]. Most
studies on the sorption of organic compounds reveal that
the sorption isotherms are linear [10-12]. The distribution
coefficient is regarded as a function of the soil organic
matter constituents and the chemical structure of the organic compounds [13], but independent of BTEX concentration [10]. The amount of organic matter in soil plays an
important role in the sorption and the migration process
[11, 12, 14, 15], both the sorption and retention potentials
of BTEX increased with an increase in organic carbon
content [16]. Meanwhile, the sorption process of nonionic
organic compounds is also affected by clay minerals in the
soil in some cases [17, 18]. For soils containing low

KEYWORDS: Vadose zone soil, Crude oil, Batch experiment,
Leachate, Sorption, Competitive sorption

1 INTRODUCTION
Maintenance of the pumping wells and injecting wells
and some accidents, such as rupture of oil pipelines and
wells blowout, occasionally occur during the production
* Corresponding author
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amounts of organic matter (usually less than 1%) and high
clay contents, the relative contribution of minerals to sorption of hydrophobic organic solutes may become significant [19]. Solute structure and exchangeable cations affect
the sorption of aromatic compounds to clay mineral [20].
Some researches demonstrated that there exists competitive
effect on sorption of organic pollutant mixtures by soils
and sediments [21, 22], and the sorption mechanism for
single component is different from double components
[23]. Competitive sorption suggests a greater fraction of the
sorption by soil occurred on or within tightly ordered or
condensed organic matrices rather than within more amorphous soil organic matters [24]. Such competitive effects
may be depended upon both the similarity of physicochemical properties of the co-solutes and the characteristics of the natural sorbents [25]. Nevertheless, partitioning cannot be the exclusive mechanism of organic
compounds sorption in SOM. Competitive effects are strong
evidence for specific sorption [18]. Over all, the sorption
mechanisms of organic compounds to soil are very complicated and related closely to the properties of the soil.
However, very few researchers have investigated the
sorption of crude oil pollutants onto natural vadose zone
soils. Natural soil usually contains complex substances and
expresses different sorption characteristics compared to
other sorbents. According to our previous analysis of the
characteristics of VOCs in produced water and crude oil
leachate in Xinjiang oilfield, benzene, toluene, ethylbenzene, xylene isomers, 1,3,5-trimethylbenzene and naphthalene are chosen as the main components of crude oil to
investigate the characteristics of sorption of the single and
mixed components to vadose zone soil. These eight components are not only the main soluble VOCs in crude oil
and produced water, but also the often detected pollutants
in groundwater of most oilfields. Meanwhile, crude oil
leaching experiment was conducted to determine the main
pollutants in the leachate after going through different
thicknesses of soil layers. Experimental studies on the
sorption of the compounds of crude oil onto the vadose
zone soil in oilfield can help us comprehend the sorption
characteristics, and evaluate retention of vadose zone soil
to crude oil pollutants.

debris were removed from the soil. Then soil was air dried
and sieved through a 20 mesh screen (2.00 mm). After that
the prepared soil was stored in a sealed brown bottle for
use. The soil has the following common physical and chemical properties: pH 8.35, total organic carbon 0.075% (in
weight), mineral 32.1% (in weight), and cation exchange
capacity (CEC) 307 cmolc/kg C. The texture was 13.8%
clay (<0.005 mm), 4.4% silt (0.005~0.05 mm) and 81.8%
sand (0.05~2 mm) in weight.
The crude oil used for the column leaching experiment was collected from Xinjiang oilfield and kept in a
glass bottle at 4
for use.
2.2 Chemicals

Benzene, toluene, ethylbenzene, o-xylene, m-xylene,
p-xylene, 1,3,5-trimethylbenzene were analytical purity
grade from National Pharmaceutical Group Chemical
Reagent Co., Ltd. Naphthalene was analytical purity grade
and bought from Beijing Chemical Reagent Factory. All
experiments were conducted using deionized water produced
by a Milli-Q reagent-grade water system (Millipore Corp.).
2.3 Experimental Procedures

In the single component sorption batch experiments,
nearly saturated solutions of benzene, toluene, ethylbenzene, o-xylene, m-xylene, p-xylene, 1,3,5-trimethylben-zene
and naphthalene were respectively prepared in Milli-Q
water, and then the single solutions and deionized water
were mixed in different proportions to get a series of solutions with different concentrations. In the mixed components
experiments, a certain mass of benzene, toluene, ethylbenzene, o-xylene, m-xylene, p-xylene and 1,3,5-trimethylbenzene were mixed in Milli-Q water to get a initial relatively high concentration solution. To avoid dissolution of
solid naphthalene in other components, the solution of
naphthalene was prepared specially. The mixture of seven
components and naphthalene solution were mixed together
with deionized water in different proportions to get a
series of mixed solutions of different concentrations for
mixed components sorption batch experiments. Specific
initial concentrations of respective components in single
solutions and mixture were listed in Table 1.
Certain amounts of solutions with different concentrations were added into 40-mL brown VOA vials containing
5.00 g soil with a solid-liquid ratio of 1:8. In every vial,
100 mg/L NaN3 was added to control biological activity.
The vial headspace was kept as little as possible to minimize the loss of volatilization, and the vials were sealed

2 MATERIALS AND METHODS
2.1 Soil and crude oil

Natural uncontaminated vadose zone soil was collected
from Xinjiang oilfield (surface 10~20 cm soil). Roots and

TABLE 1 - Concentrations of different components in single and mixed solutions (mg/L)
Components
Ben
Tol
Eth
o-Xyl
Single
1685.92
479.90
145.10
136.68
Mixed
98.18
19.06
5.85
6.54
Mole faction
0.71
0.12
0.03
0.03
(The abbreviations of ‘Ben, Tol, Eth, o-Xyl, m/p-Xyl, 1,3,5-Tri and Naph’ in the table
xylene, m/p-xylene, 1,3,5-trimethylbenzene and naphthalene respectively. Mole fraction
solution)

4

m/p-Xyl
1,3,5-Tri
Naph
152.53/173.85
42.19
26.72
6.49
1.37
13.68
0.03
0.01
0.06
were representative of benzene, toluene, ethylbenzene, owas presented for the individual component in the mixed
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immediately with Teﬂon-lined septa. All samples, plus
blank solutions including a group of soil-free solutions
and a group of solutions without crude oil components,
were shaken at 150 rpm for 48 hours at 25 °C (THZ-22
constant temperature desktop rotary tumbler, Experimental Equipment Factory, Taicang City, Jiangsu Province). Initial experimental results demonstrated that sorption equilibrium could be reached in less than 48 hours.
After reaching equilibrium, the suspensions were centrifuged for 10 minutes at 5000 rpm (TD5A-WS Low-speed
desktop centrifuge, XiangYi Centrifuge Instrument Co.,
Ltd., Changsha). 1.00 mL of supernatant was removed
and placed in a 10-mL headspace vial at 4 °C until analysis. All experiments were conducted in triplicate.
Four glass columns were prepared for the crude oil
leaching experiment of different thickness of soil layers
(Figure 1). Some coarse quartz sands were first put at the
bottom of columns to store the leachate. Then soils of
different thicknesses of 0, 2, 5, 10 cm were placed on the
coarse quartz sands, and 3 g of crude oil mixed with 40 g
of silt sands was overlaid on the soil layer. A thin layer of
fine quartz sands were put on the top of the oil layer to
avoid crude oil floating on the surface of the leaching

water. Deionized water was used to leach the crude oil
going through the different soil layers and 5 mL of leachate was sampled for analyzing the concentrations of the
crude oil compounds.
2.4 Gas chromatographic analyses

Headspace-gas chromatography-mass spectrometry
(HS-GC–MS, G1888 Headspace Auto Sampler, HewlettPackard; 6890 gas chromatograph, Agilent, Santa Clara,
CA, USA; DB-VRX MS 60m×0.25mm×1.4µm capillary
column, Hewlett-Packard; 5975MS, Agilent) was used to
quantify benzene, toluene, ethylbenzene, o-xylene, mxylene, p-xylene, 1,3,5-trimethylbenzene and naphthalene
with internal and external standards. Headspace conditions:
temperatures of vial, loop and transfer line were 85 °C, 95 °C
and 150 °C, respectively. GC oven temperature: initially
40 °C held for 5 minutes, gradually increased to 200 °C at
the rate of 10 °C /min. Injection temperature: 150 °C. Column flow rate: 1.0 cm3/minute. Split ratio: 1:1. MS conditions: Ion Source: EI 70 eV. Acquisition Mode: SIM. The
detection limits for the compounds tested in the experiment
were 2.0 µg/L.

FIGURE 1 Setup of column leaching experiment (A sampling core, B ventilation pipe and a, b, c, d represent different soil thickness layers of
0, 2, 5, 10 cm)

3 RESULTS AND DISCUSSION

The results showed that the linear model provided an
excellent fit to the data for all these single components.
Since the solubilities of the eight components are relatively low, the concentrations in the solutions of sorption
experiment were not high. According to previous study, it
is an ideal sorption for a very dilute ideal solution[12].
The distribution coefficient for a given compound is the
slope of a line which is from the plot of the soil phase
concentration versus the aqueous phase concentration.
The sorption experimental data showed that the distribution coefficients Kd of vadose zone soil for the eight components were in a range from 1.10 to 3.52 L/kg. The value
of Kd indicates the sorption affinity of soil to the pollutants, which is that the larger value of Kd represents the
stronger sorption capacity of soil. The single component
sorption results revealed that the sorption capacity of
ethylbenzene to vadose zone soil in Xinjiang oilfield was
the largest for the eight components, and then followed by
m-xylene, 1,3,5-trimethylbenzene, benzene, naphthalene,
p-xylene, toluene and o-xylene.

3.1 Characteristics of Single Component Sorption

The amount of organic compound sorbed on the soil
was calculated from the difference between the amount
added and that remained in the equilibrium solutions.
The isotherms were obtained by plotting the average
sorbed amount versus the equilibrium concentration of
the solution. According to the results, sorption of all single components can be described by linear sorption isotherm model, which is given by

qe = Kd ⋅ Ce

(1)

Where qe (mg/kg) and Ce (mg/L) are solute concentrations in the equilibrium solid-phase and aqueous-phase,
respectively; and Kd (L/kg) is the distribution coefficient of
individual component between solid-phase and aqueousphase. All sorption isotherms of the single component are
illustrated in Figure 2.

5
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FIGURE 2 - Single components sorption isotherms (“S” represents single component)

3.2 Characteristic of Mixed components sorption

ture to the vadose zone soil in Xinjiang oilfield also fit the
linear isotherm model. The sorption isotherms were illustrated in Figure 3.

The results of mixed components sorption experiments showed that the sorption of eight components mix-

6
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Because the concentrations of mixed components solutions were very low, the sorption mechanism of different components in the mixture solution by vadose zone

soil in Xinjiang oilfield also followed the ideal solution
adsorption theory. It was obvious that the sorption coefficient of the same compound in multi-component solution

FIGURE 3 - Mixed components sorption isotherms (“M” represents mixed components; m-xylene and p-xylene couldn’t be distinguished
when measured using GC)

7
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was smaller than that in single component solution (Figure
4), which indicated that competitive sorption happened in the
mixed components solution and the sorption of the crude oil
compounds to the soil used in the experiment was not just
a simple partitioning process, which was consistent with the
argument of previous researcher [8]. And the sorption
mechanism of mixed components was different from that of
single component [23]. The values of sorption coefficients
for most components were reduced to less than 1 L/kg, except for benzene. For mixed components competitive sorption, there was a certain relationship between the value of
distribution coefficients and the concentrations of different components. As seen from the Table 1, the concentration of benzene was the largest in the mixed solution, and
the distribution coefficient value of that was the largest in
all the components.

contains small amount of TOC (0.001< foc< 0.01) and
high amount of mineral clay (32.1% in weight), the minerals in soil can contribute to the sorption of mixed components in the form of surface adsorption. Usually, sorption
of organic compounds to the mineral in soils shows competitive behavior, and the sorption isotherm is not linear
but with a maximum sorption. This could be explained by
Langmuir isotherm equation:

qe =

qm ⋅ K ⋅ Ce
1 + K ⋅ Ce

(2)

Where qe (mg/kg) and Ce (kg/L) are the concentrations in the equilibrium solid-phase and aqueous-phase
solute, respectively; qm (mg/kg) is a constant of the maximum sorption amount and K (L/kg) is a parameter related
to the bond energy. When the concentration of the compound in solution is enough low ( K· Ce << 1), then the
equation (2) can be transferred to the following linear
equation:

qe = qm ⋅ K ⋅ Ce

(3)

If defining Ks = qm·K, then

qe = K s ⋅ Ce

(4)

Thus, the sorption of mixed components solution to
the vadose zone soil in Xinjiang oilfield can be divided
into two parts: one is the portioning of SOM, and another
is the surface adsorption of mineral. Because the concentration of mixed solution is very low, the sorption equation of mixed components can be rewritten as follow
considering both equation (1) and (4)：

FIGURE 4 - Comparison of partition coefficients for single and
mixed components (Kd for m+p - Xylene in single component is the
average value of m-Xylene and p-Xylene)

qe = Kd ⋅ Ce + K s ⋅ Ce = ( Kd + K s ) ⋅ Ce

In another way, according to Raoult’s law, higher the
pure phase solubility and the mole fraction of the individual component in the mixture, higher the concentration of
that component in the solution (i.e., the concept of effective solubility). Over all in the mixed solution, since the
components with high effective solubility could dissolve
more in the solution, they will have more opportunity to
contact with the soil particles and then be adsorbed by the
soil easily. Because the sorption sites on the soil are limited, the components with high effective solubility will
occupy more sorption sites than that with low effective
solubility. In this way, the competitive sorption occurred.

(5)

Therefore, the sorption isotherms of mixed components to the soil used in the experiment can be also expressed in the form of linear equations, and competitive
sorption exists because of the surface adsorption of mineral in the soil.
The sorption isotherms for some components shown
in Figure 3 have intercepts with the vertical axis and the
values of intercepts were positive. It indicated that the
organic pollutants were absolutely adsorbed by the soil
used in the experiment when the concentrations of the
solutions were very low. According to Lee et al. [30, 31],
the linear desorption isotherm consists of: (a) a reversible
portion qr obeying the conventional linear isotherm, (b) a
desorption resistant component qirr. Thus

Many researchers argued that soil organic matter
played an important role in the process of organic pollutants adsorption and the sorption mechanism is mainly
partitioning [13, 15, 26, 27]. According to previous research, the mineral surface adsorption also works on the
sorption of nonionic organic compounds [28]. For sediments with 0.001< foc < 0.01, organic carbon dominated
sorption at relatively high aqueous concentration; whereas
mineral phase adsorption dominated sorption at lower
concentration [29]. Since the soil used in the experiment

qtot = qirr + qr

(6)

The reversible portion can be represented by

qr = K d C

(7)

Where Kd is the partition coefficient and C is the
aqueous concentration during desorption phase. Thus the

8
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total adsorbed concentration can be shown as a function
of C by

qtot = qirr + Kd C

solve more crude oil compounds than that of the leachate
without going through soil layer. The concentration of
benzene was reduced to 200 µg/L after going through the
soil of 10 cm thickness. Toluene could not be detected after
going through 10 cm soil layer, and m/p-xylene could not
be detected just after going through 2 cm soil layer. The
concentrations in the leachate depended on both the solubility of compounds and the sorption of soil layers.

(8)

Where desorption resistant component qirr becomes the
intercept of the linear isotherm. Therefore, the intercepts of
the sorption isotherms can be explained in this view.
3.3 Characteristic of leachate after going through soil layers

As is known to all, crude oil mainly contains saturated
hydrocarbons, aromatic hydrocarbons, gum, and asphaltene. Among them, gum and asphaltene is composed of
macromolecular organic matters, insoluble in water, and
easily sorbed to the soils; while, saturated hydrocarbons
and aromatic hydrocarbons are as the main soluble pollution components in crude oil. In the column experiment,
the insoluble compounds of the crude oil were resisted on
surface of the soil layers. Some of the soluble compounds
were sorbed on the soil particles, and the others were still
in the leachate after going through the soil layers.

4 CONCLUSIONS
The experiment results showed that the sorption of
single and mixed components by the vadose zone soil in
Xinjiang oilfield could be described using linear isotherm
model. In the mixed components, the sorption mechanic
was controlled by both organic carbon and minerals in the
soil. The distribution coefficients of the different components were not large, especially for the mixed solution in
which competitive sorption exists. It indicates that the
sorption capacity of the vadose zone soil in the Xinjiang
oilfield is low. While, the leaching experimental results
showed the vadose zone soil could sorb the compounds of
crude oil leachate in some extent, but because of the limited sorption capacity, there was still crude oil pollutant in
the leachate after going through 10 cm thick soil layer. In
the nature, the dissolved organic pollutants in spilled produced water and crude oil may infiltrate to the groundwater
through the vadose zone soil in an oilfield. Because of the
low sorption capacity and competitive sorption, the dissolved crude oil pollutants could contaminate the groundwater easily.
ACKNOWLEDGEMENTS
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FIGURE 5 - Characteristic of the leachate after going through
different thickness of soil layers

According to quantitative analysis of the leachate going through the different soil layers, the detected crude oil
compounds were benzene, toluene and m/p-xylene, indicating that these components were the main soluble VOCs
of the leachate after sorption by the soil in Xinjiang oilfield.
Seen from the Figure 5, after going through the same thick
soil layers, the concentrations of benzene were higher than
those of toluene and m/p-xylene in the leachate. This could
be explained by the relatively higher solubility of benzene
compared with the other two compounds. While, with the
increasing thickness of soil layers, concentrations of different compounds in the leachate were reduced, suggesting that the vadose zone soil had some adsorption capacity to crude oil pollutants. It was noteworthy that concentrations of benzene and toluene in the leachate after going
across 2 cm thick soil layer were higher than that without
going through soil layer. The leachate after going through
the 2 cm thick soil layer would contact with crude oil for
a longer time due to the retardation of soil layer, and dis-
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ABSTRACT

Water reuse mainly for crop irrigation is increasingly
practiced throughout the world, particularly in arid to
semiarid environments, such as under the conditions prevailing in Greece and Iran.

In the present work, the wastewater in Greece and in
Iran, countries with more or less semiarid to arid climatic
conditions, respectively, is studied. The basic aim is to stress
the importance of integration of the treated wastewater
reuse in the water management strategy, towards an effective management of water scarcity. A general background
information is given on the climatic conditions prevailing
in each of these countries (temperature, rainfall). Also, the
natural water resources, including the wastewater production, are reported. Emphasis is given to the ever increasing demand for water due to the need for higher agricultural production, to the rising standard of living, and to the
climatic changes, which augment the water scarcity. Consequently, the necessity of wastewater reuse as an alternative marginal water resource is underlined. The status of the
wastewater reuse research in each country is also presented,
and relevant experimental results are reported.

The integration of the wastewater reuse, in water resources management, can be considered as a part of the
environmental control and as an effective water management strategy, resulting in the benefit of public health, of
the environment, and of economic development.
The main objective of this paper is to illustrate the
importance of the reclaimed wastewater reuse in these
two countries, and to emphasize the benefits that may be
generated with the integration of this marginal water into
the water resources management systems, and to underline its role in the water cycle management, and especially in facing water scarcity issues mainly in arid and semiarid regions. Also the present work aims at presenting the
progress in the water reuse and research in Greece and
Iran, aiming at creating the scientific basis for safe and
effective reuse.

KEYWORDS: wastewater reuse, climatic changes, management
strategies, soil pollution assessment.

2. GREECE
1 INTRODUCTION
2.1. Geographic profile
1.1. Scope of wastewater reuse

Greece is located on the southernmost extension of
the Balkan Peninsula. It covers a total surface area of
131.957 km2. The mainland accounts for 80% of the land
area, with the remaining 20% being divided among nearly
3000 islands. The country has an extensive coastline,
exceeding 15,000 km in length, and closely linked with
the sea, since only a small region in the northwest is
greater than 80 km from the sea.

The demand of the society for increased standards of
living, the excessive exploitation of groundwater, and the
climate changes increase the need for clean and fresh
water availability. Consequently, the necessity for use of
alternative water sources, such as wastewater, is being
augmented. However, environmental and health issues
make necessary further research towards acquiring more
information about the effects of wastewater reuse on the
environmental quality.
Managing water scarcity is a global challenge that is
directly related to agricultural production, the environmental safety, as well as to social, economic and political welfare.
The reuse of the reclaimed wastewater provides opportunities to utilize natural water efficiently, and to maintain
the quality of the existing freshwater sources.

The climate in Greece is typical of the Mediterranean
climate: mild and rainy winters, relatively warm and dry
summers with generally long sunshine duration almost
throughout the year. A great variety of climate subtypes,
which usually appear in the Mediterranean climate frame,
are also encountered in several regions, due to the influence of topography (great mountain chains along the
central part and other mountainous bodies) and to the air,
coming from the moisture sources of the central Mediterranean sea. As far as the precipitation, a mean view is
given in Fig. 1.

* Corresponding author

11

© by PSP Volume 22 – No 1. 2013

Fresenius Environmental Bulletin

FIGURE 1 - Mean monthly rainfall (mm of 5 meteorological stations i.e Serres, Arta, Aliartos, Sikeona and Tymbaki of Crete, located in
representative regions of Greece.

It can be seen that the highest precipitation occurs
during January to April, and October to December. However, various studies converge that in the recent years
there has been a significant reduction of the precipitation
in the Greek territory, especially during the 2nd half of
the 20th century [1]. Mean annual precipitation is expected to decrease, whilst the change in seasonal precipitation varies substantially from season to season. Precipitation in the winter in the Mediterranean is also expected
to decrease in response to increased anticyclone circulation, whereas this decrease is projected to be substantial
(30-45%) in some areas during summer [2].
The seasonal precipitation values are characterized by
intense fluctuations during the winter. On the contrary,
the summer values are at about the same level throughout
the whole time series. Thus, it can be concluded that it is
mostly the winter that causes the decreasing trend in the
total annual precipitation heights.
The combination of higher temperatures and reduced
mean summer precipitation enhances the occurrence of
heat waves and droughts, increasing the number of these
events during the summer. As a result, droughts are expected to start earlier in Greece, than in other countries of
the Mediterranean basin.
The mean monthly temperature is given in Fig. 2.
The temperature rise occurs mainly in the summer
(June/July/August) when the difference reaches 3-4 oC on
average in the north of the country. In autumn, the second
largest warming occurs in absolute terms, whereas the difference in temperature during the winter and spring seems
to be lesser (about 1-20 °C) [2].

sonal variation of the water resources availability. Groundwater is widely used in order to cover special local irrigation needs. The distribution of water resources shows important dispersion. The water demand is highly dependent
on the type of use and shows a seasonal increase from May
to September, with a peak in July. The quantity of water
constitutes in Greece a quite more intense problem compared to the situation of other European countries, especially the ones in Central and North Europe, due to the
important seasonal variation of the resources [2].

2.2. Water resources

Major drought episodes are projected to become more
frequent with particularly intense summer droughts. This
may be further exacerbated because of an increasing de-

Water problems related to quantity and quality caused
by climate change are mainly attributed to the projected
decrease of precipitation during the summer months, and
also to the sa linization of the water as a result of coming
in contact with the sea.

FIGURE 2 - Mean monthly temperature(oC) of 5 meteorological
stations located in representative regions of Greece.

Greece is characterized by a number of small-sized hydrological/hydrogeological regions and by an intense sea-
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mand for water, as a result of elevated temperatures. Greece
is among the countries that are expected to be worst hit by
an increase in frequency and severity of droughts and water
[2]. The frequency of extreme events has significantly increased in the last two decades. Heat waves are happening
yearly since 1997, although the duration time is not as
high as in the years 1997-2001.
The climatic conditions prevailing in the country favor desertification the main responsible factors being soil
erosion and salinization. According to [3], the pressures
that are associated with the climate change leading to soil
desertification are drought, over-exploitation of land (including over-grazing), water resources, irrational irrigational schemes, forest fires and land abandonment. On the
other hand, salinization is also associated (though not
uniquely) with climate change. In particular, some of the
effects of climate change include soil salinization and also
secondary salinization through irrigation and sea water
level rise. In combination with the higher evapotranspiration rates, the lack of sufficient water resources and the
increased irrigation that is generally experienced in the

recent years, as it has been already mentioned, may force
farmers to apply new irrigation schemes and alternative
forms of irrigation water, such as treated municipal wastewater (TMWW).
The natural water resources of Greece at the present
time are generally sufficient in relation to meeting the various water needs (agricultural, industrial, domestic or urban).
However, the fact that the country suffers from periodic
droughts every about five years, necessitates the use of
alternative water sources or marginal water, such as treated
municipal wastewater (TMWW) for meeting the irrigation
water needs.
At the present time, the TMWW reuse in Greece is
applied only to a limited extent, and only in non-food
crops such as cotton. However, sooner or later, the reuse
in Greece is expected to become a routine practice.
The annual demand of the country for water use is
given in Table 1. Most of the natural water is used for the
irrigation of crops (82.90%).

TABLE 1 - Annual water requirement for various uses according to water compartments (hm3).
Water compartment
Irrigation
Stockbreeding
Domestic water supply Industry
Other uses**
Total
W.Peloponnese
201.0
5.0
23.0
3.0
20.0
252.0
N.Peloponnese
401.5
6.0
41.7
3.0
452.8
E.Peloponnese
324.9
4.7
22.1
351.7
W.Sterea Ellada
366.5
9.0
22.4
397.9
Epirus
127.4
9.9
33.9
1.0
172.2
Attica
99.0
2.5
400.0
17.5
519.0
E.Sterea Ellada
773.7
9.9
165.6*
12.6
962.1
Thessaly
1550.0
12.0
54.0
1616.0
W.Macedonia
609.4
7.9
43.7
30.0
80.0
771.0
C.Macedonia
527.6
8.0
99.8
80.0
715.4
E.Macedonia
627.0
5.8
32.0
664.8
Thrace
825.2
7.1
27.9
11.0
871.2
Crete
320.0
10.2
42.3
372.5
Agean Islands
80.2
6.8
37.2
124.2
Total
6833.4
105.4
1045.0
158.1
100.0
8242.8
(*) This quantity is distributed as follows: 41.6 hm3 are used as potable water of the compartment, and 124.3 hm3 for the domestic potable water of
Athens; (**) Water used for freezing of the Electrical Power Station.

TABLE 2 - Natural water resources of Greece according to “Water Compartment”.
Water compartment
W.Peloponnese
N.Peloponnese
E.Peloponnese
W.Sterea Ellada
Epirus
Attica
E.Sterea Ellada
Thessaly
W.Macedonia
C.Macedonia
E.Macedonia
Thrace
Crete
Agean Island
Total

Surface area
(km2)
7301
7310
8477
10199
10026
3207
12341
13337
13440
10389
7280
11177
8335
9103
131962

Rainfall volume
(hm3)
8031
6404
6563
13973
17046
1642
9516
10434
10470
6068
4917
8574
7500
5192
116330

13

Evaporation
(hm3)
3614
2824
3290
5310
6818
1150
5257
6260
5654
3034
2722
5325
4874
3104
59236

Underground and surface
watwer potential (hm3))
4417
3580
3273
8663
10228
492
4259
4174
4816
3034
2195
3249
2626
2088
57094
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The irrigation water requirements are expected to increase in the future due to the climate changes, which
continuously become more frequent and more intense.
A summary of the water resources of Greece is reported below as follows:
(i) Atmospheric precipitations 115,375 Mm3/yr.
(ii) Total potential of natural water resources 60,000 Mm3/yr.
(iii) Total annual water use 8,150 Mm3/yr., or 84.7%
The above quantity is distributed according in various
uses as follows:
a Agricultural (crop irrigation) 6,900 Mm3/yr.
b Other uses (industrial, urban etc.) 1,250 Mm3/yr.
(iv) Outflows of wastewater 700 Mm3/yr.
(v) 2005 wastewater reuse in 2005, 6,000 Mm3/yr., or
0.07-0.09%.
(vi) Projected wastewater reuse 60,000 Mm3, or 0.75%
The above quantity is used by the following sectors:
(i) Agricultural sector: 6,900 Mm3/yr.
(ii) Other sectors (industrial, urban etc.) 1,250 Mm3/yr.

the desertification of land, the TMWW reuse in Greece,
which currently is in the state of research, will soon or later
become a necessity as an alternative water resource which,
even though it is considered to be marginal, will be necessary for the partial supplementation of the natural irrigation
water, covering little by little the increasing water demands
for natural irrigation water. Also, the TMWW is expected
to be reused for the improvement of soil fertility and
productivity of desertified soils, for irrigation of forest
species, city parks, road cleaning, and, of course, for the
irrigation of field crops, vegetables, and horticultural trees.
2.4. Status of wastewater research in Greece

As mentioned above, the current reuse of TMWW for
crop irrigation is limited, to about every five years at which
the drought periods appear. Consequently, the wastewater
produced annually, estimated to about 700 Mm3, is disposed into various receivers, which according to the geographic regions are shown in Table 3.
However, as the climatic changes become more severe,
and more frequent with the time, and. on the other hand. as
the water use is expected to increase significantly due to
the extension of drought periods as well as to the need for
more agricultural production, the TMWW reuse is expected
to become a routine irrigation practice.

The natural water resources, according to water compartment, are given in Table 2.
The forest fires of the summer of 2007 due to a prolonged drought, very high temperatures and the increasing
water scarcity incidents, necessitated the undertaking of
actions, such as Integrated Water Resources Management,
placed in the centre of priorities. In parallel, the uneven
spatial and seasonal distribution of water resources in Greece
is being addressed more effectively than in the past, aiming
at adopting, elaborating and implementing Regional Strategies that are compatible with the EU Water Framework
Directive [2].

In view of this situation, Greek farmers sooner or later
will be obliged to reuse the municipal wastewaters, which
at the moment are disposed into the above receivers. Therefore, relevant research is currently in progress, aiming at
creating a data basis that will be used to support the
wastewater reuse, and to face the relevant problems that
might appear due to the long-term reuse of TMWW.
Thus, many aspects of wastewater reuse have been investigated in the Department of Environmental and Natural
Resources Management of the University of Western
Greece. However, main emphasis has been placed on the
study of the effect of wastewater on soil and plant quality,
accumulation of heavy metals in soils and in plants, with
emphasis on the edible parts, on the interactions of heavy

2.3. Wastewater reuse in Greece, present and future status

Based on the afore mentioned topics, the combination
of the climate changes causing drought periods, the gradual
increase of the natural well irrigation water scarcity, and

TABLE 3 - The major receivers of TMWW in Grrece.
No
1
2
3
4
5
6
7
8
9
10
11
12
13
Total

Geographic
Region
W.Greece
Epirus
Ionian islands
Sterea Ellada
Peoponnese
Thessaly
Crete
Attica
E.Macedonia
W.Macedonia
C.Macedonia
N.Agean
S.Agean

TMWW Receivers
Sea
Lakes
8
1
3
0
9
0
10
0
11
0
4
0
8
0
10
0
5
0
0
1
6
1
7
0
16
0
97
3

Rivers
4
4
1
4
3
9
3
2
7
5
10
0
0
52

14

Torrents
2
0
0
2
0
0
1
0
2
0
4
0
1
12

Currents
1
0
0
0
2
1
0
3
0
1
18
0
0
26

Soil
0
0
0
4
2
0
1
0
1
0
4
0
1
13

Irrigation
0
0
0
0
0
0
2
0
0
0
0
0
0
2
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metals occurring in soil and plants between macro and
microelements and soil properties, quantification of interaction’s elemental contribution to soils and plants, distribution of elemental interactions in various plant parts
such as roots, stems, leaves, and edible parts, and application of multicriteria analysis for the management of
wastewater [4, 5].
One important problem which is within the context of
our concern is the combating of soil pollution with heavy
metals after long-term TMWW and sludge reuse. Basic concern is related to assessing, forecasting and preventing of
soil pollution. In this respect, experiments are being conducted to establish relevant indices and parameters that
will be used to assess the extent of soil pollution based on
the Concentration Factor (CF), and the calculation of the
Pollution Load Index (PLI), and Transfer Factor as a function of heavy metal concentration of plant dry matter, and
of maximum yield. In experiments conducted in the greenhouse, the following factors have been found:

ing to [6], the PLI is calculated as the nth root of the
product of nCFs, for soil samples taken at the same depth
and from the same site, i.e.:
PLI = n

CF1xCF 2 xCF 3, , , , , CFn ………

(1)

where, CF = the concentration factor of metal, and
numbers 1, 2, etc correspond to the respective metal.
In the present work, the reference metal concentration
values (Rm) were determined as the mean value of 44 soil
samples taken at 0-30 cm depth from 11 sites (locations),
distributed throughout the prefecture of Aitoloakarnania,
and from fields away from pollution sources. The assessment of soil pollution is made on the basis of the critical
PLI value which has been reported by [6], and is equal to
≤1. At this level, the soil metal concentration is equal to the
soil background value, signifying lack of pollution. On the
other hand, value >1.0 is indicative of soil pollution.
2.4.3. Optimum CF and PLI values

The optimum CF and PLI values were established by
regression analysis, and expressed as a function of cabbage whole plant dry matter (dm) yield. It was found that
the regression between maximum whole plant dm and CF
was statistically significant. Therefore, the plant dm yield
has been used as a reference point, because it is affected
by the level of soil pollution, which is expressed by the
PLI. The CF values that have been found as a function of
maximum cabbage plant dm yield, for each metal, are quantitatively classified according to the cabbage dry matter
yield reduction, as follows:
Whole plant: Cu-CF>Ni-CF>Pb-CF i.e. the highest
yield reduction corresponds to Cu-CF but the lowest to
Pb-CF, under the soil heavy metal content used in the
experiment.
The percent yield reduction corresponding to the above
optimum CF values has been calculated by means of regression analysis between CF and maximum dm yield. The
relevant equations shown below were used to calculate
the percent dm yield reduction using as independent variable, the CF.
Regression equations expressing the relation of CF to
the reduction of stem and whole plant dm yields, are given
below for whole plant:

2.4.1. Assessment of optimum Transfer Factor

The knowledge of the optimum transfer factor (TF) of
heavy metals from soil to plant is of vital importance,
because TF is an indicator of heavy metal mobility in
soils, and a factor that quantifies the existing differences
in the bioavailability of metals to plants. Preliminary
optimum heavy metal transfer factors were found by
multiple linear regression analysis (MLRA), under the
effect of treated municipal wastewater (TMWW), in the
context of a greenhouse randomized blocks experiment.
The treatments used were control (fresh well water), 25%,
50%, 75% and 100% TMWW, in 4 replications. Cabbage
(Brassica oleracea var capitata) was used as test plant.
The optimum metal TF was expressed, as a function of (i)
dry matter (dm) yield of cabbage plant parts (roots, leaves,
stems, head), and whole plant), (ii) dm metal content
(DMMC), and (iii) pollution load index (PLI). The following facts were found:
From the parameters used in the multiple regression
equation, the DMMC, and the PLI were found to be statistically significantly related to TF.
Preliminary optimum metal transfer values were calculated as follows: (i) The geometric mean of all metal TFs
for each plant part (root, leaves, stems, heads), and (ii) for
the whole cabbage plant. The tentative geometric mean TF
values found, reflecting the whole plant, were Zn 3.44 ,
Cu 0.93, Cd 4.32, Cr 116.67, Ni 2.86, and Pb 0.56 [5].

Yield (dm) = (Cu-CF) x (-2.227) +26.193 (R0.453, sign 0.045)
Yield (dm) = (Ni-CF) x (-11.040)+28.047 (R0.459, sign 0.04
Yield (dm) = ((Pb-CF) x (-0.956)+30.557 (R0.629, sign 0 .003).

The reduction that has been affected on the dm yield
by the optimum CF values is given for the whole plant and
for each metal as follows: Cu-CF 9.52, Ni-CF 7.24, Pb-CF
1.06
Examination of the above results reveals the following: (i) The range of the % yield losses is ≤1.06-9.52 for
the whole plant dm. This means that the optimum CF value
though it has been expressed as function of maximum dm,
it is associated with the above % dm losses, which are
unavoidable in actual agricultural practice.

2.4.2. Assessment of soil pollution

The approach for the assessment of soil pollution has
been based on the estimation of CF which is given by the
ratio of Sm/Rm, where Sm = Soil metal (mg/Kg) and Rm
= soil reference metal (mg/Kg). The CF shows the soil
pollution by a single heavy metal. As the soil pollution is
the result of a collective effect of heavy metals, it was
necessary to calculate the PLI which shows the overall
effect of heavy metals involved on soil pollution. Accord-
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As these results suggest that the CF gives information
about the pollution related to a specific metal, there is a
need for the determination of an optimum PLI value, which
will express collectively the effect of all the heavy metals
involved in soil pollution. Therefore, PLI value was calculated as geometric mean of the nth root of nCFs” by means
of relation (1), as suggested by [6]. Thus, the optimum PLI
value was found to be ≤ 2.0 -2.50, and it could be used as a
critical value for the assessment of the soil pollution level.

where, M1, M2, M3... Mn is the concentration of each
of the metals involved in pollution expressed in mg/kg soil.
(iii) The Total Concentration Factor (TCF) equal to the
ratio of the sum total of soil heavy metals concentration to
the sum total of their corresponding l reference values, i.e:
TCF = [(M1+M2+M3. .Mn)/(M1r+M2r+M3r.Mnr)] (3)
where, M1, M2, M3....Mn is the concentration of
each heavy metal involved in pollution. and M1r, M2r,
M3r……Mnr is the concentration of each reference metal
(mg/kg soil).
The credibility of these indices has been tested against
the PLI values. It was found that the EPI, HPL, and TCF
values were statistically and highly significantly correlated
with the PLI values, and dry matter yield, respectively, the
relation being in all cases linear, while in the case of dry
matter, it is curvilinear. The values of the above indices
compared to the critical value of PLI (≤ 1) [6[ were: EPI
0.5, HML 13.6 mg/kg of soil, and TCF 2.40, for the additional reason that these values have been calculated on the
basis of maximum lettuce dry matter yield.
The soil of the experiment under consideration was
found to be non-polluted. Therefore, it was not possible to
establish critical values for universal use. The relevant research is in progress, and since the establishment of variable pollution levels in the soil will take some years, it is
expected that by using varying levels of sludge enriched
with heavy metals, it will be possible to create varying
pollution levels in short time, which could lead to the finding of critical levels for universal acceptance.

Based on the above optimum PLI range, and taking
into account that the calculated PLI of the soil, used in the
present work, is on the average 2.03, it is concluded that
the experimental soil is very close to the critical range,
and, therefore, the soil was considered to be non-polluted.
2.4.4. Determining new indices for soil pollution assessment

Three new indices for soil pollution assessment have
been created on the basis of the unpublished experimental
analytical lettuce dry matter yield data, comparing the
results with the pollution load index (PLI), which was
used as a reference index because PLI is recognized as a
credible index for the assessment of soil pollution [6-9].
In the international literature, the following indices
for heavy metal soil pollution assessment have been proposed, the most important being: (i) Concentration Factor
(CF), (ii) Pollution Load Index (PLI) [6], (iii) the Geologic Index (Igeo), originally used with bottom sediments [10]
but later applied to road dust heavy metal content [11,
12], (vi) the Enrichment Factor (EF) [13], and (v) the
Degree of Contamination [14].
By definition, soil pollution is a highly complex, elementally collective, and interactive process, which is due
to the main contribution effect of each single metal i.e to
the metal concentration effect in the soil, and to the interaction effect between macro, microelements, heavy metals
and soil physical and chemical properties. Consequently,
any method which is to be used for the assessment of soil
pollution, must include all heavy metals involved in the
pollution process under the given soil conditions.

3. IRAN
3.1. The challenges of wastewater reuse

In Iran, located in arid and semi-arid region, water resources are limited, and historically, a special concern has
emerged on water shortage problems by government agencies and consumers. The mean annual precipitation in Iran is
about 250 mm, which varies considerably, from 50 mm in
the eastern and central part to 300-2000 mm in the western-north and northern part of the country.

The following indices have been determined, based
on unpublished experimental data related to the study of
the effect of various levels of sludge (0 , 6 , 12, 18, 24 and
26 t/ha) on lettuce growth and yield:

3.2. Water resources

Iran’s renewable water resources are estimated at about
128.5 billion m 3 year-1 (mean for 1997-2001). Surface
runoff represents a total of 97.3 billion m3 per year, and
5.4 billion m3 annually is originating from drainage of the
aquifers. Groundwater recharge to about 49.3 billion m3
year-1, of which 12.7 billion m3 year-1 is originating from
infiltration in the river bed. Iran receives also 11.3 billion
m3 year-1 of surface water from common water resources
with other countries, such as the Helmand and the Aras
River [15].

(i) The elemental pollution index (EPI) calculated
as the geometric mean of the respective heavy metal concentrations, given by the following relation:
EPI =

n

M 1xM 2 xM 3.....Mn _……….

(1)

where, M1, M2, M, Mn are the concentrations of soil
heavy metals involved in the pollution (mg/kg soil).
(ii) The heavy metal load (HML) based on the sum
total of the heavy metals studied, and calculated by the
relation:
HML = (M1+M2+M3…..Mn)………….

3.3. Water uses and consumption

The total volume of underground and surface water
was estimated to about 92 billion m 3 year-1 in 2004, of

(2)
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which 85 billion m3 year-1 was used (94%) for agricultural
purposes and 7 billion m3 year-1 for drinking and industries purposes [16]. The main authority in charge of water
supply and delivery to the different user’s groups is the
Ministry of Energy. In relation to water management, the
Ministry has two master organizations i.e. "Water Organization" and "Water and Sewage Company”. The planning
and decision making of the Water Organization is shifting
toward a balance between water demand and supply, and
consumption control.
Water and Sewage Company is the responsible organization for the distribution and delivery of drinking water to
municipal consumers through planning, policy making and
fundamental managements. With regard to implementations
of this sector, up to 2008, sixty Water and Sewage Companies were active in thirty provinces of Iran functioning as
"Provincial Water and Sewage Companies for water and
wastewater provision.
During recent years, water shortage problems were
more pronounced in large cities of Iran, such as Tehran,
Esfahan and Mashhad, and mainly in the agricultural environments because over 90% of natural water resources of
Iran is used for irrigation practices. The increase of industrial and commercial activities along with the urban expansion, on the other hand, in Iran as a developing country,
led to consumption of a large volume of fresh water and
generated high amounts of wastewater in recent decades.
In this context, the combination of fresh water shortage,
the fate of nutrients in wastewater along with the abundance and availability of wastewater around croplands
made the reuse of wastewater an attractive solution for
irrigation by farmers in urban and peri-urban regions of
the country, both treated and untreated. Indeed, using
wastewater for irrigation of crops grown on agricultural
land can appear to be a beneficial option [17]. The main
sources of wastewater in Iran are (i) the domestic supply,

and (ii), the large polluting industries. The large volumes
of consumed fresh water generate greater amounts of
wastewater. In general, sugar mills, pulp and paper factories, petroleum distilleries, and petrochemical production
units, food processing, and tanneries are highlighted as
the major polluting industries in Iran (Table 4).
3.4. Untreated wastewater production and disposal

The volume of municipal and industrial wastewater in
1996 was about 3.3x109 m3 of which 2.5x109 m3 originated from municipal sewage [18]. Also, in 2004, about 3.9x
109 m3 from municipal and industrial wastewater were produced of which only 9 and 31% were treated, respectively.
Similarly, in 2010, about 5.6x109 m3 wastewater was produced of which only 820x106 m3 were treated (Table 5).
Commonly, untreated wastewater is dumped directly
into the sewage wells, lakes, rivers, sea, and agricultural
lands which can be greatly polluted. The present
wastewater reuse is summarized as follows [19]:
3.5. Wastewater reuse

Indirect potable reuse of wastewater by seepage pit
infiltration through layers of the ground ultimately reaching and recharging aquifers.
Direct use: Untreated or partially treated wastewater is
used directly for irrigation without any mixing or dilution.
Indirect use: Untreated wastewater used for irrigation
mixed with the rain water of small streams or tributaries
of larger water rivers.
Direct use is planned where the reclaimed water is
transported from the point of treatment to the point of use
without any intervening discharge to waters. Typically,
this wastewater reuse type is used for irrigation practices
in agricultural land and green environments, mainly in
places where drinking water is not adequate.

TABLE 4 - The main polluting industries of Iran in 2001 [20].
The value of wastewater (m3 year-1)

Type of industries
Pulp and pupa
Diaries
Canneries
Vegetable oil and margarine
Slaughter houses
Metal production
Sugar mill
Beverages (non-alcoholic)
Textiles
Petroleum products
Tanneries
Total

18.0 * 106
2.21 * 106
2.713 * 106
1.461 * 106
2.213 * 106
23.27 * 106
20.0 * 106
2.176 * 106
5.507 * 106
8.317 * 106
5.0 * 106
90.867 * 106

Treated wastewater (m3 year1
)
3.24 * 106
6.63 * 105
4.34 * 105
7.31 * 105
5.5 * 105
10.94 * 106
3.0 * 106
1.37 * 106
2.1 * 106
3.91* 106
1.25 * 106
28.188 * 106

Total wastewater treated
18
30
16
50
25
47
15
63
38
47
25
31

TABLE 5 - Amount of municipal wastewater produced of Iran in 2010 [19].
Category
Volume

Wastewater produced
5.6 x109

Wastewater collected
1.162 x109
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Wastewater treated
820 x106

Wastewater reused
328 x106
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Since 1991, a huge effort was made for wastewater
treatment and reclamation in Iran. The 39 municipal
wastewater treatment plants produced 712,000 m3 day-1 of
treated wastewater in 2001, 112 treatment plants generated 1.6x106 m3 day-1 in 2010, and currently 2.425 x106 m3
day-1 are being produced by 129 treatment plants [19].
Nowadays, over sixty companies are responsible for
water and wastewater services in Iran which distribute the
water in thirty provinces. These companies are the main
authority for collecting and reusing wastewater in urban
and rural areas. Overall, the municipal wastewater is used
for the irrigation of parks, forested regions, fruit trees,
various vegetation, plantations, and green environments.
Since the period of 1984-1991, the Environmental Protection Organization with cooperation of other organizations
issued standards and guidelines in relation to wastewater
reuse for different purposes (Table 6). The guidelines
were further improved in 2007. However, it seems that
development of new legislation is needed for the protection of public health, from the reuse of the municipal
wastewater.

soil characteristics [21]. Results showed a significant increase (P≤ 0.05) of soil organic carbon (13-44%), total N
(80-110%), available P (Olsen method) (270-330%), and
available K (5-50%), after four decades of application of
wastewater, compared to the control (well water-irrigated
soil). The effects of municipal sewage irrigation on the
soil and black locust (Robinia pseudoacacia L.) tree in the
south of Tehran were studied [22]. The results showed
that the 15-year reuse of the municipal sewage led to a
significant increase (P≤ 0.01) of organic carbon and nutrient elements (N, P, K, Ca, Mg, Na, Fe, Cu, Mn, and Zn)
of sewage-irrigated soil when compared to the soil treated
with well water. Tree growth in municipal irrigation stand
was significantly (P≤ 0.01) higher than that of well water
irrigated trees, as indicated by the diameter at breast height,
total height, crown length, average crown diameter, basal
area, and volume. A significant increase (P≤ 0.05) of soil
N, P, K, organic carbon, Ca, Mg, and Na was found following irrigation with treated municipal wastewater in the
east of Iran, where sorghum plant was irrigated by both
well water and wastewater [23]. In Table 7, the contents
of nutrient elements of municipal wastewater produced in
some representative cities of Iran, are reported.

3.6. Wastewater research status in Iran and results obtained

In Iran, soil–plant system under wastewater irrigation
has both positive and negative effects. Examples of the
positive effects are the favorable modifications brought
about on soil – plant quality, which increased the level of
soil fertility characteristics, resulting in improvement of
plant yield. Twelve soil profiles were sampled, and 62 soil
cores were taken from two neighboring landscapes in the
northwest part of Iran with the view to understand whether
long-term wastewater irrigation has caused variations in

In contrary to positive aspects of wastewater reuse, increase of soil salinity, undesirable pH, and enhanced heavy
metal concentration in soil and plant are the most important
aspects that may affect adversely agro-ecosystem quality.
For instance, in well-documented studies by Iranian researchers, it was shown that the reuse of municipal
wastewater, generally, can lead to the rise of soil salinity.
It was found that application of municipal wastewater
resulted in a significant increase of the electrical conductivity (EC)

TABLE 6 - Iran’s wastewater guidelines and criteria set for different uses [20].
Parameter
BODa
CODb
Nitrate
Phosphorus
pH
Calcium (Ca)
Magnesium (Mg)
Chloride (Cl)
Sulfate (SO4)
Arsenic (As)
Boron (B)
Cadmium (Cd)
Chromium (Cr)
Cobalt (Co)
Copper (Cu)
Iron (Fe)
Lead (Pb)
Manganese (Mn)
Molybdenum (Mo)
Nickel (Ni)
Selenium (Se)
Silver (Ag)
Vanadium (V)
Zinc (Zn)

Discharge to surface water
50
100
50
1
6.5-8.5
3.75
8.2
16.9
4.17
0.1
0.1
0.2
0.5
1
1
3
1
1
0.01
2
1
1
0.1
2

Acceptable level (mg L-1)
Discharge to ground water
50
100
10
1
5.9
0.1
0.2
1
1
1
0.01
2
0.1
0.1
0.1
-
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Discharge to agricultural land
100
200
6-8.5
8.2
6
5.21
0.1
0.05
0.05
1
0.05
0.2
3
1
1
0.01
2
0.1
0.1
0.1
2
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Biochemical Oxygen Demand; b Chemical Oxygen Demand
TABLE 7 - The nutrient element contents of municipal wastewater of representative cities of Iran (mg L-1).

pH
7.51-7.75

NH4+-N
8.1-10.24

NO3--N
1.58-1.89

pH
7.8-7.95
7.9

NO3--N
PO4-3-P
25.3-33.55
3.52-6.13
28.9
5.0
City URMIA [24]

PO4-3-P
11.45-14.13
K
20.11-26.2
23.2

K
Ca
33.1-46.3
235.5-296.2
City TEHRAN [22]
Parameter
pH
Range
8.4-9.81
Mean

Mg
100.9-124.0

Na
135.9-150.2

PO4-3-P
K
26.0-38.0
20.0-39.0
35.0
23.0
City SHIRAZ [25]

Fe
5.44-7.25
Ca
9.9-10.7
9.3

TABLE 8 - Trace element concentrations of municipal wastewater of some representative cities of Iran (mg L-1).
Parameter
Range
Mean
Refer-

Zn

Cu

Mn

Pb

Ni

Cr

2.91-4.2
1.1-1.97
3.3
1.26
City TEHRAN [22]

3.57-6.71
5.01

0.08-0.15
0.106

0.05-0.12
0.081

0.07-0.14
0.104

Zn

Mn

Pb

Cd

Ni

0.22-0.37
0.25

0.19-0.46
0.35

0.12-0.27
0.19

0.03-0.06
0.0.04

Mn

Pb

Cd

Cr

0.07-0.11
0.084

0.089-0.585
0.33

0.004-0.012
0.007

0.044-0.191
0.11

ence
Parameter
Range
Mean
Reference
Parameter
Range
Mean
Reference

Cu

0.29-0.58
0.165-0.39
0.47
0.29
City URMIA [24]
Zn

Cu

0.013-0.107
0.081-0.15
0.065
0.113
City SHIRAZ [25]

and sodium adsorption ratio (SAR), mainly as a result of
high level of soluble salts in the wastewater [22, 23]. These
authors reported an EC level 2.4 and 3.2 times higher in
municipal wastewater compared to well water in cities of
Urmia and Tehran. In this context, it is worth-noting, also,
that minor changes in pH of Iranian soils was recorded,
following long-term wastewater irrigation, because soils
are alkaline and calcareous and well-buffered to pH changes
throughout the country.
Among municipal wastewater threats, accumulation
of heavy metals in soils and plants constitutes an important issue that needs careful attention. In the light of
this, relevant results obtained with wastewater irrigation
show that soil and plants can be enriched with heavy
metals to toxic ranges, entering the food-chain.
Thirty-nine paired soil samples belonging to the order
of Inceptisols, irrigated with wastewater and with well
water, were studied in order to monitor the DTPA-extractable and total concentrations of Zn, Cu, Cd, and Pb, respectively, in the Western-Azarbaijan province, north-west of
Iran [24]. The soils of the region have been continuously
cropped with fruit trees, such as apple (Pyrus malus), apricot (Prunus armeniaca), peach (Prunus persica), and horticultural vegetables, such as cabbage (Brassica oleracea var
capitata), beans (Phaseolus vulgaris L.), and lettuce (Lactuca sativa L.), and has received wastewater for at least
40 years as flooding irrigation. The main sources of

wastewater include municipal wastewater, grey waters, and
industrial effluents, which are used directly by local farmers. Irrigation with wastewater resulted in enrichment from
3.5 to 7.0, 1.8 to 3.4, 2.4 to 3.5, 3.0 to 3.5 times greater
amounts of DTPA-extractable Zn, Pb, Cu, and Cd, respectively, than those of control. Comparing to the adjacent
control soils, the total forms of the examined metals were
3.6-7.0, 2.8-4.9, 4.4-4.7, and 1.8-2.3 times higher, respectively. The impact of untreated wastewater irrigation on
soil and crop in Shiraz sub-urban area in south-west of Iran
was also investigated, where some agricultural lands have
been under wastewater irrigation for an unknown period
of time [25]. This study was confined to two wheat farms
and two vegetable cultivation sites. In the wheat farms
(site A), the wastewater and sludge were used directly to
irrigate the crops. In the vegetable farms (site B), both
wastewater and well water were used periodically. Well
water-irrigated soils were sampled from a control location
for comparison (site C). The Pollution Load Indexes (PLIs)
and Contamination Factors (CFs) for soils and Hazard quotients (HQ) for some vegetables were also calculated. The
results showed the use of treated wastewater has caused
the following changes as compared to control site: (i) build
up of heavy metals (notably Pb and Ni) in topsoil above
Maximum Permissible Limits (MPLs) indicating a moderate contamination (PLI>1, CF>2.5); (ii) contamination
of some vegetables (spinach and lettuce) with Cd due to
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its high phytoavailability in topsoil causing a HQ>1(the
adverse health impacts); (iii) excessive accumulation of
Ni and Pb in wheat due to continual addition of heavy
metals through long-term wastewater application. Some
references that showed the content of trace metals in different cities of Iran are summarized in Table 8.

[2]

Ministry of Environment,Energy, and Climatic Change,
(2010) 5th Communication to the United Nations Framework
Convention on Climatic Change.

[3]

Yassoglou N. (2000). Climate change and soil. s.l.: EEA, p.
134.

[4]

Kalavrouziotis I.K., Filintas, A., Koukoulakis P.H. and
Hatzopoulos, J. (2011). Application of multicriteria analysis
in the Management and Planning of Treated Municipal
Wastewater and Sludge reuse in Agriculture and Land Development: The case of Sparti’s Wastewater Treatment Plant,
Greece. Fresenius Environmental Bulletin 20 (2), 287-295.

[5]

Kalavrouziotis I.K., Koukoulakis, P.H, H., Robolas, P., Papadopoulos, A. and Pantazis, V. (2008) Macro and micronutrient interactions in soil under the effect of Brassica oleracea
var. Italica, irrigated with Treated Municipal Wastewater.
Fresenius Environmental Bulletin 17 (9a), 1270-1282.

[6]

Cabrera, F., Clemente, L., Diaz Barrientos, E., Lopez, R.,
Murillo, J. M. (1999). Heavy metal pollution of soils affected
by the Guadiamar toxic flood. The Science of the Total Environment, 242, 117–129.

[7]

Khan, S.., Cao, Q., Zheng, Y.M., Huang, Y.Z. and Zhu,Y.Z.
(2008). Health risks of heavy metals in contaminated soils
and food crops irrigated with wastewatwer in Beijing,China,
Environmental Pollution 152:686-692

[8]

Liu, Wen-Hua, Zhao Jing-Zhu, Ouyang, Zhi-Yun, Soderlund
Leif, Liu, Guo-Hua. (2005). Impacts of sewage irrigation on
heavy metal distribution in Beijing, China. Environmental International, 31, 805–812

[9]

Nan, Z., Zhao, C., Liu, X., Saha, U.K., Lena, Q., Ma and Abigail, R. and Clarke-Sather, R., (2010). The uptake and translocation of selected elements by cole (Brassica) grown using
oasis soils in pot experiments 2010. Toxicological and Environmental Chemistry 92 (8): 1541-1549.

4 CONCLUSIONS
The Greek and Iranian States recognizing the urgent
need for combating the irrigation water scarcity, which becomes more acute with the time, due to the climate changes
and to the need for protecting the environment and securing
a desired life quality, have focused their efforts towards
establishing the necessary conditions for integrating the
wastewater reuse into the irrigation water management
strategy. In this direction, legislative measures are being
taken towards regulating and establishing standards and
wastewater reuse guidelines for monitoring the
wastewater reuse, particularly for crop irrigation practices, with the view to prevent environmental degradation
and to minimize health risks. Also in both countries,
research work is under progress in order to establish the
necessary conditions and the relevant database that will
help to safely integrate the wastewater reuse into the
strategies, for an effective water scarcity management as
follows:
In Greece, the effect of treated wastewater is being
studied on soils and plants in relation to the accumulation
of heavy metals, with emphasis on the edible plant parts.
Also, special attention is being focused on the interactions
between heavy metals and macro/micronutrients and soil
chemical and physical properties, and on the quantification of contributing elemental interactions. Attention is
directed towards establishing indices for the evaluation of
soil pollution with heavy metals.
In Iran, the research is oriented towards the study of
the wastewater effect on the accumulation of heavy metals and plant nutrients in the soil, and on its fertility. Also,
proper wastewater management is based on periodic analysis of soil, and studies of heavy metal bioavailability to
plants. Similarly, investigations are focused on the longterm effects of wastewater on soils and plant growth.

[10] Muller, G., (1969). Index of geoaccumulation in sediments of
the Rhine river J.Geol2:108-118
[11] Lu,X., Wang, L. , Lei, K. , Huang, J., Zhai, Y. (2009). Contamination assessment of copper, lead, zinc, managanese and
nickel in street dust of Baoji NW China, J. H Hazardous Materials 161:1053-1062
[12] Srinivasa, G.,. Ramakrishna Reddy, S., M , Govil P.K. (2010).
Assessment of heavy metal contamination in soils at Jazmau
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ABSTRACT

1 INTRODUCTION

Environmental fate of chlorobenzoates will depend on
their hydrophobicity which in turn depends on the pH of
contaminated environments. At present, only experimental
hydrophobicities of non-ionised forms of chlorobenzoates
are available. Therefore behaviour of the ionised forms in
the 1-octanol/water partition system are reported here for 2chlorobenzoic acid, 3-chlorobenzoic acid, 4-chlorobenzoic
acid, 2,4-dichlorobenzoic acid, 2,6-dichlorobenzoic acid
and 3,5-dichlorobenzoic acid. Rate constant of the phase
transfer from water into the 1-octanol phase (l1) ranged
from 0.45 × 10-2 to 2.87 × 10-2 dm/min. The l1 values varied with the initial chlorobenzoate concentrations in the
1-octanol phase and the changing chlorine substitution
pattern. However, no systematic trends could be established
with either variable. Rate constants of phase transfer from
the 1-octanol phase into water (l2) ranged from 0.93 × 10-2
to 2.73 × 10-2 dm/min. The l2 values were directly proportional to the initial chlorobenzoate concentrations in the
1-octanol phase for mono-chlorobenzoates and indirectly
for di-chlorobenzoates. Chlorination in the para-position
increased the l2 values. Logarithms of the 1-octanol/water
partition coefficient varied between -0.783 for 2,4-dCBA
and 0.368 for 3-CBA. Both l1 and l2 exhibit previously
observed bilinear dependences on the partition coefficients.
Results indicate that chlorobenzoates will be mobile in contaminated environments, most likely causing groundwater
contamination. Data for 3-CBA provide some explanations
of previously reported data on its toxicity towards Pseudomonas stutzeri during PCB biodegradation.

Chlorobenzoates are used in various industries and
they are also formed during biodegradation of anthropogenic chemicals in contaminated environments. Orthochlorobenzoic acid (2-chlorobenzoic acid; 2-CBA) is used
as a preservative in glues and paints, while 4-chlorobenzoic
acid has been used in plasticisers for many years (4-CBA)
[1]. Both compounds are also intermediates in the production of dyes and fungicides [1]. Synthesis of the antimalarial drug Atabrine (also known as Quinacrine) contains
2,4-dichlorobenzoic acid as an intermediate (2,4-dCBA)
[1]. The same chlorobenzoate is also used in the production
of the diuretic Lasix and as a chain modifier in the synthesis of polyamide and organosilicone polymers [2]. During
biodegradation of dichlobenil, 2,6-dichlorobenzoic acid (2,6dCBA) is formed as an intermediate [3]; while 3,5-dichlorobenzoic acid (3,5-dCBA) is used as a herbicide [4].
The environment can become contaminated with chlorobenzoates through the release of effluents from the respective
manufacturing plants, from spills during transport of the
chlorobenzoate-rich wastes, or through land disposal of the
unused products [5]. Mono-chlorinated benzoic acids are
formed as by-products during chlorination in wastewater [6].
Experiments on laboratory animals have shown that 2,6dCBA and 3,5-dCBA interfere with the membrane chloride conductance in the skeletal muscle cells [7]. Various
chlorinated benzoic acids have been reported as biodegradation intermediates of polychlorinated biphenyls (PCBs)
in the relevant contaminated areas, e.g. 3-chlorobenzoic
acid (3-CBA) [8-10]. Formation of these compounds
often inhibits further removal of PCBs [8]. Based on the
above mentioned information, presence of chlorobenzoates in the environment is undesirable. Prediction of environmental fate is based on several parameters including
Henry’s law constants [11] and accumulation in lipid
tissues [12]. In the case of chlorinated organic substances,
hydrophobicity plays a key role in this context [13]; and
only limited information is available for chlorobenzoates

KEYWORDS: chlorobenzoates, 1-octanol/water partition coefficient, slow-stirring technique.
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[14, 15]. To obtain a more detailed understanding, the 1octanol/water model system is used in this study to
characterise the hydrophobicity of 2-CBA, 3-CBA, 4CBA, 2,4-dCBA, 2,6-dCBA and 3,5-dCBA.

[A ]
−

X=

[HA]

(1)

The X values were calculated at the relevant pH values using the Henderson-Hasselbach equation and the
pKa values [18]. Results of the calculations are shown in
Table 1. As it can be seen the X values range from 1.77 ×
103 to 6.46 × 105, i.e. 99.9 % of the molecules of all chlorobenzoates studied will be present in the ionised form in
the aqueous phase inside the pH interval of interest.
Therefore hydrophobicities of all chlorobenzoates were
measured at pH=7.40 in the aqueous phase (0.027 M sodium phosphate buffer) [19]. The molarity of the buffer was
decreased to maintain pH buffering and to minimise any
potential influence of phosphate ions on the transport of
chlorobenzoates in the 1-octanol/water system. All experimental measurements were performed in the slow-stirring
apparatus depicted in Fig. 1 [20].

2 MATERIALS AND METHODS
The following chemicals were purchased from Merck
Co. (Bratislava, Slovakia): 2-CBA, 3- CBA, 4-CBA, 2,4dCBA, 2,6-dCBA and 3,5-dCBA. Pliva-Lachema (Brno,
Czech Republic) was the source of Na 2HPO 4.12H 2O,
NaH 2PO 4.2H 2O and 1-octanol. HCl and KCl were purchased from the Chemapol Group (Praha, Czech Republic),
while methanol and acetic acid were purchased from
Mikrochem (Pezinok, Slovakia). The purity of all chemical compounds was 99 % or higher, and these were used
as purchased and obtained from the suppliers.
If chlorobenzoates are present in contaminated environments, then the pH values generally range from 7.00 to
8.00 [16, 17]. Therefore the SPARC online calculator version 4.5 (available at: http://sparc.chem.uga.edu/sparc/) was
used to calculate the pKa values of all chlorobenzoates in
water as shown in Table 1. These were then used to estimate the ratio between the molar concentrations of the
ionised form ([A-]) and that of the non-ionised form of
chlorobenzoates ([HA]) in the aqueous phase at pH of the
contaminated environments (X). Definition of X is shown
in Eq. (1).

TABLE 1 - Degree of ionisation of the chlorobenzoates studied at
pH values from 7.00 to 8.00.
CBAa
pKa
X(7.00)b
X(7.40)b
X(8.00)b
3
4
2-CBA
3.12
7.59 × 10
1.91 × 10
7.59 × 104
3-CBA
3.60
2.51 × 103
6.31 × 103
2.51 × 104
4-CBA
3.75
1.77 × 103
4.47 × 103
1.77 × 104
2,4-dCBA
2.83
1.48 × 104
3.72 × 104
1.48 × 105
2,6-dCBA
2.19
6.46 × 104
1.62 × 105
6.46 × 105
3,5-dCBA
3.17
6.76 × 103
1.70 × 104
6.76 × 104
a
CBA stands for the particular chlorobenzoate.
b
Degree of ionisation with the number in brackets representing the pH
value of the aqueous phase.

FIGURE 1 - The slow-stirring apparatus for the measurement of hydrophobicities of the studied chlorobenzoates. The internal diameter of
the apparatus (inside the contacting cell) was 47 mm. The dimension of the stirrer blades were as follows: radius 13 mm, width 16 mm and
distance between blade pairs 22 mm. The central shaft diameter is 8 mm. All experiments were performed at 25 ± 0.1 °C and 120 rpm. The
apparatus was covered with aluminium foil during experiments to prevent photodegradation of the chlorobenzoates studied.
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The water-saturated 1-octanol and the 1-octanolsaturated aqueous phase were prepared by contacting the
pure solvents in the slow-stirring apparatus at 25.0 ± 0.1 °C
overnight. The studied compounds were dosed into the
system dissolved in the water-saturated 1-octanol; and these
solutions are referred to as working solutions in further text.
Working solutions were prepared by weighing out the required amount of the particular chlorobenzoate into a clean
50 cm3 volumetric flask and adding 45 cm3 of the watersaturated 1-octanol. The volumetric flask was stoppered
and the chlorobenzoate crystals were completely dissolved.

x 5 µm; both purchased from Shimadzu, Bratislava, Slovakia). The mixture of methanol: 1 % acetic acid (60:40
v/v) was used as the mobile phase at the flowrate of 0.8
mL/min.
The mobile phase was degassed by sonication in the
ultrasonic Compact Cleaner TESON 4 (TESLA, Vráble,
Slovakia) for 15 minutes before use. The injection volume
for all HPLC analyses was 20 µL. The UV detector was
set to the maximum wavelengths for given chlorobenzoates (see the UV spectrophotometry above). Calibration
curves were constructed as the dependence of the peak
area on the chlorobenzoate concentration. Limits of detection and quantitation were comparable to the analyses of
the 1-octanol phase. The average spiking accuracy and the
mass balance of chlorobenzoates during the transport experiment was equal to 99 ± 3 % of the target. The only
exception was observed for 3-CBA at the initial concentration of 496 mg/dm3 with the value equal to 133 %. All
calculations were corrected for respective spiking accuracies/mass balances.

The volume was brought up to the mark with the water-saturated 1-octanol. The experiments were performed
at the initial concentrations of the working solutions of
approximately 500 and 1000 mg/dm3. For the measurements, 160 cm3 of the 1-octanol-saturated aqueous phase
was poured into the slow-stirring apparatus which was
temperated at 25.0 ± 0.1 °C for 15-20 minutes. The working solution of the particular chlorobenzoate was temperated at 25.0 ± 0.1 °C in the Biological Thermostat BT 120
(Laboratórní přístroje Prague, Czech Republic) for the
same time period. Using a glass capillary, the particular
working solution was carefully surfaced over the aqueous
phase in the slow-stirring apparatus and the stirring of
both phases was initiated at 120 rpm, marking the beginning of the experiment.

3 RESULTS AND DISCUSSION
Transport kinetics of selected chlorobenzoates in the 1octanol and the aqueous phase are shown in Figs. 2 and 3.
Concentrations in the 1-octanol phase decreased as a function of time, while the opposite trend was observed in the
aqueous phase for all the compounds studied. The equilibrium chlorobenzoate concentrations in the 1-octanol phase
ranged from 11.9 mg/dm3 (recorded for 2,4-dCBA at the
initial working solution concentration of 491 mg/dm3) to
293 mg/dm3 (recorded for 3-CBA at the initial working
solution concentration of 496 mg/dm3). In the aqueous
phase, the respective values varied between 115 mg/dm3
(recorded for 3,5-dCBA at the initial working solution concentration of 499 mg/dm3) and 300 mg/dm3 (recorded for
2,4-dCBA at the initial working solution concentration of
1010 mg/dm3). Apparent transport equilibrium was reached
after 59 to 247 minutes, with the shortest times recorded for
2,4-dCBA at the initial working solution concentration (C0;
mg/dm3) of 1015 mg/dm3 and for 2,6-dCBA at C0 = 1025
mg/dm3. The longest period was observed for 3-CBA at
the C0 value of 493 mg/dm3.
To determine the rate constants of passive transport
and the 1-octanol/water partition coefficients, a simple
kinetic model was considered where it is assumed that the
chlorobenzoate diffusion in both phases of the 1octanol/aqueous phase system is instantaneous. If the
physical model assumptions apply then the transport of
chlorobenzoates in the system can be described using a
system of linear differential equations, as shown in Eqs.
(2) and (3).

The stirring speed was chosen in order to prevent formation of emulsions in the experimental system. The slowstirring apparatus was covered with aluminium foil during
the experiments to prevent photodegradation of chlorobenzoates. At respective times, aluminium foil was removed
and the stirring was temporarily interrupted. Both phases
were sampled using 2 cm3 glass syringes with metal needles (Sigma-Aldrich, Johannesburg, South Africa) through
the respective sampling ports. After sampling of both phases,
the apparatus was again covered with aluminium foil and the
stirring of both phases was resumed. The sampling procedure was always completed within 1 minute and it was
performed after 0 to around 240 minutes into the duration
of the experiment. All experiments were run in duplicate.
Concentrations of the chlorobenzoates in the 1-octanol
phase were determined by UV spectrophotometry using the
UV-1601 spectrophotometer (Shimadzu, Bratislava, Slovakia). The wavelengths of the UV maxima were as follows: 280 nm for 2-CBA and 2,6-dCBA, 281 nm for 3CBA, 236 nm for 4-CBA, 234 nm for 2,4-dCBA and 288
nm for 3,5-dCBA. Calibration solutions and dilutions of
the samples were done in methanol and the calibration
range was 5-100 mg/dm3. For individual chlorobenzoates,
the limits of detection and quantitation ranged from 0.51.2 mg/dm3 and from 5-15 mg/dm3, respectively. Samples
of the aqueous phase were analysed for the chlorobenzoate
concentrations using the HPLC-UV analyses by direct injection of undiluted samples or after dilutions in methanol.
The chromatographic analyses were performed on the
LC-10AT VP liquid chromatograph equipped with the
WATREX Nucleosil 120-5 C18 column (250 mm x 4 mm

−
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⎛ l × S ⎞
dC1 ⎛ l2 × S ⎞
⎟ × C1 − ⎜⎜ 1
⎟⎟ × C2
= ⎜
dt ⎜⎝ V1 ⎟⎠
⎝ V1 ⎠

(2)

(3) 	
  

⎛ l × S ⎞
⎛ l × S ⎞
dC2
⎟⎟ × C1 + ⎜⎜ 1
⎟⎟ × C2
= −⎜⎜ 2
dt
⎝ V2 ⎠
⎝ V2 ⎠
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FIGURE 3 - Concentration of 2,6-dCBA in both phases of the
slow-stirring system at the initial working solution concentrations
of 484 mg/dm3 (a) and 1025 mg/dm3 (b). Experiments were conducted at 25 ± 0.1 ºC and 120 rpm. Solutions were shielded from light
with aluminium foil.

250

time (minutes)
FIGURE 2 - Concentration of 2-CBA in both phases of the slowstirring system at the initial working solution concentrations of
545 mg/dm3 (a) and 1000 mg/dm3 (b). Experiments were conducted at 25 ± 0.1 ºC and 120 rpm. Solutions were shielded from light
with aluminium foil.

In Eq. (2) and (3), C1 is the concentration of the respective chlorobenzoate in the 1-octanol phase at the given
time (mg/dm3) and C2 is the concentration of the respective
chlorobenzoate in the aqueous phase at the given time
(mg/dm3). V1 is the volume of the 1-octanol phase (0.050
dm3) and V2 is the aqueous phase (0.160 dm3). S is the area
of the 1-octanol/aqueous phase interface (0.168 dm2) and t
is time (min). Symbols l1,2 stand for the rate constants of
passive transport from the aqueous phase into the 1-octanol
phase (subscript 1; dm/min) and from the 1-octanol phase
into the aqueous phase (subscript 2; dm/min).

of t using the Laplace transformation [21]. The functions
are shown in Eqs. (4) and (5).
⎛ l1 ×V1 + l 2 ×V2 ⎞
⎟⎟×t
V1 ×V2
⎠

− S ×⎜⎜
C1 (t )
l1 × V1
l2 × V2
=
+
e ⎝
C0
l1 × V1 + l2 × V2 l1 × V1 + l2 × V2

⎛ l1 ×V1 + l 2 ×V2 ⎞
⎟⎟×t
V1 ×V2
⎠

⎡
− S ×⎜⎜
C2 (t )
l2 × V1
⎢1 − e ⎝
=
C0
l1 × V1 + l2 × V2 ⎢
⎣

⎤
⎥
⎥
⎦

(4)
(5)

Rate constants of passive transport l1 and l2 can be derived using non-linear regression analyses of the dependence of the measured chlorobenzoate concentration as a
function of time. Data for the 1-octanol phase and the
aqueous phase can be pulled together as shown in Eq. (6).

The system of Eq. (2) and Eq. (3) can be solved analytically to obtain expressions for C1 and C2 as a function
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C (t )
= I1 × A + Be − F ×t + I 2 × D × 1 − e- F ×t
C0

[

]

{ [

]}

A × F × V2
(8)
S
D × F × V2
(9)
l2 =
S
The 1-octanol/water partition coefficient can be calculated as the ratio of the two rate constants as shown in
Eq. (10) [21]. Calculated values of P are again shown in
Table 2 in their logarithmic form, i.e. log P.
l
(10)
P= 1
l2

(6)

l1 =

In Eq. (6), A, B, D and F are the adjustable parameters which are obtained using non-linear regression analyses of experimental data. I1 is an indicator variable that is
equal to 1.0 if the particular data point represents the
chlorobenzoate concentration in the 1-octanol phase; and
it is equal to 0.0 if the particular data point represents the
chlorobenzoate concentration in the aqueous phase. I2 is
an indicator variable that is equal to 1.0 is the particular
data point represents the chlorobenzoate concentration in
the aqueous phase and it is equal to 0.0 if the particular
data point represents the chlorobenzoate concentration in
the 1-octanol phase.
Overall, Eq. (6) represents the fraction of the initial
working solution concentration that is found in the respective phase of the slow-stirring system at t. Expressions for
parameters A, B, D and F can be obtained by comparison
of Eqs. (4)-(6) as shown in Eq. (7). Optimisations of the
adjustable parameters from Eq. (6) were performed using
the Microcal Origin software package (version 6.0, Microcal Software, Inc., Northampton, MA, USA) and the results
are shown in Table 2. The squared correlation coefficient
(R2) values and the standard deviation of the adjustable
parameters indicate that the model as represented by Eq. (6)
describes well the behaviour of the chlorobenzoates in the
1-octanol/aqueous phase system used (see Table 2). Rate
constants l1 and l2 can be calculated from the optimised
values of adjustable parameters using Eqs. (8) and (9).

A=

l1 × V1
l1 × V1 + l2 × V2

B=

l2 × V2
l1 × V1 + l2 × V2

D=

l2 × V1
l1 × V1 + l2 × V2

Data in Table 2 show that the l1 values ranged from
0.45 × 10-2 dm/min (observed for 2,4-dCBA at the initial
concentration of 492 mg/dm3) to 2.87 × 10-2 dm/min (observed for 3-CBA at the initial concentration of 496 mg/
dm3). The l1 values were independent of C0 for 2-CBA and 4CBA and indirectly proportional to it for 3-CBA, 2,6-dCBA
and 3,5-dCBA. The l1 values increased with increasing C0
for 2,4-dCBA, but also varied as a function of the chlorine
substitution pattern. The l2 values ranged from 0.93 ×
10-2 dm/ min (observed for 2-CBA at the initial concentration of 545 mg/dm3) to 2.73 × 10-2 dm/min (observed for
2,4-dCBA at the initial concentration of 492 mg/dm3). This
parameter was directly proportional to C0 for mono-chlorobenzoates, while the opposite trend was observed for dichlorobenzoates. Presence of a chlorine atom in the paraposition seemed to increase the l2 values (see Table 2).
For the chlorobenzoates studied, log P ranged from 0.783 to 0.368. The minimum value was observed for 2,4dichlorobenzoate when C0 was equal to 492 mg/dm3. On
the other hand, the highest hydrophobicity was measured
for 3-chlorobenzoic acid at the initial concentration in 1octanol of 496 mg/dm3. All determined rate constants
were plotted against the respective partition coefficients
as defined in Eq. (10) and the dependences are shown in
Fig. 4. Coarse interdependencies between these variables
can be observed despite the fact that the property ranges
are quite narrow. The lines represent the fit to the other
data set measured in the system of the same dimensions
and stirring rate as shown in Eq. (11) [22] :

(7)

⎛ l × V + l × V ⎞
F = S × ⎜⎜ 1 1 2 2 ⎟⎟
V1 × V2
⎝
⎠
The respective results are shown in Table 2. Rate constant l1 describes the rate of passive transport from the
aqueous phase into the 1-octanol phase. On the other hand,
rate constant l2 describes the rate of passive transport from
the 1-octanol phase into the aqueous phase.

log l1 = log P − log(0.286P + 1) + 0.300

(11)

log l 2 = − log(0.286P + 1) + 0.300

TABLE 2 - Optimised values of adjustable parameters and the hydrophobicity parameters of chlorobenzoates in the 1-octanol/water system.
CBAa

C0

A × 101

B × 101

F × 102

D × 101

R2

mg/dm3
2-CBA
2-CBA
3-CBA
3-CBA
4-CBA
4-CBA
2,4-dCBA

545
1000
496
1000
503
1008
492

1.91 ± 0.01
1.22 ± 0.01
6.03 ± 0.01
1.30 ± 0.01
1.16 ± 0.01
1.03 ± 0.01
0.47 ± 0.01

8.18 ± 0.02
8.82 ± 0.01
3.90 ± 0.02
8.69 ± 0.01
8.79 ± 0.01
8.96 ± 0.02
9.47 ± 0.02

3.6 ± 0.5
5.9 ± 0.4
5.0 ± 0.3
9.0 ± 0.2
7.4 ± 0.3
8.3 ± 0.2
9.9 ± 0.6

26

2.71 ± 0.09
2.72 ± 0.00
2.59 ± 0.06
2.78 ± 0.03
2.59 ± 0.05
2.82 ± 0.04
2.89 ± 0.09

0.9983
0.9941
0.9983
0.9987
0.9972
0.9979
0.9936

l1 × 102

l2 × 102

dm/min

dm/min

0.67
0.69
2.87
1.11
0.82
0.82
0.45

0.93
1.53
1.23
2.38
1.82
2.23
2.73

log P

-0.142
-0.346
0.368
-0.331
-0.346
-0.435
-0.783
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2,4-dCBA
1010
0.71 ± 0.01
2,6-dCBA
484
3.27 ± 0.00
2,6-dCBA
1025
2.26 ± 0.01
3,5-dCBA
499
2.15 ± 0.01
	
  
3,5-dCBA
1015
1.46 ± 0.09
a
CBA stands for the particular chlorobenzoate.

9.21 ± 0.02
6.71 ± 0.07
7.73 ± 0.08
7.72 ± 0.06
8.47 ± 0.07

8.1 ± 0.3
7.3 ± 0.2
5.3 ± 0.1
5.4 ± 0.3
4.1 ± 0.1

logl1 and logl2

2

4
4

0.2

2

5

3
1

5

3

2

0.0
-0.2

1
1

6

4

-0.4

6

3 3
1

2

5
566

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.55
2.27
1.14
1.11
0.57

2.23
1.62
1.22
1.14
1.01

-0.608
0.147
-0.030
-0.012
-0.249

Predictions about the environmental fate of chlorinated pollutants are often made using log P, e.g. to describe
sorption of pollutants to soils [29]. If a contamination event
takes place, e.g. chlorobenzoates are released from an underground storage container into a soil, then their molecules
will be in contact with soil particulate matter. Strength of the
sorption will be governed by the organic matter content of
the soil, structure of the pesticide in question and lipophilicity of the compounds corrected for the pH values of
the soil solution [30, 31]. As mentioned above the lipophilicity of environmental pollutants is measured by the
respective log P values and these are a function of the pH
of the relevant aqueous phase [30]. Therefore experimental measurements of log P must be conducted under
conditions which take the ionisation of chlorobenzoates
into account as this is critical for the correct predictions
about the environmental fate of these molecules.

4

-0.8

0.9962
0.9991
0.9983
0.9945
0.9961

More recently, Qiao et al. [27] measured the 1-octanol/
water partition coefficients at the aqueous phase pH of
0.63 for 5 out of the 6 compounds that are the subject of
this study. Given the pKa values in Table 1, it can be seen
that at pH = 0.63, the log P values will represent partition
coefficients for the non-ionised form of all chlorobenzoates studied. The respective literature values were as follows [27]: 2.05 for 2-CBA, 2.68 for 3-CBA, 2.65 for 4CBA, 2.23 for 2,6-dCBA and 3.00 for 3,5-dCBA. Values
of log P measured in this study are 3-4 orders of magnitude lower than the data of Qiao et al. [27]. This results
from the strong dependence of the log P of ionisable
halogenated acidic pollutants on the pH values of the aqueous phase, as demonstrated for 2,4,6-tribromophenol [28].

0.6
0.4

2.96 ± 0.06
2.33 ± 0.03
2.42 ± 0.04
2.21 ± 0.08
2.58 ± 0.07

0.6

logP
FIGURE 4 - Dependences of the transport rate constants l1 (black)
and l2 (red) on the logarithm of the partition coefficient (log P) for
the chlorobenzoic acids 2-CBA (1), 3-CBA (2), 4-CBA (3), 2,4-dCBA
(4), 2,6-dCBA (5), and 3,5-dCBA (6) in lower (plain numbers) and
higher concentrations (boxed numbers). The lines are the published
fits to a different data set with a wider range of values.[22]

This observation shows that the magnitudes of the
transport rate constants are independent of the structure,
confirming physical nature of the diffusion process. The
log P values decreased with increasing values of the initial chlorobenzoate concentration in the 1-octanol phase
for all chlorobenzoates with the exception of 2,4-dCBA.
In all but two cases the studied chlorobenzoates were found
to be hydrophilic, i.e. their log P were lower than 0. Hydrophobic log P values were observed for 3-chlorobenzoic
acid at the initial concentration in 1-octanol of 496 mg/dm3
(log P = 0.368); and for 2,6-dCBA at C0 of 484 mg/dm3
(log P = 0.147).
Some of the log P values which are reported in the
literature for chlorobenzoates originate from theoretical
calculations [14, 15] The experimentally measured values
include those of Berthod et al. [23] who reported the following log P value of 1.99 for 2-CBA, but no pH values
was given by the authors. The retrieved values for 3-BCA
include 2.51 at pH=1 as reported by Wang et al.[24] and
2.72 at pH=2 [25]. The log P values of 2.60 at pH=1 [24]
and 2.62 at pH=2 [25] have been reported for 4-CBA. At
pH=2, 2,4-dCBA had the log P value of 2.76 [26]. Da et
al. [25] reported that the non-ionised form of 2,5-dCBA
had a log P value of 2.82 at pH=2.

Studies of Jia et al. [32] and Jia et al. [33] reported the
solubilities of 2-CBA in 1-octanol and water. Based on the
values of those studies, the authors estimated the log P
value for 2-CBA to be equal to -0.904 at neutral pH. This
value is lower than the values of -0.142 and -0.346 that
were measured in this study (see Table 2). The mutual saturation of the 1-octanol and water phase of the 1-octanol/
water system was not taken into consideration by Jia et al.
[32, 33] The solubility of water in 1-octanol is equal to
41 g/dm 3 at 25 ºC [33], while the aqueous solubility of 1octanol is equal to 700-800 mg/dm3 [34]. Thus if these
values are neglected then this can lead to underestimation
of the chlorobenzoate concentration in the 1-octanol phase,
i.e. thus to the lower estimated log P. This is indeed the
case for 2-CBA (see above).
For 2-CBA and 4-CBA, log P decreases with increasing C0, while the l1 values are practically constant at 0.67
and 0.69 × 10-2 dm/min for 2-CBA and 0.82 × 10-2 dm/min
for 4-CBA. Thus the decrease in the hydrophobicity with
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increasing C0 for both compounds is the result of the increase in the values of l2 with increasing C0, i.e. from 0.93
× 10-2 to 1.53 × 10-2 dm/min for 2-CBA and from 1.23 × 102
to 1.83 × 10-2 dm/min for 4-CBA (see Table 2). Based on
the data in Table 1, molecules of 2-CBA and 4-CBA are
likely to undergo immediate ionisation after partitioning
into the aqueous phase. This maintains the interphase
concentration gradient due to the stimulation of the
transport of the nonionised form of the chlorobenzoate. The
size of the concentration gradient will likely be directly
proportional to C0, thus providing explanation for the data
observed. Other factors besides the concentration gradient
size are likely influencing the hydrophobicity parameters
for 3-CBA, 2,4-dCBA, 2,6-dCBA and 3,5-dCBA. Further
studies will have to be conducted to establish precise
mechanism.

two cases, passive transport of the chlorobenzoate in the
question is unlikely to become the rate limiting step of
biodegradation.
4 CONCLUSIONS
The current study provides novel data on the log P
values of six chlorobenzoates. This is the first study were
such values are measured for 2,4-dCBA. At pH of 7.40 in
the aqueous phase, all but two values of log P were hydrophilic. The exceptions were observed for 3-CBA at the
C0 value of 496 mg/dm3 and for 2,6-dCBA at the C0 value
of 484 mg/dm3. Therefore environmental contamination
with chlorobenzoates will most likely going to lead to percolation down the soil profile and contamination of
groundwater. The concentration gradient between the 1octanol phase and the aqueous phase provide a likely
explanation for the dependence of the log P on C0, while
further research will have to be conducted to explain the
respective data for 3-CBA, 2,4-dCBA, 2,6-dCBA and 3,5dCBA. This is the first study where the rate constants of
passive transport are reported for chlorobenzoates in the 1octanol/ water system. The calculated values provide explanation for the previously observed toxicity of 3-CBA
towards the PCB-biodegrading microorganisms. Data for
2,6-dCBA and 3,5-dCBA indicate that the active transport
will most likely take place in the cytoplasmic membranes
of the biodegrading microflora. This will, however, depend on the chlorobenzoate concentration.

The 1-octanol/water system has been used to model
the transport of xenobiotics through the cytoplasmic membrane. Therefore l1 can be seen as a measure of the rate of
uptake of chlorobenzoates into the cytoplasmic membrane
from the extracellular environment. On the other hand, l2
can be seen as a measure to the rate of the chlorobenzoate
transport from the cytoplasmic membrane into the intracellular environment. Therefore if the chlorobenzoate transport into the cytoplasmic membrane from the extracellular
environment is faster than the transport from the cytoplasmic membrane to the intracellular environment, l1 is
larger than l2. Such observations were made for 3-CBA
(C0 = 496 mg/L) and for 2,6-dCBA (C0 = 484 mg/L). As a
result, the possible accumulation of these chlorobenzoates
in the cytoplasmic membrane of the biodegrading microflora
will take place at the given concentrations. This accumulation will in turn increase the potential toxicity towards the
biodegrading microorganism as demonstrated by the fact
that 3-CBA was the most toxic chlorobenzoate for towards Pseudomonas stutzeri during biodegradation of
PCBs [35].
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If the transport from the cytoplasmic membrane into
the intracellular environment is faster than the uptake of
the chlorobenzoate from the extracellular environment into
the membrane, then l2 is larger than l1. This was observed
for 2-CBA (both C0 values), for 3-CBA (C0 = 1000 mg/L),
for 4-CBA (both C0 values), for 2,4-dCBA (both C0 values), and for 3,5-dCBA (C0 = 1015 mg/L). If passive
transport is the dominant uptake mechanism of chlorobenzoate into the cells of the biodegrading organism, then rate
of biodegradation will be limited by the rate of the chlorobenzoate passive transport through the cytoplasmic in
these cases. If the biodegrading microorganism in question is using chlorobenzoates as sole carbon and energy
sources, then the passive transport might not be fast enough
to sustain the microorganism’s growth and metabolism.
This increases the chances of the presence of an active
transport system for chlorobenzoate uptake into the cell.
The values of both rate constants of passive transport were
comparable for 2,6-dCBA at the C0 value of 1025 mg/L
and for 3,5-dCBA at the C0 value of 499 mg/L. In these
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ABSTRACT
* Corresponding author

Dew is an important source of moisture for ecosystem
in arid region. To understand the characteristics of dew
deposition during growing season, micro-lysimeters and
neutron probe were used to measure the amounts of dew
and dew duration on different types of underlying surfaces (Populus euphratica forest, Tamarix bushes and bare
land) in the lower reaches of the Tarim River, northwestern China. The results observed using micro-lysimeters and
neutron probe showed that the maximum total dew
amount occurred on the surface of bare land, while the
minimum total dew amount was recorded on the surface
of Populus euphratica forest. Dew amount of the connected treatment was significantly larger than that of the
unconnected treatment (t<0.01). ANOVA analysis results
indicated that the average daily dew amounts on different
types of underlying surfaces were significantly different
(P<0.01). Diurnal dynamics of dew amounts on different
types of underlying surfaces exhibited similar doublepeak trends. Dew deposition began at 22:00 and ended at
9:00 the next morning. The formation of dew is mainly
affected by atmospheric temperature, soil surface temperature, relative humidity and wind speed. The results of this
study will increase our understanding of the water source of
vegetation in the lower reaches of the Tarim River during
growing season and provide valuable scientific information for the restoration of vegetation in degraded regions.

33 mm of dew amounts were recorded over 17 years of
measurements in Avda, at the heart of the Negev Desert
Highlands, Israel [2]. Although supplying relatively small
amounts of moisture, dew is a constant and stable water
source and thus probably of great importance in arid and
semi-arid zone than ephemeral rainfall events [3, 4]. Dew
can be widely used by plants and animals in dry environments and can supply enough moisture to microorganisms
for survival [5, 6]. It can also help plant recover substantially from transpiration stress [7]. Furthermore, the role
of dew as a factor in the stabilization of sand dunes has
been recognized as an important meteorological factor in
arid region [8].
Numerous observations and simulations of dew deposition have been carried out in arid and semi-arid areas [3,
4, 6, 9-12]. Some studies were conducted to measure dew
amount [9, 13], and other studies stressed the measurement of dew duration [14], and yet others were carried out
to simulate both the amount of dew and dew duration
[15]. Beysens reviewed the formation process of dew and
indicated that dew can be controlled by two key parameters: temperature and wetting properties of the substrate
[1]. Many studies focused on the factors (e.g. meteorological factors and substrate characteristics) influencing the
formation of dew, such as the lower air temperature and
soil surface temperature [11, 16], higher air relative
humidity [15, 17], moderate wind speed [1, 16], which
were the most appropriate weather condition for the formation of dew [18]. Moreover, soil texture [11], plant characteristics, soil crust [4, 12] and altitude [3] also affect the
formation amount of dew. However, information is scarce
regarding the characteristics of dew deposition on different types of underlying surfaces in arid regions, especially
in the lower reaches of the Tarim River, northwestern
China.

KEYWORDS: dew; micro-lysimeters; neutron probe; meteorological factors; Tarim River

1. INTRODUCTION
Dew is a very common and natural phenomenon
where humid air condensed on a substrate and transforms
into liquid water [1]. An average of 195 dewy days with

The Tarim River, the longest inland river in China
with a length of 1321 km, is located in the arid zone of
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northwestern China. This is a region that is featured by
abundant natural resources and meanwhile considerable
ecological vulnerability, particularly, a serious water deficiency. In the past 50 years, intensive economic and social development in the local area has significantly increased the consumption of water resources from the Tarim
River, which has greatly affected the ecological conditions
of the river basin [19]. The conflicts between ecological
protection and economic development have increasingly
manifested in the use of water resources, especially in the
lower reaches of the Tarim River. Since 1970, stream flow
in the lower reaches of the Tarim River has completely disappeared, and the terminate lake—Taitema Lake, subsequently dried up in 1972. As a result, the groundwater table
has dropped significantly, which has led to a serious degradation of the natural vegetation in the affected area [20].

frequent phenomenon in the region. The experimental site
has a flat terrain and a simple soil type, which is dominated
by aeolian sandy soil. Several salt-tolerant halophyte species, including P. euphratica Oliv., Tamarix spp., Lycium
ruthenicum, A. sparsifolia and Salsola sp., live along the
riverbank in this area. Generally, the vegetation structure
is very simple, with only a few plant species present.
2.2 Measurement design and data collection

There is no standard method or instrument that has
been internationally accepted for measuring dew amounts
so far [11, 15]. Dew can originate from three separate
sources: the air (dewfall), the soil (dewrise) and plants
(guttation) [22]. Deserts are characterized by low soil moisture and sparse vegetation cover, consequently dewfall
predominates in dew formation in deserts. The mainly
active layer of dewfall is the first 0-3 cm depth of the
upper soil layer, reaching a maximum depth of about 7-9
cm in some deserts [23]. In this study, dew is defined as
atmospheric moisture condensed at the substrate surface
as a result of radiative cooling [11].

The main objectives of this current study were to
measure the amount of dew and dew duration on different
types of underlying surfaces, and to analyze the meteorological factors driving dew formation during the growing
season in the lower reaches of the Tarim River. Two methods (micro-lysimeters and neutron probe) for measuring
dew amount were used to investigate the characteristics of
dew deposition on different types of underlying surfaces
during June to July, 2010. The results of this study will
increase our understanding of the water source of vegetation in the lower reaches of the Tarim River during growing season and provide valuable scientific information
that can be adopted in policy-making for the restoration of
vegetation in degraded regions.

The dew measurement experiment started on 18 th,
June and ended on 11 th, July, 2010. Micro-lysimeters
(cylindrical polyvinyl chloride (PVC) containers with a
surface diameter of 7.5 cm and a height of 10 cm) and
neutron probe were used for measuring dew amounts on
different types of underlying surfaces (Populus euphratica
forest, Tamarix bushes and bare land). To avoid the impacts of litter and defoliation on dew amount, experimental plots were about 15-20 m away from trees in Populus euphratica forest and 5-10 m away from shrubs in
Tamarix bushes, respectively. The micro-lysimeters (Fig.
1) were pushed into the ground (with no vegetation) to
collect undisturbed soil columns on different types of
underlying surfaces. The edges of the micro-lysimeters
were close to the flat surface of the ground. Their bases
were covered by plastic film (as the unconnected treatment)
and 400 mesh nylon net (as the connected treatment). Each
treatment was replicated 5 times. The micro-lysimeters
were weighted

2. MATERIALS AND METHODS
2.1 Experimental site description

Dew measurements were carried out at Yingsu in the
lower reaches of the Tarim River, northwestern China
(40°25.57′N, 87°56.45′E). This area is situated on the
northeast edge of Taklimakan Desert and within the arid
warm temperate zone, with an annual precipitation from
17.4 to 42.0 mm and a total annual potential evaporation
of approximately 2500-3000 mm [21]. Strong wind is a

32

© by PSP Volume 22 – No 1. 2013

Fresenius Environmental Bulletin

FIGURE 1 - Sketch of micro-lysimeters: (a) the connected treatment; (b) the unconnected treatment.

where y is soil water content (cm3/cm3), P is neutron
count, P0 is standard count, a and b are calibration constants (slope and intercept, respectively).

using an electronic balance (precision: ±0.01 g) at sunset
(20:00) and before sunrise (08:00) every day. The difference between the weight in the morning and that at sunset
of the previous day is the dew amount on a certain day. In
order to decrease the error, dew amount was not measured
on 22 th, 25-27 th and 30 th, June because of strong winds
and sandstorms. Intensive measurements were carried out
during 3-6 th, July at intervals of 2 h to obtain a better
insight into dew duration. Dew amount was calculated by
the following equation:

H = 10m / ρπ r 2

To get the calibration curves at different time points
(Table 1), soil volumetric water content (0-10 cm) at the
corresponding time points was measured using a cutting
ring during 6-9 th, July. The difference between the soil
volumetric water content in the morning (at 9:00) and that
at sunset of the previous day (at 21:00) is the dew amount
on a certain day. And dew amount could be calculated in
the following expression:

(1)

H = hΔy

where H is dew amount (mm), m is the variation in
sample weight (g), r is the inner radius of micro-lysimeters
(cm) and ρ denotes the density of water (g.cm-3).

where H is dew amount (mm), h is the thickness of
soil block (mm) and Δy is the variation in soil volumetric
water content (cm3/cm3).
Wind speed, relative humidity, air temperature at 2 m
height and soil surface temperature were measured using
auto weather station (ICT International, Sydney, Australia). All meteorological sensors were connected to a data
logger (SL5 Data Logger and DataBus System, ICT International Pty Ltd, Sydney, Australia) by cable lines. The
measurements were recorded every hour, during the period from 18 th, June to 11 th, July, 2010. Soil temperature
at 5, 10 and 15 cm depth on different types of underlying
surfaces was also recorded every hour using geothermometer.

The measurement of dew amount using neutron probe
also included the unconnected and connected treatment. A
soil sampling device (25 cm × 25 cm × 10 cm) was pushed
into the ground to remove undisturbed soil block on different types of underlying surfaces. At the center of each
pit, an aluminum access tube was installed to a depth of
120 cm (20 cm above the surface). Plastic film was covered on soil profiles and the bottom of each pit. The junction between aluminum access tube and plastic film was
sealed by gummed tape. At last, the soil block was put in
the pit (as the unconnected treatment). In addition, aluminum access tubes were also installed to a depth of 120 cm
on each underlying surface (as the connected treatment).
Each treatment was replicated 3 times. A neutron probe
(CNC 100, Beijing Nuclear Instrument Corporation, Beijing, China) was used to take neutron counts (32 s recording periods) at the depth of 5 cm every 3 hours during 25
th, June to 11 th, July (started at 21:00, 25 th, June). A
standard count was recorded in the field just before the
start of measurements. In order to improve the precision
of the result, soil water content observed using neutron
probe was calibrated every 3 hours. The calibration curve
goes as follows:

y = aP / P 0 + b

(3)

2.3 Statistical analysis

All statistical analyses were conducted using SPSS
13.0 statistical package. The difference in dew amounts
on different types of underlying surface was quantified
using analysis of variance (ANOVA). A 2-tailed t test was
used to compare dew amounts of the unconnected and
connected treatment.
TABLE 1 - Calibration curves for measuring soil volumetric water
content at different time points

(2)
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Time

Calibration curve

0:00

y = 0.3498P/P0 + 0.0125

R2
﹡﹡
0.823

© by PSP Volume 22 – No 1. 2013

3:00
6:00
9:00
12:00
15:00
18:00
21:00
﹡﹡

y = 0.3655P/P0 + 0.0124
y = 0.3595P/P0 + 0.0133
y = 0.3542 P/P0 + 0.0150
y = 0.3660 P/P0 + 0.0115
y = 0.3770 P/P0 + 0.0103
y = 0.3880 P/P0 + 0.0093
y = 0.3858P/P0 + 0.0096
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0.905

﹡﹡

0.830

﹡﹡

0.870

﹡﹡

0.888

﹡﹡

0.927

﹡﹡

0.896

﹡﹡

0.883

﹡﹡

on the surface of bare land, while the minimum total dew
amount was recorded on the surface of Populus euphratica
forest (Table 2). The possible reason is that dew deposited
on the surface of vegetation as a result of the shielding by
vegetation, while the amount of dew deposited on the soil
surface decreased. Dew amount of the connected treatment was significantly larger than that of the unconnected
treatment (t<0.01). Total dew amounts of the connected
treatment observed using micro-lysimeters for Populus
euphratica forest, Tamarix bushes and bare land were 1.83,
3.30 and 3.80 mm, respectively, and total amounts of the
unconnected treatment were 1.26, 2.49 and 2.58 mm, respectively. Whereas total dew amounts of the connected
treatment observed using neutron probe for Populus euphratica forest, Tamarix bushes and bare land were 2.25,
3.62 and 3.64 mm, respectively , and total amounts of the

means correlation coefficients significant at P<0.01 (2-tailed).

3. RESULTS AND DISCUSSION
3.1 Dew amounts on different types of underlying surfaces

The variation in the amounts of dew deposited on different types of underlying surfaces is shown in Fig. 2.
Dew deposition occurred almost every day, except for
windy days. The maximum total dew amount occurred
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FIGURE 2 - Daily dew amounts on different types of underlying surfaces at the experimental site (dew amounts observed using (a) microlysimeters and (b) neutron probe). Error bars represent one standard error.

TABLE 2 - Dew amounts observed using micro-lysimeters and neutron probe on different types of underlying surfaces based on the unconnected treatment.

Underlying surface types
Populus euphratica forest
Tamarix bushes
Bare land

Micro-lysimeters
Total dew amounts
Average daily dew amounts
(mm)
(mm)
1.26 ± 0.061
0.10 ± 0.0007
2.49 ± 0.039
0.16 ± 0.0004
2.58 ± 0.074
0.16 ± 0.0008
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Neutron probe
Total dew amounts
Average daily dew
(mm)
amounts (mm)
1.45 ± 0.013
0.10 ± 0.0008
2.17 ± 0.034
0.15 ± 0.0021
2.38 ± 0.006
0.15 ± 0.0004
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3.2 Dew duration on different types of underlying surfaces

unconnected treatment were 1.45, 2.17 and 2.38 mm, respectively. The soil temperature at 5 cm depth was higher
than that of 10 and 15 cm depth at 20:00. However, soil
temperature at 5 cm depth was lower than that of 10 and
15 cm depth during 21:00 to 8:00 the next morning due to
a higher cooling rate at 5 cm depth. Dew of the connected
treatment can originate from the air and soil, while dew of
the unconnected treatment can only originate from the air
due to the sealed bases. Thus dew amount of the connected treatment was significantly more than that of the unconnected treatment, which was consistent with the previous studies [24, 25].

Dew deposition began at 22:00 and ended at 9:00 the
next morning, and a continuous dew deposition was also
observed after sunrise. The intensive observation results exhibited similar double-peak trends in diurnal dynamics of
dew amounts on different types of underlying surfaces
(Fig. 4), which was consistent with the study of Liu et al.
[12]. The results observed using micro-lysimeters showed
that the first peak value of dew amount occurred at about
2:00 on the underlying surfaces of Populus euphratica
forest and bare land, while the first peak value was recorded
at about 4:00 on the underlying surface of Tamarix bushes.
However, the results measured using neutron probe indicated that the first peak value of dew amount was recorded
at about 3:00 on different types of underlying surfaces. The
soil surface temperature dropped below the estimated dewpoint temperature, and the relative humidity increased rapidly with the dropped atmospheric temperature. The results
observed using micro-lysimeters showed that the second
peak value of dew amount was recorded at about 8:00 on
different types of underlying surfaces. However, the results measured using neutron probe indicated that the second peak value of dew amount occurred at about 9:00 on
different types of underlying surfaces. During 5 th, July
night, the minimum dew amounts on different types of
underlying surfaces were recorded at about 0:00, while
the peak value of dew amount occurred during 3:00-4:00.
Moreover, the intensive observation results also indicated
that dew amount of the connected treatment was significantly larger than that of the unconnected treatment.
There are several uncertainties of the methods (micro-lysimeters and neutron probe) for measuring dew
amount in our experimental study. First, dew amount was
not measured using micro-lysimeters on 22 th, 25-27 th and
30 th, June because of strong winds and sandstorms, which
may affect the precision of dew amount. Second, dew
amount observed using micro-lysimeters can’t be compared with the amount measured using neutron probe due
to the fact that the observation using neutron probe was
one week later than that of micro-lysimeters. Surface soil
water content observed using neutron probe should be
calibrated precisely. In order to improve the precision of
dew amounts, soil water content observed using neutron
probe was calibrated every 3 hours. Huang studied the
daily variation of soil respiration in the lower reaches of
the Tarim River. The average carbon flux of soil respiration was only 0.19 µmol/m2/s in the lower reaches of the
Tarim River [26]. Thus, the amount of soil respiration is
negligible compare to dew amount in this study.

FIGURE 3 - Average daily dew amounts on different types of underlying surfaces (dew amounts observed using (a) micro-lysimeters
and (b) neutron probe based on the unconnected treatment). Similar
letters indicate non-significant differences among different types of
underlying surfaces at the 5% level, and different letters indicate
significant differences. Error bars represent one standard error.

Data analyses shown in Fig. 3 enable a comparison of
dew amounts for different types of underlying surfaces.
The average daily dew amount varied with underlying surface. The maximum average daily dew amount was recorded
on the surface of Tamarix bushes, while the surface of Populus euphratica forest created minimum average daily dew
amount. The effects of the types of underlying surfaces on
dew amounts were compared using ANOVA followed by
post hoc Turkey’s honestly significant difference test. The
results indicated that there were significant differences in
dew amounts on different types of underlying surfaces
(F=7.24, P=0.01 and F=17.94, P<0.0001 for Fig. 3 (a)
and (b), respectively). No significant differences in average daily dew amounts were found between Populus euphratica forest and bare land.

3.3 Relationships between dew amounts and meteorological
factors

Dew is a natural phenomenon, and its deposition is a
natural physical process. Some experts have tried to discuss the formation process of dew in previous studies [1,
11]. Generally, the formation of dew is linked to the near
surface meteorological factors (e.g. dew-point tempera-
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FIGURE 4 - Diurnal dynamics of dew amounts on different types of underlying surfaces during 4 th, July night (dew amounts were observed
using (a) micro-lysimeters and (b) neutron probe). Error bars represent one standard error.

ture, atmospheric temperature, soil surface temperature,
relative humidity and wind speed) and surface properties
(e.g. soil types).

was a positive correlation between dew amount and nocturnal surface relative humidity (Fig. 6). Dew amount would
increase with the increasing surface relative humidity,
which was consistent with the previous studies [15, 17].
The higher surface relative humidity might be an important
reason for the larger average daily dew amount in Tamarix
bushes than in Populus euphratica forest and bare land.
Furthermore, an increase in surface relative humidity
would result in an increase of dew amount after sunset, and
the peak value of dew amount occurred at about 8:00 when
the surface relative humidity increased to the maximum.
Wind is beneficial to enhance the transition of water vapor and heat in horizontal and vertical direction. On the
process of wind which is main factor for vapor diffusion,
the near surface water vapor is supplemented and thus the
probability of dew deposition increases [17]. There were
no significant relationships between dew amounts and
wind speed in this current study. However, some studies
indicated that the formation of dew benefited from light
winds [27]. Most of dew deposition occurred at a wind
speed between 3.05 m/s and 3.66 m/s, but dew wouldn’t
deposit at a wind speed above 4.57 m/s [16]. The wind
speed is mostly less than 3.66 m/s during the measurement, which is benefited for the deposition of dew.

The prerequisite of dew deposition is that the surface
temperature has to be equal to, or less than the dew-point
temperature of the air mass that it is contact with [18]. It is
believed that soil surface temperature is one of the key
factors affecting the amount of dew deposition [9, 12]. In
addition, the definition of dew also indicates the important
effect of temperature on dew [18]. A lower soil surface
temperature at night and early in the morning would benefit
dew deposition [12]. However, higher temperature would
result in an increase of evaporation and a decrease of near
surface relative humidity, and with a consequence of reduced dew deposition [17]. The soil surface temperature
rose faster than that of the atmosphere during the day but
dropped faster at night. The observation results indicated
that dew amount increased rapidly with a consequence of
dropped atmospheric temperature and soil surface temperature after sunset, and the first peak value of dew amount
occurred during 2:00-3:00 (Fig. 5). Soil surface temperature was lower at about 6:00, while dew amounts on different types of underlying surfaces were also smaller (Fig. 5).
A possible reason was that a strong wind during 5:00-6:00
affected the amount of dew deposition. The second peak
value of dew amount was recorded during 8:00-9:00 with a
lowest soil surface temperature. Dew amount decreased
with an increased soil surface temperature after sunrise, and
the process of dew deposition ended at about 10:00.

4. CONCLUSION
The dew measurements were carried out in the lower
reaches of the Tarim River during the growing season.
From the observation results, we may conclude that the
maximum total dew amount occurred on the surface of

Surface relative humidity is also a quite important factor for dew deposition. The results indicated that there
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FIGURE 5 - Relationship between dew amounts and temperature on different types of underlying surfaces (dew amounts were observed
using (a) micro-lysimeters and (b) neutron probe based on the unconnected treatment.). Error bars represent one standard error.

FIGURE 6 - Relationship between dew amounts and air relative humidity on different types of underlying surfaces (dew amounts were
observed using (a) micro-lysimeters and (b) neutron probe based on the unconnected treatment.). Error bars represent one standard error.

bare land, while the minimum total dew amount was recorded on the surface of Populus euphratica forest. There
were significant differences in average daily dew amounts
on different types of underlying surfaces with maximum
amount occurred in Tamarix bushes, while the surface of
Populus euphratica forest created minimum average daily

dew amount. Dew amount of the connected treatment was
significantly larger than that of the unconnected treatment.
Diurnal dynamics of dew amounts on different types of
underlying surfaces exhibited similar double-peak trends.
Generally, dew deposition began at about 22:00 and ended
at about 9:00 the next morning. The formation of dew is
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mainly affected by dew-point temperature, atmospheric
temperature, soil surface temperature, relative humidity
and wind speed.
Due to the restrictions of field conditions, the measurements cannot be conducted for a whole hydrological
year. However, the results of this current study may provide valuable scientific information for ecological restoration in the lower reaches of the Tarim River. More methods and dew collectors should be attempted to measure
dew amount in further studies. In addition, the ecological
function of dew on vegetation in arid regions is also urgent to be studied.
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ABSTRACT

rithm with data conversion (converting EM measurements
at unsampled sites to soil salinity values) prior to simulation modeled the uncertainty better than the SGCS algorithm (soil salinity as primary variate and EM measurements as covariate).

Rapid and reliable spatial estimates of field soil salinity aid farmers and researchers in understanding the development of salinization and identifying areas in the field
where special management practices are required to control its speed. Apparent soil electrical conductivity, measured by electromagnetic induction instruments, has been
widely used as an auxiliary variable to estimate spatial
distribution of field soil salinity owing to the high-efficient
and non-invasive nature. Methods used for this purpose are
mostly a series of kriging-based algorithms. This study
adopted stochastic simulation algorithms, sequential Gaussian simulation (SGS) and sequential Gaussian co-simulation
(SGCS), to generate equiprobable realizations of soil salinity patterns, to evaluate the uncertainty associated with
those patterns, and to determine which algorithm is more
reliable for the local and spatial uncertainty assessment .
Results showed that experimental semivariograms were
generally isotropic at all directions with the identical nugget, sill and range parameters despite the limited data in X
and Z directions. Nugget contributions comprised from
19.5 to 40.1% of model sill values at the horizontal orientation, which negligibly ranged from 2.1 to 6.0% at the
vertical orientation. The spatial patterns of soil salinity generated by SGS and SGCS algorithms showed consistency
with the actual values. It was found that the distribution of
soil salinity was generally normal and there existed the
probability of secondary salinization across the spatial domain. The estimation precision of SGS algorithm was
superior to that of SGCS algorithm. In addition, accuracy
plots and standard deviation maps both indicated that
SGS approach performed better in terms of modelling
local uncertainty and propagating the spatial uncertainty.
Thus, the SGS method was suitable for the spatial estimation of the soil property, distribution type and data arrangement in our study. We concluded that the SGS algo-

KEYWORDS: multivariate, coastal zone, uncertainty assessment,
soil salinity, electromagnetic induction

1 INTRODUCTION
Soil salinity is not only the most serious environmental
issue, but also the most frequently cited soil and agricultural utilization problem for farmers in the coastal regions,
especially the newly-reclaimed coastal farmlands in China.
This is mainly due to the presence of a shallow, saline
water table and marine sediments [1]. Katerji et al. [2]
highlighted for most agricultural crops; soil salinity had
an adverse influence on leaf water potential, the stomatal
conductivity and evapotranspiration, which were indicators of water stress and crop growth. Moreover, soil salinity can significantly lower the field water availability,
aggregate stability and hydraulic conductivity [3, 4]. Farmers in coastal regions have suffered from great crop yield
losses annually because of salinity.
With the advent of precision agriculture, understanding the characteristics of field soil salinity is important for
agriculture management [5]. Rapid and reliable spatial estimation of soil salinity or its indicator, such as apparent
soil electrical conductivity (ECa), helps farmers to understand the development of salinization and establish special
management practices. Electromagnetic induction instruments (e.g., Geonics Ltd. EM38), which measure apparent
soil electrical conductivity in a fairly quick manner, have
been widely used to provide information on the nature,
origin, interpretation and assessment of soil salinity [6-11].
However, soil salinity at the field has high spatial hetero-

* Corresponding authors
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geneity. Geostatistical techniques effectively estimate the
value of salinity at unsampled locations.

of electromagnetic induction instrument and various geostatistical interpolation methods [20-26]. This study used
geostatistical simulation algorithms, in particular sequential Gaussian simulation (SGS) and sequential Gaussian
co-simulation (SGCS), to simulate the three dimensional
spatial distribution and to assess the uncertainty of soil
salinity in a coastal salt-affected experimental plot in north
Jiangsu Province, China. The apparent soil electrical conductivity, well correlated to soil salinity and efficiently
measured by electromagnetic induction EM38, was used as
the auxiliary variable of soil salinity. This paper compared
the consequence of the two algorithms mentioned above
on stochastic simulation and uncertainty assessment of the
three dimensional spatial distribution of soil salinity. The
objectives included: (i) applying SGS and SGCS methods
to determine the spatial variability and patterns of soil
salinity over the study area, (ii) comparing and validating
the accuracy of the spatial estimation of soil salinity based
on a series of realizations, and (iii) determining which
algorithm is more reliable for the local and spatial uncertainty assessment.

Geostatistical methods for spatially modeling regionalized data are varied and differentiated. In the past 20 years,
Geostatistical interpolation algorithms such as various
kriging methods have been paid considerable attention because they allow for the direct modeling of the inherent
spatial autocorrelations between observations to predict
values at unsampled locations [12]. Although kriging-based
estimators are exact interpolators that provide best, unbiased, linear estimation of the variables by minimizing the
estimation variance, they tend to smooth out local spatial
variation and ignore spatial patterns that might be important to decision making for management [13]. Geostatistical simulation algorithms do not aim to minimize the
estimation variance but focus on reproducing the essential
statistical characteristics of data distribution, such as histogram and spatial continuity. The approaches are regarded
as ‘probabilistic’, because they explicitly recognize the uncertainty associated with the prediction and assess such
uncertainty by the analysis on a set of stochastic simulations. Each simulation is an equally probable realization
of the unknown reality, and the statistical quantities, derived from post-processing of a series of simulated realizations, assess the data uncertainty which will be used in
decision-making later on. The last decade has witnessed
an increasing awareness of the importance of assessing the
uncertainty about the value of soil properties at unsampled
locations [14-17], and recently, multivariate stochastic
simulation and uncertainty assessment with the presence of
inexpensive and easily accessible ancillary variables have
attracted the research interest in soil science [18, 19].

2 MATERIALS AND METHODS
2.1 Study region

This study was conducted on Jinhai Farm located in
the southeast coastal zone of Dafeng City, north Jiangsu
Province, China (Fig.1). It was reclaimed in 1999. The
farm bordered on its western side by the Dafeng Milu
National Nature Reserve was approximately 5 km to the
coastline of China Yellow Sea. The climate is subtropical
and characterized by transition, oceanity and monsoon with
large seasonal fluctuations in temperature and precipitation.
Rainy season (accounting for approximately 70% of annual
rainfall) is from June to August with average annual pre-

Up to the present, great efforts have been devoted to
the mapping, assessment and management decision making of soil salinity at a regional scale with the application

FIGURE 1 - The geographic location of case study site, the Jinhai Farm
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cipitation of 1058.4 mm. Soil salinity is known as a most
significant problem in this farm and large areas of saltaffected land was observed due to a very saline shallow
water table (average mineralization of 8.5 g L-1 and water
table of 1.5 to 2.0 m) within marine sediments. The farm
covers a variety of salinity conditions and its soils are representative for large areas of coastal saline soils of Jiangsu
Province. Sandy loam is the predominant soil type due to
modern marine and fluvial deposits.

and prepared for analysis of total dissolved salts (TDS).
The TDS of soil samples was determined by summing up
the dominant cations (Ca2+, Mg2+, Na+, K+) and anions
(CO32-, HCO3-, Cl-, SO42-) of 1:5 soil water extracts. A
comparison between EC1:5 and the TDS showed a strong
positive linear relationship, and the equation of the fitted
line relating the TDS (g kg-1) to EC1:5 (dS m-1) values
were given by:

TDS = 2.7926 EC1:5 + 0.2337

The experimental plot used in the study, approximately 0.69 hm 2 (48 m×144 m) in size, is situated in
southwest of the farm (32°59′36.1″N, 120°49′45.6″E),
and the experimental plot has successively cultivated with
crop rotations of cotton-barley since 2004. Although soil
salinity across the study plot decreased gradually because
of agricultural utilization in recent years, high surface soil
salinity remains at the local places due to the lack of the
water-storage and irrigation facilities. The crop growth varies
greatly because of the strong spatial heterogeneity of soil
salinity not only in our study plot, but also across the whole
farm.

(1)

n = 280

The TDS values of the rest 385 soil samples whose
TDS values were not measured were estimated from EC1:5
on the basis of this relationship (r2 = 0.94). The TDS value
was used as a surrogate for the widely used ECe to determine soil salinity in our study.

2.2 EM survey and soil sampling

Initially, observation soil sites were arranged on a grid
in the study plot, with an average interval of 4 m from west
to east (X) and 5 m from north to south (Y) (Fig. 2), and a
total of 285 soil sites were selected. At each site, an electromagnetic induction (type EM38) was placed on the
ground surface and measurements in both the vertical (EMv)
and horizontal (EMh) modes of operation were made. Later,
95 sites which covered a wide range of soil salinity were
randomly chosen from the total 285 soil sites for soil
sampling., Soil samples were obtained by hand augering
at 0~0.1, 0.1~0.2, 0.2~0.4, 0.4~0.6, 0.6~0.8, 0.8~1.0 and
1.0~1.2 m intervals to a depth of 1.2 m for the laboratory
analyses of electrical conductivity (EC). In all, EM measurements (EMh and EMv) of 285 sites and soil samples of
95 in situ cores (665 soil samples) were collected. Soil
sampling and EM gauging was carried out from March
15th to 20th 2009when soil moisture conditions were relatively uniform across the plot.

FIGURE 2 - Distribution map of in situ soil cores and EM survey
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2.3 Laboratory analysis

All soil samples were air-dried, crushed, and passed
through a 2-mm sieve. The 1:5 soil:water suspensions were
prepared by weighing 12 g of soil into a pop-top tube,
adding 60 ml of deionized water, and shaking for 30 min
on an end-over-end shaker. After being left for 30 min,
the EC1:5 of the supernatant was measured with a conductivity meter directly [28]. In addition, 280 soil samples of
40 profiles that varied greatly in soil salinity were chosen

2.4 Calibration and validation

Sixty four sites out of the 95 in situ sampling sites
were selected for the spatial simulation of soil salinity,
and the rest 31 sites were used for validation of SGS and
SGCS algorithms. In the calibration procedure, the TDS
date was selected as the dependent variable and apparent
soil electrical conductivity (EMh and EMv) made by the
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EM38 as the independent variable. The linear regression
model was then fitted the data from the selected 64 sampling sites. This yielded 7 predictive equations across the
whole soil profile (Table 1). Readers are referred [6, 2932] for similar approaches with variations.
Both EMh and EMv measurements showed significant
linearity with the TDS at each soil layer. Multiple linear
regression using EMh and EMv as independent variables
gained higher regression coefficients than those fitted by
linear regression (Table 1). Multiple linear regression results demonstrated that, compared with linear regression,
the regression coefficients of the fitted equations in Table 1
were improved for all soil layers when both EMh and EMv
were used as independent variables, which manifested
that the response of electromagnetic induction measurements to soil salinity increased when adopting both the
EM measurements and multiple linear regression method,
as was also found by Rahimian and Hasheminejhad [33].
The multiple linear predictive equations in Table 1 were
then used to reconstruct the salinity profiles at the 190 soil
sites where EM measurements were made.

former consist of 64 sampling sites and 190 sites where
only EMh and EMv were measured The later included 31
sampling sites (217 soil TDS data) that were not used in
the simulation process. The SGS simulation used the TDS
data of 254 soil profiles marked as TDSa, 190 of which
were converted from EMh and EMv measurements using
equations in Table 1. While SGCS simulation employed
the TDS data of 64 sampling sites (marked as TDSb) as
primary variate and EM measurements of 254 sites as covariate. Given the measurement of a set of EM data at each
site and the absence of variance or covariance at the vertical direction, the intermediate variable EMc, was used as
integrated response of apparent soil electrical conductivity
to salinity and was computed as (β·EMh+γ·EMv)/(β+γ).
EMc was then calculated as covariate of the TDS at the
corresponding locations and soil layers. The operations of
SGS and SGCS in SGeMS software were introduced by
Remy et al. [37].

2.5 Geostatistical methods

3.1 Semivariogram analysis

Two geostatistical simulation algorithms, sequential
Gaussian simulation (SGS) and sequential Gaussian cosimulation (SGCS), were employed to generate the three
dimensional spatial distribution and assess the uncertainty
of soil salinity. The SGS algorithm was described by
Deutsch and Journel [13] and Goovaerts [34], and SGCS
discussed by Emery et al. [35] and Emery and Peláez [36]
in details. Readers are referred to these publications for
more detailed explanation of these methods.
To compare and assess the uncertainty of the above
two algorithms on the three dimensional spatial estimation of soil salinity, the whole data was separated into two
datasets, one for simulation, the other for validation. The

Summary statistics and normal test of TDSa (n=1778),
TDSb (n=448) and EMc (n=1778) datasets was performed
and the results, present in Table 2, indicated that the average soil salinity value was comparatively high with regard
to the generally accepted limit for most agricultural crops.
The statistics of the raw data of all variables is characterized by positive skewness parameters, indicating the overall distribution was left-skewed. As it resulted also from
the parameters of one-sample Kolmogorov-Smirnov (K-S)
normality test (p<0.05, two-tailed), the raw data of all
variables didn’t follow normal distributions. This type of
distribution revealed the high-frequency presence of low
soil salinity data, which is typical of an evolving process

3 RESULTS

TABLE 1 - Regression relationships between apparent soil electrical conductivity and salinity (n=64)
Soil layer
(cm)
0~10
10~20
20~40
40~60
60~80
80~100
100~120

a
-0.3118
-0.2191
-0.0681
0.4023
0.4957
0.5894
0.6829

TDS = a + b·EMh
b
R
2.1745
0.854
2.0297
0.903
2.0378
0.920
1.6435
0.936
1.4945
0.929
1.3451
0.894
1.1960
0.823

RMSE
0.479
0.337
0.301
0.214
0.207
0.235
0.287

A
-0.5601
-0.4950
-0.3825
0.1001
0.1925
0.2852
0.3775

TDS = A + B·EMv
B
R
2.0877
0.754
1.9980
0.817
2.0478
0.869
1.706
0.893
1.5831
0.923
1.4599
0.903
1.3371
0.881

RMSE
0.597
0.452
0.406
0.275
0.214
0.228
0.250

α
0.5489
0.3841
0.3673
0.5325
0.4847
0.4370
0.3893

TDS = α+ β·EMh+ γ·EMv
β
γ
R
5.5095 -3.7385 0.912
4.3672 -2.6204 0.937
3.7248 -1.8912 0.939
2.1480 -0.5656 0.942
1.4517 0.0478 0.932
0.7544 0.6622 0.909
0.0583 1.2754 0.896

RMSE
0.388
0.274
0.266
0.211
0.205
0.221
0.246

TABLE 2 - Summary statistics of soil salinity and apparent soil electrical conductivity data
Variable
TDSa (g/kg)
TDSb (g/kg)
EMc(mS/cm)

Data type
Raw
Normal transformed
Raw
Normal transformed
Raw
Normal transformed

Count
1778
1778
448
448
1778
1778

Min.
0.402
-0.911
0.541
-0.614
-0.073
-2.066

Max.
6.155
1.817
5.406
1.688
3.293
1.251
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Mean
1.528
0.331
1.575
0.350
0.692
-0.231

s.d.
0.712
0.425
0.766
0.452
0.449
0.489

Variance
0.506
0.181
0.587
0.204
0.202
0.239

Skewness
1.754
0.177
1.552
0.146
1.424
-0.144

Kurtosis
4.977
0.119
3.424
-0.215
3.084
0.111

K-S p
0.000
0.195
0.000
0.655
0.000
0.542
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FIGURE 4 - Experimental semivariograms and fitted models at horizontal and vertical orientatios for TDSa, TDSb and EMc dataset
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of soil desalination. The raw data were then transformed
by using logarithmic conversion and their histograms and
ccdf essentially satisfied the Gaussian assumptions. Among
the three variables, TDSa and TDSb datasets were approximately log-normal distributed, and the logarithm of EMc+0.2
matched fairly well with the normal distribution.
Semivariograms were used to determine the spatial
continuity of the normal transformed data. Geostatistical
modeling software SGeMS was used for the calculation of
semivariograms of TDSa, TDSb and EMc datasets, and the
cross-semivariograms of TDSb-EMc dataset were also calculated. The average sampling interval was set as lag separation at horizontal and vertical orientations, and 22.5° as
the direction of tolerance. The experimental and model semivariograms at both orientations are given in Fig. 4. At the
horizontal orientation, anisotropy was evaluated in the Y
(N-S), Y-X (NE-SW) and X (E-W) directions, and isotropy is proved evident in all semivariograms with the approximate nugget, sill and range parameters, in spite of
the limited data due to short lag distance in the X direction. Considering the insufficient sampling layers and scant
data at the vertical orientation, anisotropy analysis was not
taken into account and the omni-directional semivariograms
were computed. Theoretical models were then employed to
interpret the experimental semivariograms and the model
with the best fitting was chosen [38]. As can be explicitly
seen that spherical models were well fitted the semi-variograms and cross-semivariogram at horizontal orientation,
and Gaussian models were appropriate at the vertical orientation. The semivariograms of EMc and cross-semivariograms of EMc-TDSb showed some similarities to those of
TDSa and TDSb at both orientations, which can be explained by the correlation between EMc and soil salinity,
although more-or-less stationary trends were incorporated.
The fitted parameters of the semivariograms and
cross-semivariograms at both orientations were summarized in Table 3. Eastman [35] provided an understandable description of semivariogram parameters: The nugget
value, C0, represents the variability at zero distance, i.e.
spatial random variance of regional variable. The sill C0+C
is an estimated variance that marks where a plateau begins.
The partial sill C denotes the sill proportion of explainable
semivariance. The range α is defined as the separation distance that corresponding at about 95% of the sill. As is
shown in Table 3 that nugget contributions, namely nug-

get-to-sill ratio C0/(C0+C), comprised from 19.5 to 40.1%
of model sill values for all the variables at the horizontal
orientation, indicating random heterogeneity, and reflecting compositive influencing factors on soil salinity at the
present sampling scale. The nugget effect may be caused
by random factors such as data deviations, agricultural
activities, or sample density [39]. This is particularly the
case for the extreme nugget contribution of variable TDSb,
data sparseness caused the sample distance discontinuous
within the range and the variance ummeasurable or blurred
at this scale. Nugget contributions at the vertical orientation
negligibly ranged from 2.1 to 6.0%, highlighting the
stronger spatial correlation than the horizontal orientation,
the possible reason may lie in the fact that the distribution
of soil salinity is vertically normal suggested in Fig. 3,
although the semivariograms at both orientations were incomparable owing to the differences in scales and sample
intervals. The goodness of fitting was determined by determination coefficient (r2), residual sum of squares (RSS)
and significance level of F test. The results, also shown in
Table 3, were quite satisfactory for all variables at both
orientations, because the statistics used, i.e. residual sum
of squares was close to 0 and F test was significant at
level of p < 0.01.
3.2 Simulation and evaluation

One hundred spatially exhaustive simulations were
performed on a 1×1×0.1 m grid over the 48×144×1.2 m
spatial domain for SGS and SGCS algorithms, respectively.
The total amount of grids was approximately 82 944. Nodal
simulations for SGS method were performed using the
ordinary kriging estimator, because the OK estimator was
used over its theoretically more appropriate simple kriging
counterpart [13, 34]. Full cokriging estimator was selected
to estimate the mean and variance of ccdf for SGCS method.
The conditioning data for SGS consisted of six sample data
and six previously simulated nodes, as were the same for
the primary variate, covariate and previously simulated
values for SGCS method. The obtained 3-D views of some
realizations were visually demonstrated in Fig. 5. The results of SGS and SGCS generally showed consistency
with the measured data (Fig. 2). As also can be seen that
the SGS spatial patterns described the characteristics, the
lowest salinity values mostly situated in the north-central
and north-west and the highest values occurred in the

TABLE 3 - Fitted parameters of experimental semivariogram at horizontal and vertical directions, where C0 is nugget, C is partial sill, C0+C
is sill, C0/(C0+C) is nugget-to-sill ratio, α is range, R2 is determination coefficient and RSS is residual sum of squares
Orientation Data type
C0
C
TDSa
0.055
0.165
TDSb
0.097
0.145
Horizontal
EMc
0.071
0.224
TDSb-EMc 0.050
0.207
TDSa
0.003
0.081
TDSb
0.005
0.079
Vertical
EMc
0.005
0.165
TDSb-EMc 0.002
0.092
** means significance at level of p<0.01 (two-tailed)

C0+C
0.220
0.242
0.295
0.257
0.084
0.084
0.170
0.094

C0/(C0+C)
0.250
0.401
0.241
0.195
0.036
0.060
0.029
0.021
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α (m)
50.5
47.4
56.2
57.1
0.561
0.572
0.577
0.583

R2
0.909
0.671
0.956
0.791
0.876
0.864
0.753
0.887

RSS
0.007
0.032
0.015
0.021
0.001
0.002
0.023
0.002

F
**
**
**
**
**
**
**
**

Model
Spherical
Spherical
Spherical
Spherical
Gaussian
Gaussian
Gaussian
Gaussian
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SGS
Realization 1

SGS
Realization 50

SGS
Realization 100

Soil salinity (g/kg)

Soil salinity (g/kg)

0.273 1.616 2.959 4.302 5.646 6.989 8.332

SGCS
Realization 1

Soil salinity (g/kg)

0.247 1.541 2.834 4.128 5.421 6.715 8.008

SGCS
Realization 50

0.318 1.881 3.444 5.007 6.571 8.134 9.697

SGCS
Realization 100

Soil salinity (g/kg)

Soil salinity (g/kg)

0.148 2.885 5.622 8.358 11.09 13.83 16.57

Soil salinity (g/kg)

0.164 3.226 6.289 9.352 12.41 15.48 18.54

0.181 3.011 5.841 8.671 11.50 14.33 17.16

FIGURE 5 - Three-dimensional realization of soil salinity by SGS and SGCS
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FIGURE 6 - The salinity classification results of SGS and SGCS realizations

south-central and south-east where salient patches of high
soil salinity values concentrated, more clearly than those
for SGCS owing to the smoothness caused by overestimation of SGCS at local positions.

realizations were estimated to provide a spatial representation for the assessment. Wang et al. [40] proposed salinity of >10.0, 4.0 to 10.0, 2.0 to 4.0, 1.0 to 2.0 and <1.0
g/kg as categories of saline soil, heavy-salinized soil,
medium-salinized soil, light-salinized soil and non-saline
soil in coastal saline region, respectively, and this scheme
is adopted in our discussion. The classification results of
SGS and SGCS, performed on the average of 100 realizations, exhibited analogy in the spatial clusters horizontally

To quantify the difference between SGS and SGCS
realizations, a further evaluation on soil salinity patterns
according to its classification is necessary. Since each realization is equally probable, grid-by-grid averages of all the
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and vertically (Fig. 6). As was plainly illustrated that, for
both SGS and SGCS, the grids of TDS ≤ 1.0 g/kg generally concentrated in the central and north-west positions,
and the grids of 1.0 < TDS ≤ 2.0 g/kg, considered as the
predominant soil salinization type, spread throughout the
whole study domain. The grids of 2.0 < TDS ≤ 4.0 g/kg
mostly occurred in south-central and north-east portions of
the study plot, and those of TDS > 4.0 g/kg were mainly
situated in the south sporadically. From a statistical view
of point, the grid number of TDS ≤ 1.0, 1.0-2.0, 2.0-4.0
and > 4 g/kg was 10 780, 55 454, 16 526 and 184 for
SGS, while it was 14 209, 51 538, 17 002 and 195 for
SGCS, respectively. Also, the discrepancies between the
statistics indicated the uncertainty stemmed from SGS
and SGCS algorithms. In terms of the vertical orientation,
the grid number of TDS ≤ 1.0 decreased with soil depth,
while the grid number of 1.0 < TDS ≤ 2.0 g/kg and 2.0 <
TDS ≤ 4.0 g/kg both increased with depth for SGS and
SGCS, confirming that the type of soil salinity profile was
generally normal in the study plot; another indication that
importance should be attached to the risk of potential
salinization existent across the spatial domain. Furthermore, the grids of TDS > 4.0 g/kg, mainly located at upper
soil layers, decreased dramatically with depth, which revealed that soil salinity at these positions was inverted, in
others words, decreasing with depth.

closely than SGCS. Another result, not presented here,
manifested that the average correlation coefficient between the predicted and measured values for SGS algorithm (r=0.735) was a bit, but can not be ignored, higher
than that for SGCS method (r=0.688). Spontaneously, it
can be concluded from the above consequence that the
performance of SGS algorithm was superior to that of
SGCS algorithm in spatial prediction. Our research finding
was not unexpected considering, (i) the difference of data
configuration and sampling intensity, i.e. the dataset of
254 sampling cores were used for SGS simulation, while
dataset of 64 profiles used as primary variate of SGCS
simulation; (ii) the deviation of data and cross-variogram
estimation resulted from primary variate (soil salinity)
and covariate (EMc), that is, the response of EMc to soil
salinity is influenced by other factors, such as soil moisture, clay content and groundwater conditions, which resulted in the deviation of linear correlation between soil
salinity and EMc, and this deviation is introduced into the
estimation of cross-variograms at both the horizontal and
vertical orientations; and (iii) the propagation of the deviation introduced by cross-variograms during simulation
process, namely the concern about whether the conversion
of the EMc into estimations of salinity should be done
prior to simulation, or whether co-simulation was directly

With the 217 observations randomly selected as validation dataset, two prediction quality criteria were considered: the root mean square error (RMSE) and the mean
rank (MR) of each method. At any validation spatial location u, if N is the number of validation observations:

RMSE =
MRSGS

1
=
N
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∑
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The RMSE between predicted (z*(ui)) and measured
salinity value (z(ui)) of 100 equiprobable realizations for
SGS and SGCS algorithms was separately calculated, and
the result of comparison was presented in Fig. 7 (left
graph). For most of the realizations, the RMSE of SGS
algorithm was generally lower than that of SGCS algorithm, indicating smaller prediction error of SGS than that
of SGCS. As it resulted also from the MR comparison
(right graph in Fig. 7), which was computed to test the
deviation of the predicted values from the actual values,
the MR of SGS was overall less and approximated to 1 more
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FIGURE 7 - Comparison of the EMSE and MSSE from 100 realizations of SGS and SGCS algorithms
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employed without any conversion, and it seemed that the
estimation error derived from simulation process, especially co-simulation procedure, was comparatively larger
than that derived from the original dataset used for simulation.

ignored: 0.945 for SGS algorithm and 0.893 for SGCS
approach, and this manifested that the estimated ccdf by
SGS algorithm might be closer to the theoretical proportions than that by SGCS approach. Not only should the
true value fall into the PI according to the expected probability p, but this interval should be as narrow as possible
to reduce the uncertainty about that value. That was to say,
between two probabilistic models with approximate goodness statistics, one would privilege the one with less uncertainty. Different measures of ccdf spread were propounded: variance, interquartile range, entropy. The average range of the PIs that include the true values for various
probabilities p was calculate and presented in Fig. 8. For a
probability p, the average range W(p) is computed as:

3.4 Local uncertainty assessment

Local uncertainty, proposed to assess the performance
of a series of realizations to the reproduction of conditional
cumulative distribution function (ccdf), has been detailed
discussed in many literatures [41, 42]. Only a brief paraphrase of local uncertainty, in particular, will be given in
this paper.
At any validation location u, a series of symmetric pprobability intervals (PI) bounded by the (1-p)/2 and
(1+p)/2 quantiles can be calculated from the knowledge
of the ccdf F(ui; z|(n)). If a set of z-realizations and independently derived ccdfs are available at N locations, the
proportion of true values falling into the symmetric p-PI
can be expressed as:

ξ ( p) =

1
N

W ( p) =

N

∑ ξ (u ; p)
i

N
1
ξ (u j ; p) ⎡⎣ F −1 (u j ;(1 + p) / 2) − F −1 (u j ;(1 − p) / 2) ⎤⎦
∑
N ξ ( p) j =1

Fig. 8 shows that the average range of SGCS algorithm was wider for all p values, which might explain the
proportion of true values falling into these intervals to be
larger than for the SGS algorithm. Owing to the narrower
probability intervals and larger G statistics, the SGS algorithm generally performed the local uncertainty estimation
better than SGCS algorithm. In the cases of applications

∀p ∈ [0,1]

i =1

Where function ξ(ui; p) is defined as:
⎧1 if F −1 (ui ;(1 − p) / 2) < z (ui ) ≤ F −1 (ui ;(1 + p) / 2)
ξ (ui ; p) = ⎨
The scattergram
the estimated versus expected proporotherwise
⎩0 of
tions is called “accuracy plot”. Fig. 8 shows the accuracy
plot computed for ccdfs using a cross validation of the
217 observations (31 sites). All the points fell above the
1:1 line, namely ξ ( p) > p for all probability interval p

values, which confirmed the accuracy of the probabilistic
models. For most p, the points derived from SGCS algorithm fell above those derived from SGS algorithm except
the interval of 0.08 < p ≤ 0.16. For instance, the 0.5 probability interval derived from SGS algorithm contained 56%
of the true values, while the proportion in this interval
derived from SGCS approach was approximately 68%,
indicating that the SGCS algorithm yielded the larger
deviations between the estimated and theoretical proportions for most p-values. In such circumstances, Deutsch
[41] proposed to assess the closeness of the estimated and
theoretical proportions using the following “goodness”
statistics:

1

Proportion in the interval
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where the exceedence of specific threshold values is the
main concern, such as non-parametric method and the
need of risk management, median-centered PIs could be
replaced by unbounded PIs to perform the uncertainty
assessment.

our study, standard deviations are borrowed to assess the
spatial uncertainty generated by two simulation algorithms.
Standard deviations of soil salinity from 100 equiprobable
realizations generated by SGS and SGCS algorithms were
presented in Fig. 9.
For both SGS and SGCS algorithms, the spatial patterns of standard deviations showed similarity at various
soil depths. Generally, large standard deviations were observed at the south-central and south-east portions of the
domain, and the occurrence of small standard deviations
was mainly in the central and north-west positions of the
study plot, which was in consistency with the the spatial
patterns of soil salinity obtained by SGS and SGCS algorithms (Fig. 6). The possible reason is that for the simulation algorithms, the standard deviations achieved through
simulations depend on the actual data values in addition
to data configurations for greater reliability in describing
the estimation precision, while for interpolation algorithms,
standard deviations are independent of the actual data values, and depend only on the data configurations [16]. The
standard deviation maps (Fig. 9), associated with the spatial
patterns of soil salinity, represent a way of assessing spatial

3.5 Spatial uncertainty analysis

Unlike models of local uncertainty that can be compared to measured observations, there is no reference
spatial distribution of values to use as criterion for models
of spatial uncertainty, and conventional checks, are selectively applied to validate the quality of reproduction of
histogram and semivariogram by the realizations. However,
this approach provides no indication on the goodness of the
set of realizations. In such cases, the differences among a
series of equally probable realizations can provide a measurement of spatial uncertainty and many researchers proposed to adopt standard deviations to evaluate the spatial
uncertainty. Bourennane et al. [18] highlighted that the
assessment of spatial uncertainty using simulation algorithms were more revealing and realistic than spatial uncertainty assessment using interpolation algorithms. In
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uncertainty and allow to overcome the drawback of kriging
variance of independence from the actual data, which
agrees with the conclusions of [43].
The spatial uncertainty was further tested graphically
through comparing the standard deviations computed on
the 100 realizations generated by SGS and SGCS algorithms. The standard deviations were uniformly divided
into 12 classes at 0.1 m intervals from surface soil to the
depth of 1.2 m, and box plot statistics of the standard
deviations against all classes were presented in Fig. 10.
Taking the standard deviations at various soil depths into
consideration, the average standard deviations ranged from
0.412 to 0.473 for SGS algorithm, and larger average
standard deviations, varying between 0.559 and 0.588,
were observed for SGCS method which confirmed that
the modeling of spatial uncertainty for SGS algorithm
was, in a way, reasonably more reliable than SGCS approach. When comparing the standard deviations at various
soil depth classes, similar spatial patterns (Fig. 9) and approximative statistics (Fig. 10) were discernable, manifesting insignificant difference among the precision of modeling spatial uncertainty at various soil depths. The homology of datasets used for simulation may be responsible: in
the dataset used for SGS (254 profiles), data of 190 profiles, approximately three times of sampling cores (64

profiles), was converted from the raw auxiliary data
(EMh, EMv) or the intermediate variable EM c (Equations in Table 1), which was subsequently used as the
covariate in SGCS simulation, and it was also the case at
the vertical orientation.

4 DISCUSSION AND CONCLUSION
This paper has presented an exhaustive comparison of
two geostatistical approaches to simulate the spatial distribution of soil salinity and to assess the local and spatial
uncertainty in coastal region, north Jiangsu Province, China.
It is based on application of the geostatistical techniques of
sequential Gaussian simulation (SGS) and sequential
Gaussian co-simulation (SGCS) to yield a series of stochastic realizations, which represent equally probable spatial
distributions of the soil salinity across the study domain.
Apparent soil electrical conductivity measured by electromagnetic induction instrument EM38 is used as the covariate of soil salinity to perform the SGCS simulation.
The obtained realizations (maps) avail to establish appropriate management practices urgently required, such as
irrigation or crop layout optimization, to profitably leach
the soil salinity and reduce crop yield losses.
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Electromagnetic induction instruments (e.g., Geonics
Ltd. EM38) have been widely used to measure the apparent soil electrical conductivity and assess the in-situ and
field soil salinity. With respect to in-situ assessment, many
calibration approaches, such as (multiple) linear regression,
established coefficients, equal-area quadratic spline reconstruction and so on, have been proposed to interpret soil
salinity on the profile. At the field scale, a number of interpolation methods, such as ordinary kriging, trend kriging,
co-kriging, regression kriging, and so on, have been applied
to describe and assess the spatial distribution of soil salinity
[20]. In our study, apparent soil electrical conductivity
measured by EM38 was strongly correlated with soil salinity in the coastal region where salinization is a governing
obstacle to agricultural utilization. Owing to the highefficient and non-invasive nature of EM measurements,
they were selected as the covariate of soil salinity. An intermediate variable, derived from EM measurements, was
calculated layer-by-layer and used as covariate at the vertical orientation, that is, the multiple linear combinations of
EM measurements (EMh and EMv) were established in
terms of their response to salinity at different soil layers.

site specific farmers for reference. As opposed to interpolation algorithms, in simulation, reproduction of global features, spatial continuity, and statistics take precedence over
local accuracy [13]. Thus, simulation can provide a more
authentic spatial representation of pattern phenomena. With
respect to the spatial representation of the average of all
simulations, peculiar management practices, such as irrigation, film mulch and so on, were recommended to control the potential risk of salinization, especially at positions
with high surface soil salinity, because the soil sampling
and EM survey was performed in March, just the drought
season in coastal region, strong evaporation drove salt
move upward to the soil surface through capillary rise.
Validation of the two simulation methods, as assessed
by root mean square error and mean rank, was based on the
separately left observations. Much attention has been previously paid to comparison of stochastic simulation algorithms by many authors [42, 46, 47], but the conclusion is
essentially the same: there is no simulation algorithm that is
best for all cases, but rather a toolbox of alternative algorithms from which to choose or to build the algorithm best
suited for the problem at hand [48]. The comparison showed
that the prediction accuracy of SGS algorithm was superior
to that of SGCS algorithm, indicating SGS method was
more suitable for the spatial estimation of the present soil
property, distribution type and data arrangement.
Geostatistical simulation techniques, suited in applications where global statistics are more important than local
accuracy, were developed largely in direct response to the
inadequate measures of spatial uncertainty associated with
the classical methods. Uncertainty assessment can take
various forms, such as mapping the probability of exceeding threshold values or generating sets of stochastic realizations of the spatial distribution of attribute values, and the
latter was adopted in our study. Accuracy plots are recommended to perform the local uncertainty assessment, and
standard deviations are suggested to assess the spatial uncertainty when reference spatial distribution of values used
as criterion is unobtainable. In the case of the dataset used
in our study, SGS approach was better for the modelling of
local uncertainty and the propagation of spatial uncertainty.
In this paper, the modelling of uncertainty for single continuous soil attributes (soil salinity) is of our interest. Many
soil attributes are categorical (i.e. soil texture) and uncertainty assessment through indicator-based stochastic simulation has received an increasing attention in the recent
years [44, 45, 49-52]. In several situations, there is also a
need for modelling the joint uncertainty about the values of
multiple soil attributes at a single location or across the
entire domain, and more efforts will be devoted to issues
such as the multivariate modelling of ccdfs or the spatial
co-simulation of variables [51, 52].

Summary statistics showed all variables of the leftskewed distribution were normally distributed after logarithmic transformation, and the normal transformed datasets were used for the modelling of spatial variability
and continuity. As to the normal transformation of raw
data, its application to the original data would not alter the
intrinsic spatial character of the data [15]. Experimental
semivario-grams for all the variables was generally isotropic at all directions with the identical nugget, sill and
range parameters despite the short lag distance in X direction due to limited data. Isotropic spherical model and
Gaussian model with nugget effect were well fitted the
horizontal and vertical (cross) semivariograms, respectively. Nugget effect was stronger at the horizontal orientation
than that at the vertical orientation, which was in consistency with the finding of [44, 45]. The difference between
nugget effects may be explained by the following reasons:
(i) stronger spatial variability at the horizontal orientation
than the vertical orientation, since soil salinity at the vertical orientation was characterized by obvious directional
trend, in other words, salinity generally increased with
depth; (ii) the sampling intensity at the horizontal orientation
(approximately 4~5 m) was sparser than that at the vertical
orientation (some 0.1~ 0.2 m), although incomparable
owing to the differences in scales, causing the semivariogram ummeasurable or blurred especially for the TDSb
dataset. In this study, soil profile to depth of 1.2 m is of our
interest for the reason that soil salinity at these layers, just
in the effective range of EM38 induction, transports actively due to shallow water table and saline groundwater.
The SGS and SGCS algorithms generated 100 equally
probable realizations of spatial soil salinity, respectively.
These realizations, without excessive filtering provided by
more traditional variance minimizing techniques, showed
consistency with the measured values and could used by
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ABSTRACT

lular polymeric substances, pH and reactor operations, etc.
[3-7]. But most of those researches were carried out at room
temperature (20-25 °C). In aerobic granular sludge, a decreased temperature could lead to shifts in microorganism
population and changes in bioconversion rates. De Kreuk
et al. [8] had exposed an aerobic granular sludge SBR inoculated with a mixture of flocculent sludge and crushedgranular sludge to the simulated short-term and long-term
temperature changes, and found that during start-up period, the SBR had high COD concentration in the aerobic
phase and great decrease of biomass resulted from the
washout of unstable granular sludge.
In the winter of China, the temperature of wastewater
is much lower than the optimum temperature for activated
sludge. Moreover, most of wastewater treatment plants are
built outdoors where the temperature fluctuates greatly,
differing from simulated environments with stable temperature. Therefore, before scaled up and put into practice,
it is necessary to investigate the formation and characteristics of aerobic granular sludge cultivated under actual low
temperature.

Both biological activities and microorganism species
of the granular sludge could be influenced by low temperature. To investigate the possibility of applying aerobic
granular sludge technology in winter, a sequencing batch
reactor (SBR) was developed to study the formation and
characteristics of the aerobic granular sludge cultivated
under low temperature. Results indicated that in the SBR
inoculated with flocculent sludge, aerobic granules could
appear within 3 days under water temperature of 6.0-8.0 °C.
Moreover, the flocculent sludge could completely convert
into granular sludge within 15 days, which was much more
efficient than previous results. Furthermore, the granular
sludge was characterized with average diameter of 6.0 mm,
settling velocity of 90 m h-1, water content of about 92%,
adsorption capacity of 100 mg Pb2+mg-1 MLSS-1 and dominated by filamentous bacteria all along, as well as efficient
biochemistry activities of simultaneously removing COD,
NH4+-N, TN and TP in a solely aerobic condition.
KEYWORDS:
Aerobic granule, low temperature, solely aerobic condition, settling velocity, nitrification and denitrification

2 MATERIALS AND METHODS
2.1 Reactor set-up and operation conditions

A column sequencing batch reactor (SBR) was used,
with internal diameter of 8.4cm, height of 160 cm and
working volume of about 7.5 L. Air was introduced by a
fine bubble aerator at the bottom of the reactor. The air
flux was adjusted to be large enough for keeping granular
sludge suspending in the water and the volume ratio of
gas and influent was in the range of 15-20.
The reactor was operated in successive cycles of 6 h:
1 min feeding without aeration, 342 min (stage 1) or 352 min
(stage 2) aeration, 15 min (stage 1) or 5 min (stage 2) settling without aeration and 2 min discharge without aeration. 5.0 L effluent was discharged at the end of each cycle.
The procedures of the reactor operation, including feeding, aerating, setting and discharging, were controlled by
timers automatically.

1 INTRODUCTION
Aerobic granular sludge is a promising technology
with outstanding settling velocity, high biomass concentration and various microorganism species just in a single
granular sludge, as well as easy to startup comparing with
anaerobic granular sludge system [1, 2]. But the granulation of flocculent sludge in the aerobic condition is a complex process influenced by many physicochemical and
microbiological factors. There are already many laboratoryscale studies for investigating those controlling factors,
including seeding sludge, substrate characteristics, extracel* Corresponding author
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This test was carried out in winter and water temperature was in the range of 4.0-14.0 °C. DO concentration
was above 2 mg/L throughout the operation cycle. The pH
was 6.0-7.0.

monia concentration in influent. In the first stage of about
30 days with ammonia concentration in influent of 10 mg/L,
the physical characteristics of granular sludge were studied. In the second stage of about 10 days with ammonia
concentration in influent of 30 mg/L, the biochemistry
activity of granular sludge was studied. In the third stage
of about 10 days with ammonia concentration in influent
of 80 mg/L, the influence of high concentration ammonia
on the removal rate of nitrogen by granular sludge was
studied.

2.2 Synthetic wastewater

As the aim of this test was to apply granular sludge
on the treatment of septic tank wastewater which belonged
to the wastewater with high concentration ammonia, the
synthetic wastewater was simulated according to the septic tank wastewater whereas the ammonia concentration in
it was increased gradually. The composition of the influent media were glucose of 450 mg L-1 (as COD of 450500 mg L-1), MgSO4·7H2O of 30 mg L-1, CaCl2 of 150 mg L-1,
NH4Cl of 38.2-305.7 mg L-1 (as NH4+-N of 10-80 mg L-1),
KH 2PO 4 of 44.0 mg L -1 (as TP of 10 mg L-1), FeSO 4 of
30 mg L-1 and trace element solution. In each cycle, 5.0 L
influent was dosed.

3 RESULTS AND DISCUSSION
3.1 Granulation process of aerobic sludge under low temperature
3.1.1 Observations

The reactor was started-up by seeding floccular sludge
from an urban sewage treatment plant. During the start-up
period, the settling time of sludge was kept at 15 min in the
firstly stage and 5 min in later stages. After inoculated for
three days, the sludge looked like white slices were observed, called white-slice sludge. And in the following day,
yellow granular sludge was also found (Fig. 1 (A)). By the
microscopic observation, the white-slice sludge was found
to be formed by the entwining of long filamentous bacteria
(Fig. 1 (B)). As the operation preceding, it was found that
some of the yellow granular sludge was slowly covered
by a layer of filamentous bacteria (called filamentouscovered granules), and new white-slice sludge were yielded
by the breaking of them (Fig. 1(C)). By further operation,
the biomass of white-slice sludge gradually reduced and
granular sludge increased. After cultivated for about 15 days,
flocculent sludge in the SBR completely converted into
granular sludge.

2.3 Analytical methods

The samples of influent and effluent were periodically
collected and analyzed for COD, NH4+-N, TN, TP, pH,
sludge volume index (SVI), MLSS and dissolved oxygen
(DO) according to the standard methods issued by the
Ministry of Environmental Protection Agency, China [9].
The settling velocity was measured by recording the
time taken for individual granules to fall from a certain
height in a measuring cylinder.
The water content of aerobic sludge was measured as
follow: Firstly, a certain volume of mixture was taken out
from the SBR reactor, and filtered with a membrane with
aperture of about 0.1 mm. Wet sludge with particle size of
above 0.1 mm could be obtained by placing the filtered
sludge on the membrane for about 2 hours to remove the
adsorbed water on the surface of granular sludge. Then, a
certain quality of this wet sludge was placed into the oven
and dried to a constant weight. Finally, the water content
of aerobic sludge could be obtained by Equations (1).

W=

Qwet − Qdry
Qwet

However, aerobic granular sludge kept changing in the
following operation. Firstly, a large amount of black granular sludge (Fig. 1 (D)) evolved from the filamentous-covered
granules were found. The compact structure of filamentous bacteria on filamentous-covered granules might cause
the appearance of black granules by blocking the diffusing
of dissolved oxygen and nutrient into granule inner. Moreover, the microbial species in the aerobic granular sludge
also kept changing. Monascus bacteria were even found
on the surface of those large granules (Fig. 2 (A)).

(1)

Where W is the water content of aerobic sludge particle size of above 0.1 mm, Qwet and Qdry are the weights of
wet aerobic sludge and dry aerobic sludge, respectively.
2.4 Experiments

3.1.2 Special phenomenon in the granulation process under
low temperature

In the first 15 days, aerobic granular sludge was cultivated by inoculating with the activated sludge taken
from the oxidation ditch and under low water temperature
of 6.0-8.0 °C. This process of aerobic granules cultivation
could be divided into two stages. The aeration time and
settling time in the first stage were 342 and 15 min, respectively, and those in the second stage were 352 and 5 min,
respectively.
When the sludge in SBR competed granulation, the
test started to stably operate, the process of which could
divided into three stages according to the changes of am-

Comparing with the granulation process of flocculent
sludge under room temperature, there were some special
phenomenons.
(1) Appearance of white-slice sludge
Obviously, the appearance of the white-slice sludge
played an important role in the rapidly granulation process
of flocculent sludge under low temperature. The strong
shearing force from aeration should be one of the most important factors inducing the appearance of the white-slice
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FIGURE 1 - (A) Mixture of white sludge and yellow granules forming on the 3rd day; (B) Structure of the white sludge observed under
microscope; (C) Mixture of the white chippy sludge and the yellow granules; (D) Mixture of black granules and yellow granules forming on
the 45th day

FIGURE 2 - (A) Red granule covered by Monascus; (B, C) Surface structures of granules by magnifying 40 times and 100 times respectively;
(D) Flourishing filamentous organism stimulated by the lower water temperature of 1.0-2.0 °C

sludge. By the help of shearing force, the meshy structure
of filamentous bacteria could be formed by entwisting with
each other. Though it was easy for the meshy structure to
adsorb flocculent sludge and impurity, most of the adsorbed

matters could be separated again by the strong shear force.
Therefore, the meshy structure composed of filamentous
bacteria present white.

57

© by PSP Volume 22 – No 1. 2013

Fresenius Environmental Bulletin

(2) Long-term domination of filamentous bacteria
In the granulation process of activated sludge in this
test, filamentous bacteria kept dominating the sludge system in a majority of the time. At room temperature, though
the granulation process also has a stage dominated by filamentous bacteria, it rapidly disappears by further cultivation [10]. Moreover, as shown in Fig. 2 (B, C), the phenomenon of enlacing granular sludge by filamentous bacteria mentioned in previous reports [11] was not observed in
the low temperature, which implied that the filamentous
bacteria played different function under low temperature.
Low temperature should be one of the most important
reasons to the crazily reproducing of filamentous bacteria.
By further reducing the temperature, it was found that the
growth of filamentous bacteria had been further promoted.
As shown in Fig. 2 (D), a new kind of super-filamentousbacteria granules appeared. However, this kind of aerobic
granular sludge had bad settleability.

the granulation process under low temperature, but longterm dominated the granular sludge, and the filamentous
bacteria did not enlace on the surface of granule, but
entwist with each other.
3.2 Physical characteristics of granules
3.2.1 Size of the granular sludge

Granule size is one of the most intuitive parameters reflecting the growth and age of the granular sludge [13-15].
The granule size determines nutrition and oxygen diffusion
in the granular sludge [16, 17].
In this test, sludge in the SBR reactor was firstly took
out and sieved by a screen with aperture of 1.0 mm. Then,
the size of the granular sludge was determined by recording
the diameters of individual granules randomly taken out
from the sieved granular sludge. As shown in Fig. 3, in the
steady stage, more than 95% of the sludge in SBR reactor
was constituted by granular sludge with diameter of more
than 1.0 mm, and though a small number of granular sludge
had the diameter as large as more than 15.0 mm, most of
the sieved granular sludge were in the range of 2.0-6.0 mm.

3.1.3 Mechanism of aerobic granulation under low temperature

Aerobic granulation is a complex process and until
now there is not a unified mechanism to explain it. However, there are already several hypotheses describing it
[12], including crystal nucleus hypothesis, extra-cellular
polymeric substances hypothesis, self-flocculation mechanism, cell-surface hydrophobicity hypothesis and fungal
(filamentous) bacteria hypothesis, among which the fungal bacteria hypothesis might be the fittest to the aerobic
granulation under low temperature.

Moreover, it was found that the average diameter of
granular sludge, calculated out by dividing the summation
of granules' diameters by their number, fluctuated around
2.0 mm at the firstly stage. While by shortening the settling time in the following stages, the average granule size
quickly increased to about 6.0 mm. It reported that the
diameters of granular sludge cultivated by different processes or under different controlling parameters would vary
greatly. For example, in the alternating anaerobic and aerobic processes, the percentage of granules with diameter of
more than 0.5 mm is only 20% [18]. In SBR, the diameter
of granule often ranges from 1.9 to 4.6 mm [19]. Therefore, it could conclude that the aerobic granular sludge
cultivated under low temperature had much larger diameter. The reason might be as follow: under low temperature,
the metabolism of microorganism inside of granular sludge
is much feebler than that under room temperature and requires fewer nutrients and dissolved oxygen, therefore, the
negative impact, resulting from the blocking of nutriment
and dissolved oxygen diffusing by large diameter, would
be weakened.

Based on the observations in this test, a hypothesis
about the aerobic granulation under low temperature could
be proposed as follows. Firstly, as mentioned in the fungal
bacteria hypothesis, a great deal of filamentous bacteria
appeared at the initial stage, which could be indicated by
the decrease of MLSS and increase of SVI during the
initial 7 days. Then, under the strong shear force, filamentous bacteria began to entwist with each other, and the
original granule was formed by the combining of those
entwisted filamentous bacteria and called “crystal nucleus”. The “crystal nucleus” became larger and larger by the
reproducing of the microorganism (mainly filamentous
bacteria) in it until the formation of aerobic granular
sludge. In this growing process of “crystal nucleus”, there
are also some other forces, such as hydraulic shear stress,
adsorption of other bacteria, inter-combination of original
granules etc. When the diameter of granular sludge reached
the upper limit for nutriment and dissolved oxygen diffusing, the inner part of granular sludge would be detached
from the outer part due to the shortages of nutriment and
oxygen, which then resulted in the appearance of black
granular sludge.

3.2.2 Settling velocity

In previous studies, the settling velocity of aerobic
granular sludge was generally in the range of 22-60 m h-1,
three times of the settling velocity of flocculent sludge. In
this test, the average settling velocity of the granular sludge
was in the range of 40-95 m h-1, even larger than 70 m h-1
for anaerobic granules [12]. And the large diameter of granular sludge was the reason to this large settling velocity.
Smoothness of granules’ surface and diameter were
found to be the most important parameters influencing the
settling velocity of aerobic granular sludge. For long-term
stable operation, the settling velocity of granular sludge in
the SBR reactor was maintained by the selective pressure
provided by controlling the sludge settling time. The

Though most of the phenomenon observed in this
granulation process indicated that the granulation mechanism at low temperature was according with the fungal
bacteria hypothesis, there were also some differences. For
example, unlike what mentioned in the fungal bacteria
hypothesis, the filamentous bacteria did not disappear in
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average settling velocities of granular sludge were about
50 m h-1 and 90 m h-1 under the sludge settling times of
15 and 5 min, respectively.

the diffusing of nutrition and dissolved oxygen, but also
prevented ions exchange between inside and outside of
granular sludge.

3.2.3 Water content

3.3 Biochemistry activity of granular sludge under low temperature

In this test, water content of aerobic granules fluctuated around 92%. By comparing with 92.7% for anaerobic
granules and 94.3% for aerobic granules [20], the granular
sludge cultivated under low temperature had a low water
content which might result from the large granule size.
3.2.4 Adsorption capacity to Pb

3.3.1 Organic matters removal

As shown in Fig. 3, when the temperature was about
8.0 °C and COD concentration in influent was 400500 mg/L, granular SBR system accomplished COD removal rate of about 90%. In stable stage, COD concentration in the effluent could be kept below 100 mg/L. Therefore, it indicates that at low temperature the granule sludge
still has strong bioactivities.

2+

Aerobic granular sludge has the compact and porous
structure, as well as the excellent settling ability. It is widely
reported that aerobic granular sludge is a good adsorbent to
heavy metal ions in wastewater [21-23]. The adsorption
mechanisms of aerobic granular sludge to metal ions include ion exchange, extracellular polymers binding and
chemical precipitation, amongst of which ion exchange
was preponderant.
Therefore, the biosorption characteristics of Pb2+ by
aerobic granule cultivated under low temperature were
investigated. When the initial content of Pb2+ was about
80.0 mg/L, MLSS was about 1000 mg/L and temperature
was about 4.0 °C, Pb2+ concentration in the wastewater
could be stable at about 60 mg/L within 60 min and the
minimum concentration of Pb2+ in the wastewater obtained
on the 30th min, about 30 mg/L. The maximal adsorption
capacity of this aerobic granular sludge obtained on the
30th min, 100 mg Pb2+/mg MLSS, which was smaller than
that in precious reports, about 100-200 mg Pb2+/mg MLSS
[12]. The structure characteristic of granular sludge forming
at low temperature should be the reason to the low adsorption capacity. As mentioned above, at the low temperature, the preponderant microorganism in granular sludge
was the filamentous bacteria which formed a compact layer
by entwining with each other on the surface of granular
sludge. And this kind of compact layer not only blocked

Moreover, batch tests with washed granular sludge
were implemented for measuring the consumption rate of
organic matters. When temperature was 10.0 °C, MLSS
was 16.6 g L-1 and dissolved oxygen was above 2.0 mg L-1,
the consumption rate of organic matters of granular sludge
was 2.6 g COD g-1 MLSS d-1, which was comparable with
that of the activated sludge in SBR of about 2.2 g COD g-1
MLSS d-1 at 30 °C [24]. Results indicated that granular
sludge had strong biochemical activity even under the low
temperature.
3.3.2 Simultaneous nitrification and denitrification (SND)

In order to investigate the nitrogen removal ability of
granular sludge cultivated under low temperature, the
concentrations of NH4+-N, NO2-N, NO3--N and TN in the
influent and effluent were measured. As shown in Fig. 4,
when the temperature was about 8.0 °C and the NH4+-N
concentration in influent persisted at the level of about
10 mg/L during the initial month. The effluent NH4+-N
concentration was stable at less than 4 mg/L, accompanying NH4+-N removal rate of more than 70%. In the following stage, the NH4+-N concentration in influent was
improved to 30 mg/L and the NH4+-N concentration in
effluent increased slightly, about 7 mg/L. Then, NH4+-N

FIGURE 3 - Concentrations of COD in influent and effluent and the removal rate of COD
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concentration in influent was further improved, as high as
80 mg/L, resulting that NH4+-N concentration in effluent
increased to 30 mg/L and the removal rate dropped to 60%.
Results showed that at low temperatures, granular sludge
also had a certain capacity of nitrification while this capacity was feeble and could be influenced by high concentration NH4+-N.

process. Low temperature should be the major reason to
the effective denitrification ability of granular sludge. At
low temperature, though the activity of microorganism
was reduced, granules with large diameter were stimulated
to form, which could provide more anoxic environment and
denitrifying microorganism. Therefore, the denitrification
ability of granular sludge was improved and nitrification
ability was weakened in the low temperature.
3.3.3 Phosphorus removal under a solely aerobic condition

When dissolved oxygen concentration was 2.0-6.0 mg/L
and influent TP was about 10 mg/L, the granular SBR
accomplished TP removal rate of about 80% and yielded
the average effluent TP of 2.0 mg/L. It is known that
alternating aerobic/anaerobic environment is one of the
necessary parameters for biological phosphorus removal
[25, 26]. However, in this test, the dissolved oxygen was
about 3.0-6.0 mg/L at stage of aeration and 2.0-3.0 mg/L
at stages of settlement and discharge. Consequently, the
phosphorus removal in this study was realized in a solely
aerobic condition.
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In this synthetic wastewater, the TN concentration in
influent was equal to NH4+-N concentration in influent.
By comparing Fig. 4 and 6, it could find that the concentrations of NO2+-N and NO3+-N in the effluent kept lower
than 4 mg/L all along and NH4+-N was the main nitrogen
compound in effluent, which indicated that granular sludge
cultivated under low temperature also had strong denitrification activities. Moreover, as shown in Fig. 4 and 5, both
of NH4+-N and TN concentrations in effluent increased
along with the increase of NH4+-N concentration in influent, which implied that the increase of NH4+-N concentration in influent had not obvious influence on the denitrification efficiency of granular sludge and nitrification was
the key limiting stage of the biological nitrogen removal
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FIGURE 6 - Concentration variation of nitrate, nitrite and ammonia in the effluent with operation time

The specious structure of aerobic granules should ascribe to TP removal under a solely aerobic condition which
is more efficient. Based on the sequential operation mode
and structural characteristics of aerobic granules, the
process of phosphorus removal could be divided into two
stages: The first stage happens in the initial aerating phase
when the organic matters are added just now and COD
concentration is high, resulting in high activity of the microorganism on the surface of aerobic granules and high
consumption of DO. Therefore, the anaerobic zone inside
of granular sludge would appear even under aerated condition because the penetration depth of oxygen is limited.
Furthermore, under great concentration gradients of organic
carbon, a large amount of organic carbon could reach the
inner side of granules. Finally, the necessary conditions for
phosphorus removal, anaerobic phosphorus release by PAB
and Poly-β-hydroxybutyric acid (PHB) composite, are obtained. The second stage happens at the end of aeration
phase when organic matters are consumed up and COD
concentration is low. In this stage, the penetration of organic carbon is reduced and the activities of microorganism on the surface of granules become weaken, resulting
that the penetration of DO is enhanced. The anaerobic
zones would become aerobic zones, in which polyphosphate accumulation intends to happen by using oxygen or
nitrite/nitrate as electron accepters and the PHB composited in the first stage as the energy source.

consumption rate of organic matters, effective SND and
phosphorus removal. Therefore, results indicated that aerobic granular sludge technology was absolutely dependable
to be efficiently scaled-up and put into practice in northern
regions of China.
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to 8.2 x 106 cfu/g and T2 (1.4 x 106 to 7.8 x 106 cfu/g) in
unpolluted soils. The trend of increase in microbial population was T1 > T2 > T3 > T4. Organic composts due to significant activities of microbes enhanced degradation of
crude oil with evolution of carbon dioxide. However, crude
oil polluted soils treated with poultry composts performed
significantly better than other composts or NPK fertilizer.

ABSTRACT
Deleterious and toxic organic compounds that are introduced into the environment during crude oil extraction,
gas flares and several other forms of wastes, change the
geochemical composition of the soil as well as other components of the environment resulting in environmental
pollution. Several methods or means have been used to
remove crude oil including application of chemicals, inorganic fertilizers, incineration methods, phytoremediation,
and abandoning the soil etc. But these methods have an
environmental or economic draw-back that limits their
uses. The use of compost, however, offers the possibility of
remediation and enhancing the fertility of degraded soil.
Studies were carried out on this field. Poultry manure
(PM), sawdust (S), crop residue (CR), cow dung (C) and
market wastes (MW), equal proportions of materials, were
used as compost materials, and NPK (nitrogen, phosphorus
and potassium; 15:15:15) was applied as inorganic fertilizer. A Randomized Complete Block Design (RCBD) with
four replicates involving three compost treatments and
inorganic fertilizers (NPK), T1 (PM + S + CR), T2 (CD + S
+ CR), T3 (MW + S + CR) and T4 (NPK, 15:15:15) was
adopted. Laboratory analyses were conducted on polluted
and unpolluted soils. On the field, 5.0 t/ha of composts
and 0.2 t/ha of NPK were applied two weeks after addition of crude oil. The two experiments were left for two
weeks after amendment before planting maize. Crude oil
hydrocarbon-tolerant microbes in the soil were estimated
using dilution plate technique, and the CO2 evolution from
the soil was also determined. It was observed that the quantities of carbon dioxide evolved from polluted soils (860 mg
100 g-1) being higher than 520 mg 100 g-1 in unpolluted soil.
In general, polluted soils continued to evolve significantly
higher quantities of CO2, relative to unpolluted soils till
the end of the study. Highest microbial population occurred in T1-treated soil with a range of 2.1 x 106 to 1.2 x
107 cfu/g in polluted soil, followed by T2 ranging from 2.2
x 106 to 1.1 x 107 cfu/g, but significantly different (P <0.05)
from T1 in unpolluted soils ranging from 1.6 x 106 cfu/g

KEYWORDS:
Crude oil, degradation, composts, microbial, evaluation

1 INTRODUCTION
The resulting problems and environmental impacts of
crude oil production are alarming. The problems include
pollution of air and drinking water, loss of fertile soil,
destruction of wild life and biodiversity, degradation of
farms, land, and damage to terrestrial and aquatic ecosystems, becoming a major issue which usually caused serious health problems and ugliness to natural environment
for the inhabitants of areas surrounding crude oil productions [1]. The role of crude oil and its refining products
importance in Nigerian economy has led to a significant
increase in the activities of the petroleum industries [2].
The activities of oil companies, however, have exposed the
inhabitants of oil-producing regions usually to untold hardship affecting their agricultural and related life sustaining
activities [3].
In Nigeria, quite substantial amount of crude oil is
spilled annually (the heaviest recorded oil spills were in
1979 and 1980 with net volumes of 694,117.13 and 600,
511.02 barrels, respectively). Between 1976 and 1988, a
total of 2,000 reports of oil spillages were reported with
discharge into the Nigerian environment. In its annual reports, Shell Nigeria stated that it used to experience about
250 oil spills each year [4]. In January 2008, the Nigerian
National oil spill Detection and Response Agency (NOSDRA) [5] declared it had so far located more than 1,150
oil spill sites abandoned by various oil companies within
the Niger Delta. The quantity of crude oil going into the
environment, especially farmland, is becoming alarming
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without commensurate control. As a result of this, there is
urgent need to checkmate oil spillage and also to intensify
activities to bring back the crude oil-polluted soil to pre–
contaminated level.
Numerous techniques, including application of chemicals, emulsion breaking, coalescing, floatation, physical
methods and phytoremediation are employed in bringing
back crude oil-polluted soil to pre-contaminated soil. However, these methods are generally ineffective in practical
applications due to high operational difficulties and low
remediation efficiency. The use of compost, however, offers
the possibility of remediation and enhancing the fertility of
degraded soil. Compost remediation technique is on the use
of organisms from compost to convert hazardous pollutants into less toxic compounds, or a biological system of
microorganisms to break down contaminants in soil [6].
Microorganisms consume contaminants in soils, ground
and surface water. The contaminants are digested, metabolized, and transformed into humus [7]. Gram-negative bacterial genera, commonly encountered in petroleum hydrocarbon (PHC)–contaminated soils, include Pseudomonas, Comamonas, Alealigenes and Acinetobacter species. Microbes
will break down hydrocarbons with evolution of CO2 [2].
The degradation of crude oil in the soil is a process that depends on the quantity and quality, the nature and amount of
hydrocarbons present, the ambient and seasonal environmental conditions and the composition of the indigenous
microbial community.
In the literature, various techniques are employed in
measuring crude oil degradation with little or no information on microbial population, or carbon dioxide liberated in the cause of remediation of crude oil-polluted soil.
This research study was carried out to investigate the
degradation of crude oil by microbes and evolution of
carbon dioxide in crude oil-polluted soil.

other part was left unpolluted. At the commencement of
each experiment, each part was divided into 4 replicate
portions of plot size 5 x 4 m (20 m2) with 1 m between the
treatments, (T1 – T4).
2.3 Treatments

To the soil, 5.0 t/ha composts and 0.2 t/ha NPK were
applied two weeks after addition of crude oil. The compost
mixtures used were T1 – compost using poultry waste
(PW), saw dust (SD), and crop residue (CR), [PW + SD +
CR]. T2 compost using cow dung (CD), saw dust (SD) and
crop residue (CR) [CD + SD + CR], T3 compost using
market wastes (MW), crop residue (CR) and saw dust (SD),
[MW + CR + SD], and T4 [NPK, 15:15:15]. The experiment was arranged in a randomized complete block design (RCBD) involving T1–T4 compost treatments. The
experiments were left for 2 weeks after amendment before
planting maize, and were monitored for 12 weeks.
2.4 Physico-chemical and microbial analyses

Soil pH was determined by the method described in
[8], available phosphorus (P) content of the soil by [9],
potassium (K) was determined by flame photometry, and
nitrite (NO2-), nitrate (NO3-) and total N were determined
by [10]. Organic matter was determined using the wet
oxidation method described in [19].
Total crude oil-tolerant microbes in the soil were determined as follows: Soil samples were homogenized under
a fume cupboard to prevent contamination from exogenous
bacteria. One gram aliquot each of the soils was added
to 9 ml of buffered peptone water from which a series of
aqueous solutions representing 10-fold dilutions of the sample were prepared. Each sample dilution was then swirled
for 30 seconds to extract adsorbed bacteria from soil particles. Eight 0.01-ml aliquots from each dilution were inoculated into sterile, disposable 15-ml Petri-dishes containing a
low nutrient content growth medium R2A agar for Total
Recoverable Heterotrophs (TRHs) from soil via the serial
dilution plate count method. The culture plates were incubated at 28±2 °C for 4 to 5 days, and appearance of colonies on the plates was interpreted as a positive test. Total
heterotrophic bacteria were counted according to spreadplated method on the solidified agar medium, and the
results were expressed in colony forming units (cfu) per
gram of dry weight. Carbon dioxide was also determined
and its amount was calculated from [20].

2 MATERIALS AND METHODS
2.1 Samples and sample collection

This study was carried out at Akotogbo area water
side of Ondo State, Nigeria. The source of the crude oil
was Arogbo kingdom where Chevron oil drilling company is located, and the textural class of the soil is sand. The
experiments were conducted between April and August of
each planting season. Poultry waste (PW), cow dung
(CD), saw dust (SD), crop residue (CR) and market waste
(MW) were sourced locally at Akure, and composted
using a windrowing system of composting for 6 weeks,
cured and dried for 2 weeks and stored in the laboratory
prior to use. NPK fertilizer (15:15:15) product of
(NAFCON) Nigeria was obtained from Education Development Unit (EDU) of the Federal College of Agriculture
(FECA), Akure.

2.5 Data analyses

Data collected were analyzed using analysis of variance (ANOVA).
3 RESULTS AND DISCUSSION
The soil pH, available P, K, nitrite, nitrate, total nitrogen, carbon (C) and organic matter (OM) are presented
in Tables 1 and 2. The pH of the soils ranged between 5.4
to 5.9 at initial state but 5.3 to 6.0 at the end of the study.

2.2 Experimental layout design

The experimental land was divided into two parts.
One part of the soil was polluted with crude oil while the
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The levels of total N in the soil (initially 0.08–0.21%,
and at the end of the study 0.06-0.25%) were generally
low perhaps on account of its mobility in the soil and the
fact that it may be incorporated into microbial biomass
and plant tissues easily through immobilization. This may
account for the significant low values at the commencement of the study with regard to those at the end of the
experiments. Another possible reason for the low level of
N may be due to the strong presence of nitrophilous grasses,
mainly Pernisetum pedicellatum, which would have to
utilize the soil N.

TABLE 1 - Physical and chemical properties of the soil at initial
state of the study.

Oil polluted-soil could be reclaimed by employing
bioremediation [3, 7]. CO2 evolution (Fig. 1) and microbial population (Figs. 2 and 3) were used as indices for
monitoring microbial degradation of crude oil in the soil.
In this study, CO2 production in unpolluted and oilpolluted soil increased throughout experiments. CO2 liberation from unpolluted soils was significantly different
(p <0.05) from that in polluted soils in the first 2 weeks
but the trends changed from the third week, and the results are in line with [14]. CO2 evolution was first inhibited in the oil-polluted soil [14, 15] due to non-performance
of the microbes possibly due to the toxicity of the crude oil.
But with application of compost, CO2 production was
greatly enhanced over the untreated soils being highly significant (p <0.05) as the activity of microorganisms increased the CO2 evolution as well [16], and this was the
trend of CO2 production till the end of the study. This result
also confirmed that oil-treated soil contributes to activities
of microorganisms. The microbial activities persisted more
in the oil-polluted soils than in the unpolluted ones.
Compost addition to the soils significantly encouraged the
growth of more microorganisms in oil-polluted soil than
in unpolluted one. This observation again reinforced the
importance of microbes from composts [16] accelerating
the rate of oil degradation.

TABLE 2 - Physical and chemical properties of the soil at the end of
the study.

This is an indication of acidic conditions. High soil
acidity has been attributed to combination of possible oxidation of pyrite (FeS2) in the soil to produce sulphuric acid,
depleted calcium level or increased aluminium concentration in the soil [11]. The low pH conditions may enhance
metal solubilities and possible leaching and, consequently,
acidification of water column and soil with significant loss
of living organisms [12].

Compost application, coupled with organic carbon
sources from PHCs, usually led to increase in microbial
population [2], altered carbon substrates as well as organic and inorganic N and P [17]. In this study, microbe’s
numbers started increasing from 1.1x106 cfu/g in unpolluted soil and from 1.5x106 cfu/g in polluted soil. Microbial activities and numbers increased significantly in the
oil polluted soil than unpolluted soil, microbes numbers
ranged from 1.5x106 cfu/g to 7.0 x106 in polluted soil and
from 1.1x106 cfu/g to 4.2x106 cfu/g in unpolluted soil.
Such significant increases in microbe numbers had earlier
been reported [15, 16]. The increment in microbes may be
due to the presence of crude oil that is rich in C and N
serving as nutrients for microbial activities. Soil has been
reported to be sinks for pollutants including hydrocarbons
[18]. Hydrocarbons present in soils may serve as bioaccumulators and their major route to plants in the polluted
soils.

A comparative analysis of the soil physico-chemical
parameters between the initial and second field experiments (Tables 1 and 2) showed that there was no significant difference in pH, acidity, nitrite and nitrate values.
Percent OM values of soils at the commencement of the
study ranged from 0.16 to 2.33%, and at the end of the
experiment from 0.17 to 2.38%. These values are low and
fall within the range of 0.5 to 3.0% obtained in savannah
soils of Western Nigeria. The reason for the low values
may be attributed to continuous cultivation and low vegetation in the area. The organic carbon concentration in the
sampled soils varies broadly but is comparable to the
naturally developed soils in the study area. Low P in the
soils of this area has also been reported [13]. The reason
for these low values may be related to its fixation by absorption on amorphous iron (Fe), aluminium (Al) oxide
and hydroxides.

Application of (PW + SD + CR) enhances the rate of
microbial activities, and the highest microbial population
recorded, 1.2x107 cfu/g, in (PW+ SD + CR)-treated polluted
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FIGURE 1 - Total CO2 produced in the unpolluted and treated polluted soil samples.
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FIGURE 2 – Microbial population in the oil polluted soil amended with different compost and fertilizer
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FIGURE 3 - Microbial population in the unpolluted soil amended with compost and fertiliser.

soil differed significantly (p <0.05) from the highest ones
(8.2x106 and 7.8x106 cfu/g) observed in (PW + SD + CR)
and (CD + SD + CR)-treated unpolluted soils. Marketwaste compost, (MW + SD + CR)-treated soil had the
lowest value of microbes both in polluted and unpolluted soils. Microbial degradation was low in unpolluted
soils without treatment, with values between 1.1x106 to
4.2x106 cfu/g. The low values obtained in the oil-polluted
soils without treatment throughout the study period may
have resulted from toxicity of the crude oil to soil microbes brought about by the high concentration of the oil
amended without any treatment. However, amendment of
soil with composts and inorganic fertilizers rich in nitrogen, phosphorous and potassium encourage significantly
the proliferation of microbes that prefer alternative substrates other than crude oil. This account was in support
of optimum performance of microbes in compost-treated
soils with respect to untreated ones

[2]

Onibon, V.O. (2010) Remediation of crude oil polluted sandy
soil using composts. PhD Thesis, University of Ibadan, Ibadan, Nigeria.

[3]

Onibon, V.O. and Fagbola, O., (2008) Effects of compost on
remediation of crude oil polluted soil. P-S-P Fresenius Environmental Bulletin 17 (7a) 1205-1209.
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Shell Nigeria, annual reports 1997-2006.

[5]
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Detects 1,150 oil spill sites 25th January 2008.
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Garland, G.A. Grist and R.E. Green (1995) The Compost
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4 CONCLUSION
The results obtained in this study revealed that compost application to crude oil-polluted soil can significantly
increase its microbial population, with carbon dioxide
evolution and measurable degradation of oil. However,
soils treated with poultry and cow dung composts, respectively, performed better than NPK fertilizer-treated soils.
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Official Analytical Chemists Washington D.C. USA, vol. i
and ii 15th edn. 75- 97.
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ABSTRACT

rine sand bar and other practical problems. Thus, it is
necessary to study formation and effect mechanism of
fluid mud.

A systematic investigation of meiofauna in the fluid
mud of river estuaries was carried out in December 2009
and May 2010. A total of 7 meiofaunal groups were identified, and they were nematodes, rotifers, copepods, ostracods, bivalves, insects and arachnids. Meiofauna were
mainly distributed in the depth of 0-10 cm, especially
concentrated in 0-2 cm. Meiofaunal density in the New
Ziya River estuary was up to 9051 ind 10 cm-2 in the
depth of 0-2 cm, about 5 times that in the Jiyun River
estuary. Comparison at the same vertical layer indicated
that meiofaunal density in the New Ziya River was much
higher than that in the Jiyun River. Pearson correlation
analyses revealed that meiofaunal densities were significantly related to median grain size, water content, critical
shear stress and bulk density. Activities of plenty of meiofaunal animals brought about intense disturbance to flocculated masses. Existence of these animals can inhibit
further sedimentation and compactification of suspended
sediment. It is suggested that studies on relations among environment, fluid mud and meiofauna should receive attentions from river managers.

Sediment flocculation and sedimentation is a very
complicated process. Factors affecting sediment flocculation and sedimentation are physical (i.e. water temperature,
flow, salinity, sediment particle size) or chemical (i.e. pH,
organic matters, cation concentration). It is demonstrated
that low water temperature may lead to low flocculation
and sedimentation of fine sediment [1]. Low flow facilitates flocculation, but high flow impedes flocculation [2,
3]. High salinity can cause destabilization and flocculation of sediment [4]. In general, the finer sediment is, the
more obvious flocculation is [5]. pH > 7.0 is usually considered as a key factor in the formation of flocculation
and sedimentation [6]. The presence of organic matters is
confirmed to inhibit sediment flocculation to a certain extent
[7, 8]. High cation concentration reduces surface potential
of sediment particles, which promotes flocculation and
sedimentation of suspended sediment [9].
Bed sediment is the primary refuge for benthic residents [10]. Meiobenthic invertebrates are those animals
characterized by 42-500 µm individual size [11, 12]. Large
numbers of meiobenthic animals have been confirmed to
dwell in the bed sediment of river estuaries [13-16]. Behavior and activities of these animals may inevitably have a
certain impact on flocculation, however, no knowledge concerning meiofaunal biological effects on sediment flocculation and sedimentation has hitherto been reported. Many
physico-chemical variables, i.e. particle size, organic matters, water content, salinity and so on, have been demonstrated as the key factors structuring meiofaunal assemblages [14, 15, 17-19]. The lack of research on kinetic
properties (i.e. rheological properties, shear stress, bulk
density, etc.) of fluid mud that influence meiofaunal animals impedes our ability to better understand the relation
between meiofaunal assemblages and fluid mud.

KEYWORDS:
sediment, meiofauna, vertical distribution, river estuary

1 INTRODUCTION
River estuary is a mixed zone of salt and fresh water,
where nutrients are rich, bio-productivity is high, and
ecological environment is changeable. Estuarine area has
a special sediment phenomenon known as fluid mud,
which is formed from flocculation and sedimentation of
suspended sediment. A better understanding of fluid mud
causes widespread concern in river management, because
fluid mud is closely related to estuarine and coastal evolution, the use of navigational depth, the formation of estua-

Thus, this paper deals with a systematic investigation
of meiofauna in the fluid mud of river estuaries carried
out in December 2009 and May 2010. The purpose of this
study is twofold: 1) to describe the overall characters of

* Corresponding author

69

© by PSP Volume 22 – No 1. 2013

Fresenius Environmental Bulletin

meiofaunal assemblages in these river estuaries; 2) to
analyze the relation between meiofaunal assemblages and
fluid mud.

the bottom, and combined for laboratory analyses. Conductivity was measured with conductivity meter (Model
DDS-11A). Chemical oxygen demand (COD) determined
by potassium permanganate method is commonly used to
indirectly measure the amount of organic compounds in
water. Total nitrogen (TN) was analyzed by the alkaline
potassium persulfate digestion-UV spectrophotometric
method. Ammonia, nitrite and organic nitrogenous compound are oxidized to nitrate by the oxidant potassium persulfate in alkaline medium at temperature of 120-124 °C.
Total phosphorus (TP) was analyzed by the ammonium
molybdate method. All variables were analyzed according
to Standard Methods for Water and Wastewater Monitoring and Analysis (2002) [22].
Meiofaunal samples were collected in replicate cores
(n=3, 2.2 cm diameter, 3.80 cm2 surface area) down to a
depth of 50 cm. Each core was separated into seven depth
fractions (0-2, 2-5, 5-10, 10-20, 20-30, 30-40, 40-50 cm).
Sediments were sieved with both a 500-µm and a 42-µm
sieve. The fraction remaining on the 42-µm sieve was
centrifuged three times with Ludox-TM (specific gravity:
1.15 g cm-3). All meiofauna were classified and counted
under a stereo-microscope after stained with rose bengal.

2 MATERIALS AND METHODS
The New Ziya River and the Jiyun River belonging to
the Haihe River system are studied. The New Ziya River
is the main flood channel dug during winter 1966 to
spring 1967. It is 143.35 km long, originating from Xian
County in Hebei Province [20]. The Jiyun River is 144.15
km long and has a catchment area of 10,288 km2, originating from Ji County in Tianjin [21].
Field investigations were conducted in December
2009 (high water level) and May 2010 (low water level).
Average values from the two investigations were used for
analyses. The locations of the study areas are shown in
Fig. 1. Samples of bed sediment were taken and analyzed
by Laser Diffraction Particle Size Analyzer (MS-2000).
Rheological properties of wet mud were measured with
Physical MCR 300 Modular Compact Rheometer. Critical
shear stress is widely used as a measure reflecting rheological properties. Water depth at stations ranged from 0.3
to 0.4 m. Water samples were taken near the surface and at

New Chaobai River
Jiyun River

New Yongding
River

Study area 2

New Ziya River

Bohai Sea

Study area 1
Bohai Sea
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FIGURE 1 - Locations of the study areas.

STATISTICA 6.0 was used for simple regression. Before analyses, data were log10(x+1) transformed to reduce
heterogeneity of variances.

than those in the Jiyun River at the same vertical layer. As
vertical depth became larger, water content showed a
downward trend, while critical shear stress and bulk density showed upward trends. Concentrations of total nitro-

TABLE 1 - The water physico-chemical properties in the studied
river estuaries.
New Ziya River
Jiyun River
Cond (µS cm-1)
3.82×104
2.70×104
TDS ( mg L-1)
4847
20586
TN ( mg L-1)
6.31
1.54
TP ( mg L-1)
0.31
0.10
COD ( mg L-1)
61.0
73.9
+
-1
K ( mg L )
47.18
192.95
Na+ ( mg L-1)
1256.6
5231.6
Ca2+ ( mg L-1)
161.94
233.22
Cd2+ ( mg L-1)
8.3×10-3
4.4×10-5
Cr2+ ( mg L-1)
5.5×10-4
8.7×10-4
Cu2+ ( mg L-1)
3.4×10-2
1.7×10-3
Mg2+ ( mg L-1)
167.22
464.95
Mn2+ ( mg L-1)
7.6×10-3
5.2×10-2
Pb2+ ( mg L-1)
9.1×10-3
1.0×10-5
3+
-1
-3
As ( mg L )
1.8×10
1.3×10-2
Note: Cond, conductivity; TDS, total dissolved solids; TN, total nitrogen concentration of water; TP, total phosphorus concentration of water;
COD, chemical oxygen demand.

3 RESULTS
3.1 Environmental characteristics of the study areas

The water physico-chemical properties of the study
areas are given in Table 1. It can be found that conductivity and nutrient concentrations (i.e. total nitrogen, total
phosphorus) of the New Ziya River were higher than those
of the Jiyun River, while total dissolved solids, chemical
oxygen demand and some cation concentration (i.e. Na+,
k+, Mg2+) were higher than those of the New Ziya River.
Maximum thickness of fluid mud in the New Ziya River
was up to 100 cm, but that in the Jiyun River was only up
to 50 cm [20, 21]. Size distributions of bed sediment at
the sampling sites are shown in Fig. 2. Mean grain size,
median grain size, water content, critical shear stress and
bulk density of wet sediment at the sampling sites are
given in Table 2. It can be found that mean grain size and
median grain size in the New Ziya River were smaller

FIGURE 2 - Size distributions of bed sediment at the sampling sites
in the New Ziya River (a) and the Jiyun River (b).

Jiyun
River

New Ziya River

TABLE 2 - Mean grain size, median grain size, water content, critical shear stress and bulk density of wet sediment in the studied river
estuaries.

0-2cm
2-5cm
5-10cm
10-20cm
20-30cm
30-40cm
0-2cm
2-10cm
10-20cm

Mean grain
size (µm)
8.72
9.69
9.25
7.71
5.90
7.56
26.66
25.06
19.93

Median grain
size (µm)
5.64
6.33
5.00
4.80
3.99
4.60
8.93
8.40
6.60

Water
content (%)
58.0
52.9
49.5
47.5
45.2
43.3
50.1
41.5
39.5
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Critical shear
stress (Pa)
90
200
300
330
1000
1700
180
1200
2600

Bulk density
(g cm-3)
1.22
1.25
1.28
1.32
1.45
1.52
1.30
1.38
1.44
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Jiyun
River

New Ziya
River

35.3
3200
20-30cm
15.94
5.80
1.55
30.0
4500
30-40cm
10.88
4.80
1.62
TABLE 3 - Concentrations of total nitrogen, total phosphorus and organic matters of dry sediment in the studied river estuaries.
0-10cm
10-20cm
20-30cm
30-40cm
40-50cm
0-10cm
10-20cm
20-30cm
30-40cm
40-50cm

Total nitrogen (%)
0.120
0.120
0.130
0.120
0.100
0.078
0.080
0.082
0.080
0.081

Total phosphorus (%)
0.066
0.085
0.064
0.060
0.017
0.053
0.060
0.058
0.050
0.020

gen, total phosphorus and organic matters of dry sediment
are compared vertically in Table 3. It can be found
thatvariations of each variable were not obvious among
the different vertical depth

Organic matters (%)
1.43
1.42
1.99
1.80
1.57
1.30
1.20
1.50
1.45
1.35

FIGURE 3 - Vertical distributions of meiofaunal abundance.

3.2 Composition and distribution of meiofauna

A total of 7 meiofaunal groups were identified, and
they were nematodes, rotifers, copepods, ostracods, bivalves, insects and arachnids. Vertical distributions of meiofaunal abundance are shown in Fig. 3. It can be found that
meiofauna were mainly distributed in the depth of 0-10 cm,
especially concentrated in 0-2 cm. Meiofaunal density in
the New Ziya River was up to 9051 ind 10 cm-2 in the
depth of 0-2 cm, and that in the Jiyun River was up to
1851 ind 10 cm-2. No meiofaunal animals can survive
below 40 cm. Comparison at the same vertical layer indicated that meiofaunal density in the New Ziya River was
much higher than that in the Jiyun River. Percentages of
each meiofaunal group at different vertical layers are shown
in Fig. 4. As shown in the figure, rotifers and nematodes
were dominant in the New Ziya River, while nematodes
were predominant in the Jiyun River.

FIGURE 4 - Percentages of each meiofaunal group at different
vertical layers in the New Ziya River (a) and the Jiyun River (b).
3.3 Relationships between sediment variables and meiofaunal densities

Pearson correlation analyses (Table 4) showed that
median grain size, water content, critical shear stress and
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bulk density of sediment were significantly related to meiofaunal densities. Regressions of meiofaunal densities on

these four variables are shown in Fig. 5. Bulk density of
sediment reflects the degree of sediment compactness, and

TABLE 4 - Pearson correlation coefficients (r) and probability levels (p) between sediment parameters and meiofaunal density.

r
n
p

r
n
p

Mean grain size (µm)
0.23
11
0.500
Critical shear stress (Pa)
-0.87
11
0.001
Total phosphorus of dry sediment (%)
0.43
10
0.216

Median grain size (µm)
0.71
11
0.015
Bulk density (g cm-3)
-0.90
11
<0.001
Organic matters of dry sediment (%)
-0.28
10
0.438

Water content (%)
0.81
11
0.003
Total nitrogen of dry sediment (%)
0.21
10
0.555

FIGURE 5 - Regressions of meiofaunal densities on median grain size (a), water content (b), critical shear stress (c) and bulk density (d).
Dashed lines indicate the 95% confidential limits.

high bulk density means strong compactness. It can be
found that meiofaunal density peaked at the surface layer
of fluid mud with low bulk density, while almost no
meiobenthic animals can survive at the compact sublayer

formed after flocculation and sedimentation of suspended
sediments.
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4 DISCUSSION

Fluid mud is closely related to siltation of coastal
harbour, evolutional processes of river estuary and utilization of navigation depth, therefore, understanding the characteristics of fluid mud is of great significance. Many factors have been confirmed to influence flocculation, sedimentation and compactification of suspended sediment [35, 8, 23]. In this study, it was demonstrated that biological
distribution of meiofauna can not be ignored. Therefore,
analyses on relations among environment, sediment and
meiofauna should be further strengthened and enhanced.

The thickness of fluid mud in the New Ziya River
was higher than that in the Jiyun River. The reasons were
as follows: (1) sediment grain size in the New Ziya River
was much smaller than that in the Jiyun River (Table 2),
and finer sediment is apt to flocculate [5]; (2) water conductivity of the New Ziya River was much higher than
that of the Jiyun River (Table 1), and higher conductivity
means higher ion concentration, thus, high cation concentration reduces surface potential of sediment particles,
which promotes flocculation of suspended sediment [9].
In the vertical stratification of meiofauna, taxa number
and density in the New Ziya River were higher than those
in the Jiyun River. This was attributed to the fact that
specific gravity of sediment in the New Ziya River was
smaller, and soft mud with better plasticity easily supported a large number of meiofaunal animals.

CONCLUSIONS
Different thickness of fluid mud in different river estuary was ascribed to discrepancy of environmental conditions. Meiofaunal animals were mainly distributed at upper
sediment layer, and they can inhibit flocculation, sedimentation and compactification of suspended sediment. In turn,
the stronger sediment compactness was, the more it was not
conductive to survival of animals here. Abundance and
distribution of meiofaunal animals were influenced by water
content, rheological properties and bulk density. Studies on
relations among environment, fluid mud and meiofauna
should receive attentions from river managers.

Variations of total nitrogen, total phosphorus and organic matters of dry sediment were not obvious among the
different vertical depth (Table 3). Obvious variations of
water content, critical shear stress and bulk density of wet
sediment existed among the different vertical depth (Table 2). Critical shear stress reflected the information of
rheological properties, and the smaller value meant that
fluid mud was prone to flow. At the surface layer, fluid
mud was characterized by high water content and strong
liquidity, which was conducive to the survival of meiofaunal animals. This also confirmed the regressions of meiofaunal densities on water content, critical shear stress and
bulk density (Fig. 5). Meiofauna were mainly distributed
at the surface layer, and similar features of vertical distribution of meiofaunal animals have also been found in other
river estuaries [13-15]. Only few individuals can survive
below 10 centimeters (see Fig. 3 & Fig. 5). This phenomenon was mainly due to two aspects: (1) oxygen for animal
survival was scarce; (2) stronger compactness of sediment
existed at lower layers, and available living space for
meiofauna was very limited [23].
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ABSTRACT

change, sea-level rise, and extreme events [1]. Climate
variation such as: increased frequency of extreme climatic
events such as tropical hurricanes, increase in rainfall,
longer duration of droughts, etc are expected in the Caribbean area. These climatic variations might affect the entire economy, including the energy sector. Depending on
the nature of the event, some energy sources may be more
adversely affected than others.

Cuba is located in the Caribbean Sea to the south of
Florida (United Stated of America). Its geographic characteristic, lengthened and narrow, makes it especially vulnerable to the effects of climate change, sea level rise and extreme weather.
Extreme events affect all economic sectors, including
the energy sector. Depending on the nature of the event,
some energy sources may be more adversely affected
than others.
The projected energy supply scenarios for Cuba foresee development of renewable energy sources up to their
maximum potential and also nuclear energy towards end
of the study period. Despite this, the energy sector will remain dominated by fossil fuels. Two scenarios, a Business
as usual (or reference) and a GHG mitigation were assessed. In the GHG mitigation scenario the expected installed electricity capacity mix in 2030 will be: 62% fossil
fuels, 20% wind, 8% biomass, 6% hydro and 4% nuclear
The study carried out an analysis of the vulnerability
of these energy sources to the climate change and extreme
events, and how climate change and climatic predictions
should be taken into account in the country energy planning. A model was developed, based on available data, to
identify the most relevant parameters and determine their
relevance for the different energy sources and types of
climate risk.
Pollutant emissions were also assessed, pointing out
the influence of the possible different alternatives.

Policymakers require a coherent synthesis of all aspects regarding energy and climate change. Currently this
cannot be obtained through energy supply models alone,
since these do not include climatic variables. The objective of this study was to carry out an analysis of the vulnerability of the energy sources, considered in the country
supply energy projections, to climate change and extreme
climatic events. Assumptions for future change in climate
were based on the Caribbean climatic predictions obtained
from the IPCC Fourth Assessment Report. The study also
explored how climate could be taken into account in the
country energy planning through Integrated Assessment
Models (IAMs), in order to minimized the negative effect
of climate changes in the energy supply system.
The results from an energy scenarios study, carried
out using the Model for the Analysis of Energy Demand
(MAED), and Model for Energy Supply System Alternatives and their General Environmental impacts (MESSAGE) were used as staring point [2]. The projected energy supply scenario, assessing the GHG mitigation, foresees
the introduction of renewable sources up to their maximum potential and nuclear energy, even though
fossil fuels will continue to have a dominant role.

KEYWORDS:
Climate Change, Extreme Events, Vulnerability, Energy

2 METHODOLOGY FOR
ENERGY SCENARIOS ANALISYS

1 INTRODUCTION

In the framework of the International Atomic Energy Agency (IAEA) RESEARCH COORDINATION
PROGRAM: “Greenhouse Gas Mitigation Strategies and
Energy Options” [2], energy demand projections for a Business as usual (or reference) scenario and a mitigation scenario were developed using the MAED model [3]. The

Small islands, whether located in the tropics or higher
latitudes, are particularly vulnerable to the impacts of climate
* Corresponding author
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corresponding supply scenarios were assessed using the
MESSAGE [4].

installed electricity generation capacity and generation by
sources.

2.1 Population & GDP projections

TABLE 2 - Total electricity installed capacity and generation by
sources, 2006

In both scenarios the same population and GDP growth
were assumed (see Figure 1). The population in Cuba was
assumed to decrease at an annual average rate of -0,036%,
based on studies conducted by the Centre for Population
Studies and Development [5]. The average annual GDP
growth rate was assumed to be 5.9% during the study period, as projected by the National Institute for Economic
Research, [6].
11.4

Total electricity installed capacity, MW
fossil
renewable
Total electricity generation, GWh
fossil
renewable
National Statistical Yearbook 2007
Main mitigation options

According IEA´s statistics, CO2 emissions from fuel
combustion for Cuba in 2009 were 26.84 Mt CO2 [8]. It
represented 2.75 % and 0.09% of the total Latin America
and global emissions respectively. Although Cuba has no
international commitment to reduce the GHG emissions
(no Annex 1 country) and its GHG emissions are insignificant in the global context, some mitigation strategies, have
been developed as part of the so called “Energy Revolution” (a deep transformation of the Cuban energy system).
These address key issues such as energy efficiency, use of
renewal energies sources, increased oil and gas production
and improved electricity service availability.
The main mitigation options considered in the study
were:
1. Increase of energy efficiency, mainly in the industrial
and service sectors.
2. Investment in renewable energy:
a. Introduction of solar energy for thermal purposes
by 2010, reaching a share of 20% and 30% in 2030
in residential and services sector respectively.
b. Introduction of more efficient bagasse power
plants (100 kWh per ton of sugarcane crushed).
c. Introduction of biomass gasification
d. Use of wind energy up to its maximum potential (1
200 MW of installed capacity).
e. Use of hydropower up to its maximum potential
(360 MW of installed capacity).
3. Switch to fuels with lower carbon content, by increasing the use of natural gas for electricity generation, together with the installation of more efficient technologies.
4. Introduction of the Nuclear Energy (modular reactor
(PBMR) 220MW), as a candidate plant from 2020
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FIGURE 1 - Population and GDP1997 grow
2.2 Base year data

2006 was selected as the base year, for the study. In
that year the total primary energy supply was 10.9 million
ton of oil equivalent (Mtoe) of which 52% was imported.
Moreover, final energy use was 5.9 Mtoe. Fossil fuels
made up 66% of the total, electricity 19% and renewable
sources 15%. Table 1 shows the total primary energy
supply (TPES) and the total final energy use, respectively.
TABLE 1 - Total primary energy supply (TPES) and total final energy use, 2006
TPES (Mtoe)
10 .9
Primary energy
5.3
Imports
5.6
Final energy use (Mtoe)
5.9
Fossil fuels
3.9
Renewable sources
1.1
electricity
0.9
Source: Author’s elaboration from National Statistical Yearbook
2007[7]

The total installed capacity of oil refineries in 2006
was 2.9 million tons of crude and 2.047 Mtoe of petroleum products were produced in that year.
The total installed electricity generation capacity was
5177 MW, of which fossil sources accounted for 90% and
renewables 10%. The electricity generation was 16469
GWh, and renewable sources (wind, bagasse and hydro)
constituted 3% of the total. The electricity transmission
and distribution losses were 6.7% and 12.3% respectively,
and total losses equalled 17.8%. Table 2 shows the total

2.3 Energy demand projections

In Figure 2 the demand projections for the Business
as usual (BAU) and the mitigation (MIT) scenarios are
shown. In the mitigation scenario the demand is lower
than in the base scenario from 2010 due the increased use
of solar energy for thermal purpose in the residential and
services sectors, the substitution of fossil fuels by electricity for cooking and lower energy intensities in the industrial and service sectors. By the end of the study period
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the energy demand in the mitigation scenario is 4% lower
than in the BAU scenario.

variable, generally characterised by large seasonal variability in precipitation and small seasonal temperature
differences in low-latitude islands. In the tropics, hurricanes and other extreme climate and weather events cause
considerable losses to life and property [1].
According to the IPCC Fourth Assessment Report (4AR) [1], the global mean temperature has increased by
around 0.6 0C during the past century. Over the same
period the mean sea level rose by about 2 mm/yr. The rate
of increase in air temperature in the Caribbean area exceeded the global average. The Third Assessment Report (TAR)
also found that much of the rainfall variability appeared to
be closely related to El Niño-Southern Oscil-
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In Figure 3 and Figure 4 the total installed capacity and
electricity generation in both scenarios during the study
period are shown. In the mitigation scenario the share of
renewable energy is greater than in the reference scenario.
This includes increased use of wind energy and hydropower and higher efficiency in the use of biomass due to
the introduction of new bagasse power plants.
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In addition to the increase in the use of renewal energy, the introduction of nuclear power from 2025 onwards,
result in a decrease in the share of fossil fuel electricity
generation from 97 % in reference scenario to 81% in
mitigation scenario by 2030. In the MIT scenario, the
installed electricity capacity mix in 2030 will be: 62%
fossil fuels, 20% wind, 8% biomass, 6% hydro and 4%
nuclear.
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2.5 Climate observations and future trends
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Although most small island states have very low
GHG emissions, they are highly vulnerable to the impacts
of climate change. In addition, they often have little capacity to adapt. The climate regimes of small islands are quite
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TABLE 3 - Climatic projection for the Caribbean area
Temperature
Precipitation

Climate observed trends
Increased from 0 to 0.5°C per decade since 1971 to 2004. The percentage of days with
very warm maximum or minimum temperatures has increased considerably since the
1950s, while the percentage of days with cold temperatures has decreased.
The maximum number of consecutive dry days is decreasing and the number of heavy
rainfall events is increasing.

Sea level rise
Extreme events

On average, the mean relative sea-level rise was 1 mm/yr during the last century.
The number of storms, reaching the highest categories, has increased since 1970, along
with increases in the Power Dissipation Index due to increases in their intensity and
duration.
1
The projected variations are related to the 1961-1990 period, and have been updated in the IPCC 4-AR[1]
Source: IPCC Fourth Assessment Report [1] and ECLAC 2010[10]
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Climate future trends1
Increase from 0,8 0C to 2,5 0C in
2050 and from 0,9 0C to 4 0C in
2070
Variation Range from -36.3% to
34.2% in 2050 and from -49,3% to
28,9% in 2070
Rise of 35 cm during the century
Increase in the frequency from 5%
to 10% during the century
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Ø The occurrence of extreme events associated with
tropical storms may cause damage to energy infrastructure.
Ø Coastal structures are influenced by sea level
rise, and with a higher sea level, the need for adaptation options will often require extra energy
supply.

lation (ENSO) events, combined with seasonal and decadal changes in the convergence zones.
Table 3 shows the observed climate trends andprojection to 2100 based on different emissions scenarios (A2
and B2)[ 9].
The following is expected for the region:
Ø Increased frequency of extreme climatic events
such as tropical hurricanes.
Ø Increase in annual rainfall
Ø Increased duration of droughts

Table 4 shows an analysis of the expected vulnerabilities of the energy systems, considered in the country
supply energy projections.
4 INTEGRATED ASSESSMENT MODELS

3 VULNERABILITY OF ENERGY
SYSTEM TO THE CLIMATE CHANGE

Integrated assessment is an interdisciplinary process
which combines, interprets, and communicates knowledge
from diverse scientific disciplines in an effort to investigate and understand causal relationships within and between
complicated systems. There is a current development of
methods and tools to improve the assessments. However,
the current energy models are not sufficient to undertake
comprehensive analysis that incorporates climate sensitivity. Efforts are underway in Cuba for the use of
IAMs to 1) assess the economic impact of climate change
and, 2) improve energy supply projections based on the
climate change adaptation from a CLEW (Climate, land,
energy and water) approach.

In order to adapt to climate change it is important to
know how the energy sector may be impacted. For example:
Ø The increment of temperature and hot waves, reduce the efficiency of thermoelectric power production.
Ø Droughts reduce hydropower generation and biomass production.
Ø Changes in cloud cover influence solar energy
production.
Ø Changes in wind direction, frequency, and
strength affect wind power production, either adversely or positively.

TABLE 4 -Vulnerability of energy system to the climate change
Energy System

Climate Impacts

Solar energy

The use of solar energy in Cuba is foreseen mainly for thermal purposes. In the energy projection it is expected
to reach a share of 20 % and 30% in 2030 in residential and services sector respectively. Solar energy for thermal purpose is extremely vulnerable to hurricanes and tropical storms as these can damage solar equipment.
An increase in the use of wind energy is expected in both energy supply projections. In the mitigation scenario
wind energy was limited to its maximum estimated potential (1 200 MW of installed capacity). Wind energy is
vulnerable to the change in the wind patterns and to the occurrence of hurricanes and tropical storm due the
damage they may inflict on wind power generators.
An increase in the use of hydropower is expected. In the mitigation scenario hydropower was limited to its
maximum estimated potential (360 MW of installed capacity).
The hydropower generation potentials are seriously affected by the drought, also temperature increment increases reservoirs evaporation. The occurrence of hurricanes and tropical storm might damage to the facilities.
The biomass production is expected to increase with the introduction of more efficient bagasse power plants
(100 kwh per tonne of sugar crushed)
The biomass potential is affected by the drought and temperature increment, with negative impacts on crop,
cycle efficiency and cooling water availability. Also, it is affected by the occurrence of hurricanes and tropical
storm that may damage facilities.
The increase in temperature, reduce the thermal power production efficiency because of higher cooling water
temperature.
Fossil fuel facilities including oil and gas productions are affected by increasing sea levels because most of the
facilities are located in coastal areas; also, they are affected by the occurrence of hurricanes and tropical storm
that may cause physical damage.
The increase in temperature, reduce the nuclear power plant efficiency because of higher cooling water temperature.
The power transmission system can suffer severe damage from hurricanes and tropical storms. Other impacts are
associated with the stress due to temperature increases and associated demand growth.

Wind Power

Hydro Power

Biomass Power

Fossil fuels

Nuclear Power
Electricity transmission and
distribution network
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4.1 Economic impact of climate change

The IAMs have been created from the perspective of
developed countries and therefore reflect their priorities.
We find the regional and global characteristics to be among
the main difficulties in adopting IAMs. The regions in each
model are set differently and countries are grouped by geographic regions or according to their socioeconomic characteristics. The regional definitions also differ from model
to model. Some experts support the idea of disaggregating
the regions in the models, but it must not be forgotten that
regardless of how regions are defined, climate change has
global effects. It depends not only on the region under
analysis, but also of the interaction among regions. Emissions from developed countries, for instance, have impacts
world-wide; however, the emissions from the Caribbean
region are negligible when compared with other regions.

Modelling the monetary impacts of climate change
globally is very challenging since it requires quantitative
analysis of a very broad range of environmental, economic
and social issues. However, this type of modelling, though
limited, provides a useful tool [11].
There are several IAMs, with differences in scope and
level of detail. The parameters used in the models as input
data are calibrated according to the results of numerous
economic and scientific research studies conducted. These
models often rely on the results of the previous studies.
PAGE2002 [12], RICE [13] and FUND [14] are considered among the most used and well known IAMs. In
fact, these models have been used and referenced in important studies like the Third Assessment Report (TAR)
of the IPCC (International Panel on Climate Change), the
Stern Review [15] and the ExternE project [16]. A detailed
comparison of these models was included in a reference
document published on the CEPAL web page [17].

Another important issue with respect to is how climate change affects rainfall patterns. None of the reviewed
IAMs projects rainfall or impacts associated with changes
in rainfall such as droughts and floods. These issues are of
paramount importance for the region.

So far, in all IAMs, the input and outputs are given on
a regional and global level. The estimated costs (the costs
of the damage generated by climate change, adaptation
costs and reduction of emissions costs) are subtracted from
the projected GDP.

Nor are extreme weather events properly treated in
most existing IAMs, but the latest science suggests that
extreme events will increase in frequency and severity with
climate change.

The interpretation of results is important. The projections obtained illustrate the risks involved, even though
the uncertainties are high. The modelling of long time
horizons and diverse regions raise ethical questions regarding inter-regional and inter-generational equity. For instance, if low weight is given to the future effects through
the use of elevated discount rates, the estimated costs will
be low and consequently, no actions will be taken to
stop climate change.

It is necessary to verify the impacts that are really
important for the region and whether they can be assessed
in the chosen models. If impacts are not included, it would
be advantageous to find alternative ways to incorporate them
into the analysis. In Cuba, studies linking the impact of
climate change on ecosystems and crops have been conducted. However, to incorporate these impacts into the
studies more information and knowledge about cause and
effect relationship will be needed.

The majority of the models use a global warming of
2–3 °C as starting point. In this range of temperatures, the
cost of climate change varies between 0% and 3% of
GDP. The poorest countries will suffer the highest costs.

Moreover, taking into account that the importance of
adaptation is much higher than the importance emissions
mitigation in the region, it is necessary to improve the way
to evaluate it. In order to support the decision making process with enough information, delay in implementation of
adaptation measures will increase the costs of climate
change.

If no actions are taken (BAU scenario) the temperature increase may exceed 2–3 °C by the end of this century. This increases the probability of additional impacts
like abrupt and large scale changes in climate. Estimating
these impacts is very difficult.

Despite the limitations of these models for immediate
application, each of their stages provides important information that can be used for multiple purposes. As part of
the integrated modelling analysis, climate projections are
needed. These can be obtained directly either from the IAMs
assumptions or from regional or global climate model results, as those obtained from the PRECIS [18] and RegCM
[19] models for Latin America and Europe, respectively.
Climate projections are made for each of the emission
scenarios provided. Using this information, it is possible to
assess the energy technologies suitable for the projected
climate depending on their availability in the country.

With a global warming of 5–6 °C, the models that include this impact (i.e. PAGE2002 and DICE/RICE) suggest losses between 5% and 10% of the global GDP, and
even higher losses in poor countries. These costs may be
increased by:
• Costs due to social and political instabilities
• Possible amplified feedback in the climate system
• Disproportional load of climatic change, affecting the
poorest regions to a greater extend

Furthermore, IAMs assess and quantify impacts on
the energy sector and other sectors, for example agriculture. The energy demand projections may vary in different

Under these conditions, the level of uncertainty is
high, raising the possibility of highly elevated losses.
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4.3 Energy adaptation options and policies in Cuba

climate scenarios and should be taken into account in the
energy planning process.

In order to solve the current deficit in energy production (mainly in electricity generation) in the light of major
transformations in the energy sector (Energy Revolution),
the Cuban Government is evaluating ways to incorporate
new sources and technologies and to expand the existing
capabilities. Since 2005, more than 1596 MW of fuel oil
and diesel engines have been commissioned to satisfy the
electricity demand because of this policy. This was a
response to the energy crisis in the 2003-2005 period, and
forms part of the Decentralized Energy Program that was
introduced. Additionally, the policy includes measures to
reduce the vulnerability of the electricity transmission and
distribution network to hurricanes and tropical storm.

From the adaptation point of view, the economic
evaluations will allow quantifying the impacts and to carry
out cost-benefit analysis of adaptation strategies.
4.2 CLEW (climate, land, energy and water) interaction approach

IAEA is launching efforts to develop methods and
tools to assess the energy, water and food nexus. Most
water, energy and land-use planning, decision and policy
making occurs in separate and disconnected institutional
entities. Likewise, the analytical tools used to support decision-making are equally fragmented, though undertaken
routinely [20]. Common tools used for energy system analysis include, for example, MESSAGE, MARKAL [21], and
LEAP [22] models. A commonly used model for water
system planning is the Water Evaluation and Planning system (WEAP) [23], and for water scarcity and food security planning, the Global Policy Dialogue Model (PODIUM) [24] model is well established.
“However, these and other models, in one way or another, lack the components required to conduct an integrated policy assessment especially when it might be needed in a
developing country policy context. Generally, they focus on
one resource and ignore the interconnections with other
resources, have overly simplified spatial representations, are
long-term policy “research” rather than short-term applied
“policy”/ decision support models, or analyse scenarios
which are impractically long term...” [25].
“What is needed it is an integrated analysis tool
which includes climate, land, energy and water aspects in
an accessible and useful manner for analysts and planners
in developing countries. Key improvements over existing
approaches should include: finer geographical coverage,
simplified data requirements, a medium-term temporal
scope, multi-resource representation (including their interlinkages) and software accessible to developing country
analysts. Such a tool would help decision makers assess
different technological options with diverse benefits and
disadvantages; estimate the impacts of different development scenarios; and analyse and evaluate policies...” [26].
It is likely to the net outcome of treating the three areas of the CLEW nexus comprehensively would lead to an
improved allocation of resources, greater economic efficiency, lower environmental and health impacts and better
economic development conditions. In short, overall increase
in welfare [27]. To actually form constructive linkages
across the boundaries that exist between the three areas, it
will require strong political leadership, compelling visions,
and significant cooperation. The vast gains in human welfare from improved provision of food, energy and water
and the spectre of losing this access through short sighted
policies that fail to recognise the complex interactions of
these three issues suggest that the CLEW nexus must be
prioritised both by the analytical policy support community
and policy makers.

During 2008 hurricane season three high category
hurricanes impacted Cuba, although the damages to the
electricity transmission and distribution network and
energy facilities were high, the fuel oil and diesel engines
did not suffer serious damage and its availability helped
support essential activities for the human life in the most
of the affected areas.
A demonstration project for the introduction of renewal energy, a wind park situated in the affected area,
was severe damaged by the hurricanes. The electricity
transmission and distribution network also suffered severe
damage.
Although the Distributed Generation System based on
diesel and fuel oil engines has a positive impact on the
reliability of electricity supply, its operation has caused
negative impacts through increased emissions of local air
pollutants (SO2 and NOx) [28]. Currently, its use has been
limited to the hours of high electricity demand, mainly for
those located closer to human settlements.
5 CONCLUSIONS
Because Cuba is a small island with low domestic
emissions efforts should be focused on climate change
adaptation. It is expected that climate variation in the
Caribbean area will affect economic sectors.
For adaptation to climate change it is important to
identify what the climate impacts on the energy sector
might be, in order to foresee futures changes. A robust
policy will favour an energy mix that limits impacts on
energy supply.
Based on the Caribbean climate predictions, all energy sources considered in the country supply energy projections, are vulnerable to climate change (temperature
increase) and extreme events (hurricanes and tropical
storms).
IAMs are needed to improve the energy planning
analysis take into account the effects of climate change
and its interactions with other resources that usually are
evaluated in an isolated manner.
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ABSTRACT

bacteria [4-6] and “Candidatus Accumulibacter phosphatis”, mainly affiliated with the Rhodocyclus group that
belong to Betaproteobacteria [7-10].

Only two groups of microorganisms are currently accepted as classic polyphosphate-accumulating microorganisms (PAOs) per the strictly defined physiological model
for PAOs in enhanced biological phosphorus removal
(EBPR) process. However, numerous other microorganisms can also contribute to EBPR, and there is no absolute
necessity for a microorganism to behave exactly as the
classic PAOs in order to be considered as a PAO. In this
study, the anoxic and aerobic EBPR performance of a denitrifying phosphorus-accumulating strain of Bacillus cereus
was explored. Results showed that this strain can perform
EBPR function in the same way as the defined classic
models for PAOs under both anoxic and aerobic conditions.
Impact from pH, temperature, and NO3-N concentrations
on its aerobic and anoxic phosphorus uptake rates were
observed.

It has also been observed that luxury phosphorus uptake can take place under both aerobic and anoxic conditions, and those responsible microorganisms are specifically referred to as DPAOs (denitrifying polyphosphateaccumulating organisms) [8, 11-18]. Kong et al. [6] claimed
that both rod and coccus morphotype Actinobacteria-related
PAOs have nitrate-reducing ability (to nitrite) but could not
further reduce the formed nitrite. Later, Carvalho et al. [8]
and Guisasola et al. [17] observed that a rod morphotype
Accumulibacter is capable to directly utilize nitrate as electron acceptor, while a coccus morphotype Accumulibacter
is able to utilize nitrite, but not nitrate. These reports are
suggesting that DPAOs should include microorganisms
not just traditional PAOs, and there is no absolute necessity for an organism to behave as the strictly defined traditional physiological model for PAOs in order to be considered as a PAO [2].

KEYWORDS:
Cultured bacteria, denitrifying, EBPR, PAOs.

Quite a few studies found that some conventional denitrifying bacteria can also contribute to EBPR by accumulating P [19-23]. Although they may not play a primary role
in EBPR, they could be crucial in scavenging phosphorus
left from aerobic zone/phase and be responsible for producing an effluent of very low P concentration [2]. Some of
those individually studied phosphorus accumulation denitrifiers include: Pseudomonas sp. Strain JR 12 [22], Brachymonas sp. Strain P12 [23], and Paracoccus denitrificans
PP15 [21, 23]. More or less, they all showed different features to the classic physiological behavior of PAOs, such
as no PHA formation during anaerobic conditions [22],
cell growth during anaerobic phase but not in aerobic phase
[23], polyphosphate synthesis with an external carbon
source but not PHAs [21, 22]. This study investigated
the EBPR performance of a phosphorus accumulation denitrifier belonging to Bacillus cereus. Its anoxic and aerobic
EBPR capability was studied, and its P uptake capacity
under various conditions was also investigated.

1 INTRODUCTION
Enhanced biological phosphorus removal (EBPR)
process exploits polyphosphate-accumulating organisms
(PAOs) that release P under anaerobic conditions with
uptake of external carbon sources to form intracellular
PHAs (polyhydroxyalkanoates), and luxurious uptake of
P during the following aerobic/anoxic conditions as well
as the break-down of the previously formed PHAs for cell
growth and reducing power [1-3]. Currently, there are
only two major microorganisms widely recognized as
candidates for PAOs: some bacteria belonging to Actino* Corresponding author
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2 MATERIALS AND METHODS

while the water phase PO4-P, NO3-N and intracellular
poly-ß-hydroxybutyrate (PHB, one type of PHAs) were
monitored at 20-30 min intervals.
The impact of the initial NO3-N level on ZQN2 anoxic
phosphorus uptake was also monitored. Starving ZQN2
cells were tested directly in the phosphate uptake medium
under different initial NO3-N levels (10, 20, 30, and 40 mg
N/L) for a total of 180 min at 30 oC. Water phase PO4-P
and NO3-N were monitored at 30-min intervals.

2.1 Strain isolation

The studied Bacillus cereus strain was isolated from
the sludge sample of a SBR type EBPR process operated
under an anaerobic/aerobic/anoxic mode. The sludge was
inoculated to a denitrification medium (5.0 g/L sodium
citrate, 1.0 g/L K 2 HPO 4 , 1.0 g/L KH 2 PO 4 , 0.2 g/L
MgSO4·7H2O, and 2.0 g/L KNO3. The medium pH was
adjusted to 7.2 (with 1M NaOH or HCl) by diluting plate
method, and then screened by phosphorus uptake experiment as described by Merzouki et al. [20]. With the tests
of nitrate reduction [24], metachromatic granules [25],
and PHB granules dyeing [26], this isolated strain (herein
referred to as ZQN2) was physically and genetically identified as a strain of Bacillus cereus (GenBank Accession
No: GU384232).

2.4 Aerobic performance

Similar to the ZQN2 anoxic EBPR profile observation,
the anoxic phase created by NO3-N spiking was replaced
by aerobic phase created by pure oxygen purging. Similarly, the water phase PO4-P and NO3-N were continuously
monitored throughout the anaerobic and aerobic phases at
20-30 min intervals.
The impact from pH and temperature on ZQN2 aerobic
phosphorus uptake was also monitored. Starving ZQN2
cells’ aerobic P uptake was evaluated in the phosphate uptake medium under varying levels of pH (5 to 10) and temperature (20 to 40 oC).

2.2 EBPR test
2.2.1 Reaction vessel

All tests were of batch mode. The reaction vessel was
a 2-L flask equipped with a septum. A gas-line was made
into the flask to provide either aeration, anoxic, or anaerobic environment. In order to better observe ZQN2 performance in phosphorus release and uptake process, two types
of culture medium were used in this study with the purpose to separately observe ZQN2 phosphorus release and
uptake process:
(1) Phosphate limitation medium [20]: 3.23 g/L
CH3COONa·3H2O, 23 mg/L Na2HPO4·2H2O, 152.8 mg/L
NH4Cl, 81.12 mg/L MgSO4·7H2O, 17.83 mg/L K2SO4, 11
mg/L CaCl2·2H2O, 7 g/L HEPES buffer, and 2 ml L of
the trace mineral solution [19]. The pH was adjusted to
7.2 with 1M NaOH.
(2) Phosphate uptake medium (no acetate, modified
from [20]: 35 mg/L KH 2 PO 4 , 305.52 mg/L NH 4 Cl,
91.26 mg/L MgSO 4 ·7H 2 O, 25.68 mg/L CaCl 2 ·2H 2 O,
8.5 g/L PIPES buffer, and 2 ml/L of the trace mineral
solution [19]. The pH was adjusted to 7.2 with 1M NaOH.
For each test, the ZQN2 inoculation was firstly
pregrown anaerobically enriched for 24 h in the phosphate
limitation medium to achieve P “starving” status, and then
the harvested ZQN2 cells were tested for their aerobic or
anoxic P removal performance under various conditions
in the phosphate uptake medium.

2.5 Chemical analysis

ZQN2 biomass was measured as the OD600 of unfiltered water samples through a UV-VIS spectrophotometer
(Purkinje general instrument, China). ZQN2 cell PHA
levels (PHB was measured) were determined with gas
chromatography (6890N, Agilent, Wilmington, USA) after
methanolytic decomposition [27]. Standard Methods for
Examination of Water and Wastewater (1998) [28] was
followed for the measurement of water-soluble chemical oxygen demand (COD), ammonium nitrogen (NH4-N),
nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), and
orthophosphate (PO4-P). COD was measured by the closed
reflux method. NH4-N was measured by the Nesslerization
method. NO2-N and NO3-N were measured by ion chromatography (DIONEX-100). PO4-P was analyzed with the
molybdenum-antimony anti-spectrophotometric method.
3 RESULTS AND DISCUSSION
3.1 Anoxic performance

A typical EBPR profile was demonstrated with anaerobic P release and subsequent anoxic denitrifying dephosphatation (Fig. 1). Cell PHB level increased during the
anaerobic P release phase, but decreased during the following anoxic P uptake period. These behaviors of ZQN2
were conform to the traditional physiological model for
PAOs in EBPR systems in that NO3- was utilized by
PAOs during anoxic conditions as the electron acceptor to
oxidize intracellular PHB [2].

2.3 Anoxic performance

At first, ZQN2 was aerobically cultured for 20 h at 30
C in a phosphate uptake medium to enhance cell phosphorus levels. Then, the medium was centrifuged and the
settled ZQN2 biomass was harvested. The harvested
ZQN2 was re-suspended in a fresh phosphate uptake
medium with external organic carbon source, and cultured
anaerobically for 160 min at 30 oC. Then, the ZQN2 culture was spiked with NO3-N at 30 mg N/L and cultured
for another 180 min at 30 oC. The reaction vessel was
purged with pure nitrogen gas throughout the entire test,
o

Cell anoxic phosphorus uptakes (%) under different
initial NO3-N levels are shown in Fig. 2. The lower the
initial NO3-N level, the quicker the P uptake speed. A similar lowest P level can be reached by 10, 20, and 30 mg
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NO3-N/L, but P release was observed under 10 mg NO3N/L. The 40 mg NO3-N/L sample presented a significantly
lower P removal than the others, which indicated the inhibition effect from NO3-N. Therefore, although ZQN2
needs NO3-N to carry out anoxic denitrifying
dephosphatation, NO3-N still can present inhibitory effects on ZQN2 as reported for classic PAOs [29].

observations suggested ZQN2 conforms to the traditionally defined physiological PAOs model [2].

FIGURE 3 - Aerobic EBPR of Bacillus cereus.

FIGURE 1 - Anoxic EBPR of Bacillus cereus.

FIGURE 2 - Anoxic phosphorus uptake of Bacillus cereus.

This inhibition effect from nitrate could be ascribed
to nitrite impact on ZQN2 cytomembrane and energy
generation as ZQN2 deoxidized nitrate to nitrite under the
anoxic environment. Another possible explanation is high
nitrate levels can inhibit the needed enzyme for phosphorus uptake.

FIGURE 4 - Aerobic phosphorus uptake of Bacillus cereus under
various pH (a) and temperature (b) levels.

3.2 Aerobic performance

ZQN2 aerobic P uptake (%) and biomass growth under different pH and temperature levels are shown, respectively, in Figs. 4a and 4b. It is observed that biomass
growth and P uptake are positively correlated. This fea-

The time profile of ZQN2 aerobic EBPR is shown in
Fig. 3. Cell PHB increased during the anaerobic phase
with P release into the water, and cell PHB decreased during the aerobic phase with luxury P uptake. Again, these
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ture is according to the physiological model for PAOs that
cell growth occurs during P uptake phase [2]. As measured by the final phosphorus uptake (%), the optimum pH
range for ZQN2 aerobic P was observed to be 5-9 (Fig. 4a),
and the optimum temperature range was observed from 2530 oC (Fig. 4b). The existence of optimum pH and temperature levels suggested that the P uptake performance
by ZQN2 is mediated by enzymes [30].

[4]

Fuhs, G.W. and Chen, M. (1975) Microbiological basis of
phosphate removal in the activated sludge process for the
treatment of wastewater. Microbial Ecology, 2, 119-138.

[5]

Kong, Y., Nielsen, J.L. and Nielsen, P.H. (2004) Microautoradiographic study of Rhodocyclus-related polyphosphateaccumulating bacteria in full-scale enhanced biological phosphorus removal plants. Applied and Environmental Microbiology, 70, 5383-5390.

[6]

Kong, Y., Nielsen, J.L. and Nielsen, P.H. (2005) Identity and
ecophysiology of uncultured actinobacterial polyphosphateaccumulating organisms in full-scale enhanced biological
phosphorus removal plants. Applied and Environmental Microbiology, 71, 4076-4085.

[7]

Crocetti, G.R., Hugenholtz, P., Bond, P.L., Schuler, A., Keller, J., Jenkins, D. and Blackall, L.L. (2000) Identification of
polyphosphate-accumulating organisms and design of 16S
rRNA-directed probes for their detection and quantitation.
Applied and Environmental Microbiology, 66, 1175-1182.

[8]

Carvalho, G., Lemos, P.C., Oehmen, A. and Reis, M.A.M.
(2007) Denitrifying phosphorus removal: linking the process
performance with the microbial community structure. Water
Research, 41, 4383-4396.

[9]

Hesselmann, R.P.X., Werlen, C., Hahn, D., van der Meer,
J.R. and Zehnder, A.J.B. (1999) Enrichment, phylogenetic
analysis and detection of a bacterium that performs enhanced
biological phosphate removal in activated sludge. Systematic
and Applied Microbiology, 22, 454-465.

4 CONCLUSIONS
A denitrifying strain (GenBank Accession No:
GU384232) belonging to Bacillus cereus was observed for
its EBPR potentials. Results showed that this strain is in
conformity to the traditional physiologic model for PAOs
in EBPR process that releases P under anaerobic conditions while forming PHB, and subsequently, takes up P by
consuming PHB under the following anoxic/aerobic conditions. Also, its cell growth occurs during P uptake phase.
Despite its necessity to utilize NO3-N, anoxic P uptake
can be inhibited by NO3-N. Its aerobic P uptake capability
can tolerate within a relatively broad pH range (5-9), but
only within a relatively narrow temperature range (25-30 oC).
This study only investigated the EBPR profile of this
denitrifying strain and its anoxic/aerobic P uptake capability under various conditions, but leaving its anaerobic P
release not investigated. Also, its interaction with other
microorganisms within actual EBPR systems still needs
further investigation before its practical EBPR application
can be realized.

[10] Zeng, R.J., Loosdrecht, M.C.M.V., Yuan, Z. and Keller, J.
(2003) Metabolic model for glycogen-accumulating organisms in anaerobic/aerobic activated sludge systems. Biotechnology and Bioengineering, 81, 92-105.
[11] Kerrn-Jespersen, J.P. and Henze, M. (1993) Biological phosphorus uptake under anoxic and aerobic conditions. Water
Research, 27, 617-624.
[12] Kuba, T., van Loosdrecht, M.C.M. and Heijnen, J.J. (1996)
Phosphorus and nitrogen removal with minimal COD requirement by integration of denitrifying dephosphatation and
nitrification in a two-sludge system. Water Research, 30,
1702-1710.

ACKNOWLEDGEMENTS
This work was financially supported by the National Natural Science Foundation of China (NSFC)
(No. 51008239), the Fundamental Research Funds for
the Central Universities (No. 5082010), the China Postdoctoral Science Foundation (CPSF) (No. 2011M501254), and
the opened fund of State Key Lab of Urban Water Resources and Environment (HIT) (No. QA200810, No.
QAK201014).

[13] Ahn, J., Daidou, T., Tsuneda, S. and Hirata, A. (2001) Metabolic behavior of denitrifying phosphate-accumulating organisms under nitrate and nitrite electron acceptor conditions.
Journal of Bioscience and Bioengineering, 92, 442-446.
[14] Hu, J.Y., Ong, S.L., Ng, W.J., Lu, F. and Fan, X.J. (2003) A
new method for characterizing denitrifying phosphorus removal bacteria by using three different types of electron acceptors. Water Research, 37, 3463-3471.

REFERENCES
[1]

[15] Saito, T., Brdjanovic, D. and van Loosdrecht, M.C.M. (2004)
Effect of nitrite on phosphate uptake by phosphate accumulating organisms. Water Research, 38, 3760-3768.

Arun, V., Mino, T. and Matsuo, T. (1988) Biological mechanism of acetate uptake mediated by carbohydrate consumption
in excess phosphorus removal systems. Water Research, 22,
565-570.

[2]

Seviour, R.J., Mino, T. and Onuki, M. (2003) The microbiology of biological phosphorus removal in activated sludge
systems. FEMS Microbiology Reviews, 27, 99-127.

[16] Jiang, Y., Wang, B., Wang, L., Chen, J. and He, S. (2006)
Dynamic response of denitrifying poly-P accumulating organisms batch culture to increased nitrite concentration as
electron acceptor. Journal of Environmental Science and
Health, Part A: Toxic/Hazardous Substances & Environmental Engineering, 41, 2557-2570.

[3]

Tuncal, T., Pala, A. and Uslu, O. (2009) Determination of microbial responses to seasonal variations of wastewater composition in the Izmir wastewater treatment plant. Fresenius Environmental Bulletin, 18, 2114-2122.

[17] Guisasola, A., Qurie, M., Vargas, M.D., Casas, C. and Baeza,
J.A. (2009) Failure of an enriched nitrite-DPAO population
to use nitrate as an electron acceptor. Process Biochemistry,
44, 689-695.

87

© by PSP Volume 22 – No 1. 2013

Fresenius Environmental Bulletin

[18] Chang, G., Liu, C., Zhang, F., Huang, L., Zhang, B. and Bi,
X. (2011) Prepose the anoxic zone to enhance phosphate and
nitrogen removal from wastewater with low C/N ratio. Fresenius Environmental Bulletin, 20, 3025-3029.
[19] Jørgensen, K.S. and Pauli, A.S.-L. (1995) Polyphosphate accumulation among denitrifying bacteria in activated sludge.
Anaerobe, 1, 161-168.
[20] Merzouki, M., Delgenes, J.-P., Bernet, N., Moletta, R. and
Benlemlih, M. (1999) Polyphosphate-accumulating and denitrifying bacteria isolated from anaerobic-anoxic and anaerobic-aerobic sequencing batch reactors. Current Microbiology,
38, 9-17.
[21] Barak, Y. and Rijn, J.V. (2000) Atypical polyphosphate accumulation by the denitrifying bacterium Paracoccus denitrificans. Applied and Environmental Microbiology, 66,
1209-1212.
[22] Barak, Y. and Rijn, J.V. (2000) Relationship between nitrite
reduction and active phosphate uptake in the phosphateaccumulating denitrifier Pseudomonas sp. strain JR 12. Applied and Environmental Microbiology, 66, 5236-5240.
[23] Shi, H.-P., Lee, C.-M., and Ma, W.-H. (2007) Influence of
electron acceptor, carbon, nitrogen, and phosphorus on polyhydroxyalkanoate (PHA) production by Brachymonas sp.
P12. World Journal of Microbiology & Biotechnology, 23,
625-632.
[24] Garrity, G.M., Bell, J.A., and Lilburn, T.G. (2004) Bergey’s
manual of systematic bacteriology, second edition. New
York: Springer.
[25] Murray, R.G.E., Doetsch, R.N., and Robinow, C.F. (1994) Determinative and cytological light microscopy. In: Gehardt, P.,
Murray, R.G.E., Wood, W.A. and Krieg, N.R. (Eds.) Methods
for general and molecular bacteriology. Washington, DC:
American Society for Microbiology.
[26] Sudesh, K., Abe, H., and Doi, Y. (2000) Synthesis, structure
nd properties of polyhydroxyalkanoates: biological polyesters. Progress in Polymer Science, 25, 1503-1555.
[27] Satoh, H., Ramey, W.D., Koch, F.A., Oldham, W.K., Mino,
T. and Matsuo, T. (1996) Anaerobic substrate uptake by the
enhanced biological phosphorus removal activated sludge
treating real sewage. Water Science and Technology, 34, 815.
[28] APHA, AWWA, and WEF (1998) Standard methods for the
examination of water and wastewater, 20th edn, American
Public Health Association, Washington, DC.

Received: February 22, 2012
Revised: May 09, 2012; May 30, 2012
Accepted: August 02, 2012

[29] Meinhold, J., Filipe, C.D.M., Daigger, G.T. and Isaacs, S.
(1999) Characterization of the denitrifying fraction of phosphate accumulating organisms in biological phosphate removal. Water Science & Technology, 39, 31-42.

CORRESPONDING AUTHOR

[30] Cowan M.K. and Talaro K.P. (2008) Microbiology: A systems approach, McGraw-Hill Science Engineering.

Hongyu Wang
Wuhan University
School of Civil Engineering
430070 Wuhan
P.R. CHINA
Phone: +86 027 68772260
Fax: +86 027 68775328
E-mail: hywangwhu@126.com

88

© by PSP Volume 22 – No 1. 2013

Fresenius Environmental Bulletin

FEB/ Vol 22/ No 1/ 2013 – pages 81 – 85

VARIATION OF SOIL ENZYME ACTIVITIES
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ABSTRACT

1 INTRODUCTION

In the present study, we investigated soil dehydrogenase, amylase, invertase, and β-glucosidase activities,
microbial biomass carbon (MBC), dissolved organic carbon (DOC), easily oxidizable organic carbon (EOC), and
soil organic carbon (SOC) in Calamagrostis angustifoliadominated meadow wetland, constructed wetland, and four
riparian wetlands located at Qinglong, Bielahong,
Nongjiang, and Yalv Rivers’ drainage basins in the Sanjiang Plain, Northeast China. The objective of our study
was to test the effect of wetland type on soil enzyme activities and labile organic carbon (LOC) fractions. Our results
showed that soil enzyme activities varied with wetland type.
Among the selected wetland types, the riparian wetland in
the Qinglong Valley had the highest soil amylase, invertase, and β-glucosidase activities, while C. angustifoliadominated meadow wetland had the highest dehydrogenase activity. Moreover, wetland cultivation decreased soil
dehydrogenase, amylase, invertase, and β-glucosidase activities and MBC, DOC, EOC, as well as SOC contents. In
addition, we observed positive correlations between soil
dehydrogenase, amylase, invertase, and β-glucosidase
activities and MBC, as well as EOC and SOC. Meanwhile,
soil dehydrogenase activity was positively correlated with
DOC. Our results suggest that, soil enzyme activities play
important roles in carbon cycling in wetland soil, and thus
can be considered as biological indicators of soil quality
in wetland ecosystems.

Soil enzymes are the mediators and catalysts of biochemical processes that are important in soil functions,
such as organic matter decomposition and nutrient transformation in soil [1]. In the process of decomposition, soil
organic carbon (SOC) is mineralized by hydrolases, such
as amylase for starch, β-glucosidase for cellobiose, and
invertase for sucrose [2]. Soil dehydrogenase is considered
to be an endocellular enzyme, playing an integral part in
microbial metabolism [3]. Enzyme activities are widely
used as indicators of soil quality because they are sensitive
to land use change [4, 5]. Soil enzymes are widely distributed in wetlands such as peatlands [6], freshwater wetlands
[7], salt-water wetlands [8], and constructed wetlands [9, 10],
and vary with wetland types both spatially and temporally.
Wetland soil enzyme activity is sensitive to changes in soil
(micro-environmental) conditions such as temperature, water
levels, pH, and plant exudates [10, 11]. However, the relationship between soil enzyme activities and labile carbon
fractions in wetland systems is poorly understood.
Labile organic carbon (LOC) fractions, such as microbial biomass carbon (MBC), dissolved organic carbon
(DOC), and easily oxidizable organic carbon (EOC), are
valuable indicators of soil quality, and important in global
carbon cycling due to their short turnover time and sensitivity to environment changes [12, 13]. Soil microbial quotient (MBC/SOC) can be interpreted as substrate available
and the portion of total soil C immobilized in microbial
cells [14], which has been widely used as an indicator of
soil organic matter status. Previous studies found that soil
enzyme activities primarily associated with viable cells of
microbial origin [15], and correlated well with soil MBC
[16]. Moreover, soil enzyme activity may be related to
DOC release since hydrolyzing enzymes release organic
moieties from vegetation residues and soil organic matter
[17]. Therefore, soil enzyme activity can reflect soil LOC
turnover in the wetlands, and has the potential to affect
major wetland functions [18].

KEYWORDS: dissolved organic carbon, easily oxidizable organic
carbon, microbial biomass carbon, microbial quotient.
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Reclamation of natural wetlands has been one of the
major land use changes in Northeast China in recent decades. The natural wetland area in Sanjiang Plain has decreased from 353×104 ha in 1954 to 81×104 ha in 2005
[19]. Tillage has caused a decline in contents of SOM [20]
and MBC [21]. However, the influence of wetland reclamation on soil enzyme activities in this area still remains unclear. Based upon what was known from existing data, we
hypothesized that: 1) soil enzyme activities would vary in
different types of wetlands in the Sanjiang Plain, Northeast China, and may be relate to soil LOC pools; 2) wetland cultivation would result in decline of soil enzyme
activities and soil LOC contents. To test these hypothesis,
we measured soil enzyme (i.e. dehydrogenase, amylase,
invertase, and β-glucosidase) activities, MBC, DOC, and
EOC concentrations in meadow wetland, riparian wetland, and cultivated wetland, we also evaluated the potential impact of enzyme on wetland soil C cycling.

temperature ranges from –20°C in January to 22°C in
July. The study site belongs to a temperate climate, with a
mean annual temperature of 2.5°C and precipitation of
500-650 mm (falling mainly in the summer months). Water
and soil in wetlands are completely frozen from late October to April of the succeeding year and begin to melt in
late April. The typical meadow (TM) and cultivated wetland (CW) were located at the Sanjiang Mire Wetland
Experimental Station (SMES), Chinese Academy of
Sciences. The typical meadow (TM) is natural and undisturbed, and is dominated by Calamagrostis angustifolia.
The cultivated wetland (CW) was converted from the
previously drained C. angustifolia meadow adjacent to the
TM. Rice (Oryza sativa L.) is planted in May and harvested in October every year, and is fertilized with both diammonium phosphate and urea during the growing season. The Qinglong, Bielahong, Nongjiang, and Yalv Rivers are the four main rivers in the Sanjiang Plain. Four
river valleys were in natural uncultivated state: Qinglong
Valley (QLV), Bielahong Valley (BLV), Nongjiang Valley (NJV), and Yalv Valley (YLV). The dominant vegetation in Bielahong, Nongjiang, and Yalv Valley are C.
angustifolia, while the Qinglong Valley is dominated by
Carex casiocaepa. There were three replicate plots for
each of six wetland types. In August 2009, six soil cores
were randomly collected from the upper soil horizon (020 cm depth) in each plot, and thoroughly mixed to form

2 MATERIALS AND METHODS
2.1 Study area and sampling

The study was conducted in the northeast corner of
the Sanjiang Plain, Northeast China (Fig.1 and Table 1).
The Sanjiang Plain is a low alluvial area among the Amur,
Songhuajiang, and Wusuli Rivers. The monthly mean

FIGURE 1 - Spatial arrangement of six study sites (TM: typical C. angustifolia meadow; CW: cultivated wetland; QLV: Qinglong Valley;
BLV: Bielahong Valley; NJV: Nongjiang Valley;YLV: Yalv Valley) in the Sanjiang Plain, Northeast China.
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TABLE 1 - Sampling sites in the northeast of the Sanjiang Plain.
Site location
(N latitude; E longitude)
TM
meadow wetland
meadow marsh soil
C. angustifolia
N47°35′07.3″; E133°30′06.0″
CW
cultivated wetland
meadow lessive soil
Oryza sativa L.
N47°35′19.2″; E133°29′51.0″
QLV
riparian wetland
peat soil
C. casiocaepa
N47°47′12.0″; E132°50′58.0″
BLV
riparian wetland
meadow marsh soil
C. angustifolia
N47°54′59.7″; E134°28′07.8″
NJV
riparian wetland
meadow marsh soil
C. angustifolia
N48°11′41.1″; E134°16′11.5″
YLV
riparian wetland
meadow marsh soil
C. angustifolia
N48°11′48.7″; E134°06′03.5″
TM: typical C. angustifolia meadow; CW: cultivated wetland; QLV: Qinglong Valley; BLV: Bielahong Valley; NJV: Nongjiang Valley; YLV: Yalv
Valley
Sampling sites

Wetland type

Soil type

Dominated species

a composite sample. After removing of plant and organic
debits, soils were sieved and divided into two sub-samples.
One sub-sample (approximately 1.0 kg) was kept in plastic bags at 4°C until measurement, and another sub-sample
(approximately 100 g) was air dried for measurement of
soil chemical properties. Biological and biochemical analyses were conducted within 2 weeks of soil collection.

nitrophenyl-β-D-gulcoside (PNG) solution, and incubated
for 1 h at 37°C. The reaction was terminated by adding 1
mL of 0.5 mol L-l CaC12 and 4 mL of 0.1 mol L-1 pH 12
tris(hydroxymethyl)aminomethane (THAM) buffer. The
soil suspension was allowed to develop a yellow colour,
and the colour intensity was determined using a spectrophotometer at 410 nm. Soil β-gulcosidase activity was
expressed as µg pNP g-1 h -1.

2.2 Experimental methods

Soil MBC was measured using a fumigation–extraction
method [24]. Fumigated and non-fumigated soils were extracted with 0.5 mol L-1 K2SO4 solution by shaking for
30 min. Organic C in the extracts was analyzed using
high-temperature combustion (Multi N/C 2100 TOC
analyzer, Analytik Jena). MBC was calculated using the
following equation: MBC=EC/0.45, where EC was from
the difference in organic C between the fumigated and
non-fumigated samples.

Soil dehydrogenase activity was determined using the
reduction of 2, 3, 5-triphenyltetrazolium chloride (TTC)
method [22]. 3 g soil samples and 30 mg CaCO3 were
mixed thoroughly, added 1 mL of 3% TTC and 2.5 mL of
deionized water, and then incubated at 37°C for 24 h.
Afterwards, the 2, 3, 5- trephenylformanzan (TPF), a product from the reduction of TTC was extracted with 20 mL
methanol by shaking for 1 min. The samples were collected in a volumetric flask. The tube was washed with methanol until the red colour disappeared. The filtrate was then
diluted with additional methanol to a final volume of 100
mL. The colour intensity was measured at 485 nm with
methanol as a blank. Soil dehydrogenase activity was expressed as µg TPF mg-1 24 h-1.

Soil DOC was measured by the method described by
Zhang et al. [25]. Moist soil samples (equivalent to 10 g
oven-dried weight) were placed in polypropylene centrifuge tubes. Soil DOC was extracted with 30 mL of distilled water by shaking for 30 min on an end-over-end
shaker at approximately 230 rpm and centrifuging for 20 min
at 8000 rpm. All supernatants were filtered through a
0.45 µm filter into separate vials. Total dissolved C and
dissolved inorganic C in the extracts were determined using
high-temperature combustion (Multi N/C 2100 TOC analyzer, Analytik Jena, Germany). Soil DOC was equal to
the difference between the total dissolved C and dissolved
inorganic C in the water.

Soil amylase activity was assayed by the colorimetric
method of Guan [23]. Soil samples were added with 10 mL
of 1% starch solution, 10 mL of phosphate buffer solution
(pH 5.6) and 0.5 mL toluene, and then were incubated at
37°C for 24 h. The amount of reducing sugar produced
was subsequently determined from the reaction mixture
by heating a suitable aliquot of the supernatant with 2 mL
of colour reagent (3, 5-dinitrosalicylic acid solution), and
the colour intensity was assayed at 508 nm using a spectrophotometer. Soil amylase activity was expressed as mg
maltose g-1 24 h-1.

Soil EOC was measured by the method described in
Blair et al. [26]. Soil samples were weighed into plastic
screw top centrifuge tubes, and 25 mL of 333 mM KMnO4
were added to each tube. Blank samples (containing no
soil) and standard soil samples were analysed in each run.
The centrifuge tubes were tightly sealed and tumbled for
1 h at 12 rpm on a tumbler with a radius of 15 cm. The
tubes were centrifuged for 5 min at 2000 rpm, and the
supernatants were diluted at 1:250 with deionized water.
The absorbances of the diluted samples and standards were
read on a UV-vis spectrophotometer at 565 nm. The change
in the concentration of KMnO4 was used to estimate the
amount of oxidized C, assuming that 1 mM MnO4 was
consumed in the oxidation of 9 mg of C.

Soil invertase activity was determined by the colorimetric method of Guan [23]. Soil samples were mixed with
15 mL of 8% sucrose solution and 5 mL of phosphate buffer solution (pH 5.5), and incubated at 37°C for 24 h. Glucose, the reduced sugars, was measured by the colorimetry
at 578 nm with 3, 5-dinitrosalicylic acid, and soil invertase
activity was expressed as mg glucose g-1 24 h-1.
Soil β-gulcosidase activity was assayed by the method
of Tabatabai [22]. 1 g soil was weighed into a 50 mL flask,
mixed with 0.25 mL of toluene, 4 mL of modified universal buffer (MUB) (pH 6.0), and 1 mL of 0.5 mol L-l p-
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g-1 24 h -1), whereas there were no significant differences
among the other wetlands (Fig. 2A).
Soil amylase activity ranged from 1.37 to 8.55 mg
maltose g-1 24 h-1, with the highest amylase activity observed in the Qinglong Valley wetland. Significant differences in soil amylase activity were observed between sites
(Fig. 2B), with decreasing activity as follows: Qinglong
Valley (8.55 mg maltose g-1 24 h-1) > Bielahong Valley
(7.00 mg maltose g-1 24 h-1) > typical C. angustifolia
meadow (6.22 mg maltose g-1 24 h-1) > Nongjiang
Valley (2.58 mg maltose g -1 24 h-1) > cultivated wetland (1.86 mg maltose g-1 24 h-1) > Yalv Valley (1.37 mg
maltose g-1 24 h-1).
Soil invertase activity significantly varied with wetland types, and ranged from 24.46 to 97.39 mg glucose g-1
24 h-1 (Fig. 2C). Detailedly, soil invertase activity ranked
as follows: Qinglong Valley (97.39 mg glucose g-1 24 h -1)
> Bielahong Valley (67.47 mg glucose g-1 24 h -1) > typical C. angustifolia meadow (42.75 mg glucose g-1 24 h -1)
= Nongjiang Valley (39.82 mg glucose g-1 24 h -1) > Yalv
Valley (27.29 mg glucose g-1 24 h -1) = cultivated wetland
(24.46 mg glucose g-1 24 h -1).
Soil β-glucosidase activity ranged from 34.72 to
347.54 µg pNP g-1 h-1. Wetland types had significant
effect on soil β-glucosidase activity, following the decreasing order of: Qinglong Valley (347.54 µg pNP g-1 h -1) >
Bielahong Valley (239.13 µg pNP g-1 h -1) > typical C.
angustifolia meadow (133.68 µg pNP g-1 h -1) > cultivated
wetland (77.24 µg pNP g-1 h -1) > Yalv Valley (55.79 µg
pNP g-1 h -1) > Nongjiang Valley (34.72 µg pNP g-1 h -1)
(Fig. 2D).

Soil pH was measured in a 1: 2.5 soil: water suspension. SOC was determined by a high-temperature combustion method using a Multi N/C 2100 TOC analyzer (Analytik Jena, Germany). Soil microbial quotient was calculated by dividing MBC by the corresponding SOC. Soil
TN was analyzed by the Kjeldahl method using a
Kjeldahl automatic analyzer (Behr Labor-Technik, Germany).
2.3 Statistical analysis method

Significant differences between mean values of different treatments were evaluated by one-way analysis of
variance (ANOVA). Multiple means were compared using
Duncan’s Test at the 0.05 significance level. Data were
tested for normality using the Kolmogorov-Smirnov test,
and all data were conformed to a normal distribution (data
not shown). In addition, the Pearson’s correlation coefficients between LOC fractions and soil enzyme activities
were calculated.
3 RESULTS
3.1 Soil chemical properties in different types of wetlands

Basic soil data (Table 2) show that different type of
wetland has different soil chemical properties. Among all
wetland types, the Qinglong Valley wetland had the highest SOC (181.84 mg g-1) and TN (15.49 mg g-1). Moreover, SOC and TN contents in the cultivated wetland were
significantly lower than that in the typical C. angustifolia
meadow. However, there were no significant differences
in SOC contents among the Nongjiang, Yalv Valley wetland and the cultivated wetland. The Yalv Valley wetland
tended to have the highest soil C/N ratio (14.03) and the
Nongjiang Valley wetland tended to have the highest soil
pH (6.51) of all the wetland. There were no significant
differences in soil C/N ratio and soil pH between the typical
C. angustifolia meadow and the cultivated wetland.

3.3 Soil labile organic carbon fractions in different types of
wetlands

Soil MBC for different types of wetlands are shown
in Fig. 3A. The Qinglong Valley wetland had the highest
MBC (3259 µg g-1), and the Nongjiang Valley wetland
had the lowest (159 µg g-1) (Fig. 3A). Soil MBC of the
cultivated wetland (201 µg g-1) was lower than the typical
C. angustifolia- dominated meadow wetland (1593 µg g-1).
Soil DOC contents in riparian wetlands were significantly lower than the typical C. angustifolia-dominated meadow
(Fig. 3B). In addition, soil DOC in the typical C. angustifolia-dominated meadow (479.33 µg g-1) was significantly
greater than that in cultivated wetland (77.55 µg g-1).

3.2 Soil enzyme activities in different types of wetlands

Soil enzyme activities significantly varied with wetland types in the Sanjing Plain (Fig. 2). The C. angustifolia-dominated meadow wetland had the highest soil dehydrogenase activity (305.33 µg TPF g-1 24 h-1), and the
Qinglong Valley wetland ranked second (242.69 µg TPF

TABLE 2 - Soil Chemical Properties in Different Types of Wetlands
Sampling sites
SOC (mg g-1)
TN (mg g-1)
C/N ratio
pH
TM
79.32(1.57)b
7.46(0.21)c
10.65(0.48)bc
5.23(0.06)c
CW
25.57(0.65)c
2.46(0.10)f
10.42(0.52)bc
5.22(0.04)c
QLV
181.84(4.40)a
15.49(0.50)a
11.69(2.47)ab
5.38(0.04)b
BLV
87.01(0.74)b
9.48(0.09)b
9.18(0.06)bc
5.00(0.02)d
NJV
23.68(1.31)c
2.94(0.13)e
8.08(0.81)c
6.51(0.09)a
YLV
58.07(9.22)bc
4.14(0.06)d
14.03(2.11)a
5.34(0.13)bc
Data represent means and values in parentheses are standard errors (n = 3). The means with different lowercase letters in the same column are significantly different (P 0.05). SOC: soil organic C concentration; TN: soil total N concentration. TM: typical C. angustifolia meadow; CW: cultivated
wetland; QLV: Qinglong Valley; BLV: Bielahong Valley; NJV: Nongjiang Valley; YLV: Yalv Valley
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FIGURE 2 - Soil dehydrogenease (A), amylase (B), invertase (C),
and β-glucosidase (D) activities in different types of wetlands. TM:
typical C. angustifolia meadow; CW: cultivated wetland; QLV:
Qinglong Valley; BLV: Bielahong Valley; NJV: Nongjiang Valley;
YLV: Yalv Valley. Error bars represent the standard error of the
means (n = 3). Small letters indicate significant differences at P <
0.05 level.
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FIGURE 3 - Contents of MBC (A), DOC (B), EOC (C), and Microbial quotient (MBC/SOC) (D) in different types of wetlands. TM:
typical C. angustifolia meadow; CW: cultivated wetland; QLV:
Qinglong valley; BLV: Bielahong valley; NJV: Nongjiang valley;
YLV: Yalv valley. Error bars represent the standard error of the
means (n = 3). Small letters indicate significant differences at P <
0.05 level.

For all wetland types, the Qinglong valley wetland
had the highest soil EOC (29.00 mg g-1) (Fig. 3C). However, there was no significant difference in soil EOC
contents among the Bielahong, Nongjiang, Yalv Valley
wetland and the cultivated wetland. Moreover, the typical
C. angustifolia meadow (16.39 mg g-1) had a greater soil
EOC content than the cultivated wetland (7.17 mg g-1)
(Fig. 3C).

For all wetland types, the microbial quotient was
highest in the Bielahong Valley wetland (2.87%), and
lowest in the Yalv Valley wetland (0.41%) (Fig. 3D).
Compared with the typical C. angustifolia meadow
(2.01%), the cultivated wetland had a lower microbial
quotient (0.79%) (Fig. 3D).

93

© by PSP Volume 22 – No 1. 2013

Fresenius Environmental Bulletin

Dehydrogenase
Amylase

( mg maltose g-1 24h-1)

( µg TPF g-1 24h-1)

300
200
100

y=0.047x+54.665
r=0.502*

0

y=0.715x-7.169

y=10.975x-29.076

r=0.915**

r=0.742**

y=1.151x+29.612
r=0.554*

8
6
4
2

y=0.002x+1.678
r=0.973**

y=0.008x+3.170
r=0.436

y=0.306+0.520
r=0.857**

y=0.041+1.454
r=0.824**

y=0.020x+24.012
r=0.938∗∗

y=0.024x+45.763
r=0.136

y=2.898x+11.305
r=0.883**

y=0.402x+19.334
r=0.872**

Invertase

β−glucosidase
-1 -1
( µg pNP g h )

( mg

glucose g-1 24 h-1)

100
80
60
40
20
400
300
200
100
0

0

y=0.089x+29.988
r=0.976**
1000 2000 3000 0
MBC
-1
( µg g )

y=0.129x+125.665
r=0.169
100 200 300 400 500 5

y=12.643x-20.223
r=0.877∗∗
10 15 20 25 30 0
EOC
-1
( mg g )

DOC
-1
( µg g )

50

y=1.830x+9.091
R=0.904∗∗
100 150 200 250
SOC
-1
( mg g )

FIGURE 4 - Correlations between soil enzyme activities and labile organic carbon fractions. ( P < 0.01; P < 0.05).

3.4 Relationships between soil enzyme activities and LOC
fractions

a relatively high percentage of organic material and a
large numbers of microorganisms in the top layers. We
can see from the highest SOC, TN, and MBC content, as
well as the amylase, invertase, and β-glucosidase activities. Among different types of wetlands, soil dehydrogenase,
amylase, invertase, and β-glucosidase activities showed
positive correlations with SOC. This showed that difference of vegetation types and soil organic matter contents
led to the variation of soil enzyme and microbial activity
in different types of wetlands. Studies carried out by
Camcı Çetin et al. [27] and Wang et al. [28] also indicated
that soil enzyme was influenced by vegetation species and
enzyme activities could be useful tool as indicator of plant
distributions. Compared with the typical meadow, wetland cultivation decreased soil dehydrogenase, amylase,
invertase, and β-glucosidase activities. Previous studies also
found that tillage decreased soil dehydrogenase, amylase,
invertase, and β-glucosidase activities [29-31]. The decline
in these soil enzyme activities following cultivation may be
attributed to the decline of SOM and removal of low
levels of nutrients and substrates for microorganisms [32].

There were extremely significant positive correlations
between the activities of amylase, invertase, β-glucosidase
and the MBC contents (P < 0.01, r = 0.973, 0.938, and
0.976, respectively) (Fig. 4). Moreover, extremely significant positive correlation was found between the activities
of amylase, invertase, β-glucosidase and EOC (P < 0.01, r
= 0.857, 0.883, and 0.877, respectively). For all the wetland types, soil amylase, invertase, and β-glucosidase
activities were highly positive correlated with SOC concentration (P < 0.01, r = 0.824, 0.872, and 0.904, respectively). Soil dehydrogenase had highly positive correlations with DOC and EOC contents (P < 0.01, r = 0.915
and 0.742, respectively), and was significantly correlated
with the MBC and SOC contents (P < 0.05, r = 0.502 and
0.554, respectively).
4 DISCUSSION
In our study, soil dehydrogenase, amylase, invertase,
and β-glucosidase activities as well as MBC varied with
wetland types in the Sanjing Plain, China. Different from
other wetlands, the vegetation type of Qinglong Valley is
C. casiocaepa, and the soil type is peat which is an accumulation of partially decayed vegetation matter. There are

Our result regarding the effect of meadow wetland
cultivation on SOC was consistent with Zhang et al. [25],
who found that 15 years cultivation of marshland caused a
loss of 78% SOC in the Sanjiang Plain, Northeast China,
which probably resulted from the reduced inputs of organ-
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ic matter (rice were harvested and plant residues were
removed in every autumn), decreased physical protection
of SOC [33], and increased soil C mineralization induced
by soil tillage [21]. The decline in soil MBC after wetland
cultivation was consistent with the similar studies conducted in wetlands [21, 34], and indicated that land use
caused a decrease in the carbon content immobilized as
microbial biomass. The decrease in MBC in the cultivated
wetland may be attributed to the decline of organic matter
input. The microbial quotient also declined because of wetland cultivation, indicating that the fraction of organic substrates available for the soil microorganism is decreased.
The result is consistent with Anderson and Domsch's [35]
prediction that microbial quotient eventually declines in
conditions where organic matter input is low. The primary
sources of DOC in wetland soil include exudates from
living vegetation, uncompletely decomposed organic soils
and vegetation litter [36, 37]. Soil DOC in cultivated
wetland declines probably resulted from the reduction of
photosynthate, in addition, the grass roots layer is damaged after wetlands are cultivated and crops are harvested
each year resulting in sharply reduction of plant returned
to the soil [34]. EOC also declined in cultivated soils in
our study and other studies [26]. It is probably due to
breakdown of aggregates and greater organic matter oxidation following continuous tillage [26].

respectively, which was consistent with the previous
results found by Camcı Çetin [27], Frankenberger and
Johanson [45], Eivazi and Tabatabai [46] and Xu et al. [7].
This implies that soil organic matter influenced the enzymatic activities and the dynamics of these enzyme pools
depend mainly on the mineral and organic composition of
soils [47]. On the other hand, these enzymes are crucial in
organic C formation and transformation, and enzyme
activities can be useful tool as indicator for reflecting soil
organic C condition and indicator of biochemical functionality of soils.
5 CONCLUSIONS
Wetland type had a great impact on soil enzyme activities and LOC fractions in the Sanjiang Plain, China.
The Qinglong valley wetland showed the highest soil amylase, invertase, and β-glucosidase activities. Cultivation of
C. angustifolia-dominated meadow wetlands resulted in a
decline in soil enzyme activities, LOC fractions, and microbial quotient. Soil enzyme activities varied with the
changes in soil MBC, EOC, and SOC pool, meanwhile,
dehydrogenase affected DOC pool in wetland soil. Our
results suggest that soil enzyme activities affect the dynamics of soil LOC fractions and play important roles in
soil C cycle. In the future, we should enhance the protection and restoration of wetlands, and consider soil enzyme
and soil LOC when evaluate the wetland functions.

Soil enzyme play important roles in the biochemical
functioning of soils, including soil organic matter formation and degradation. In the Sanjing Plain, China, soil
dehydrogenase, amylase, invertase, and β-glucosidase activities correlated with MBC content in various wetland ecosystems. Wan et al. [38] also found a correlation between soil
invertase activity and MBC in wetland ecosystems. Moreover, previous studies observed that soil MBC correlated
with amylase and β-glucosidase activities in pasutre ecosystem [39] and agroecosystems [40]. Significant correlations between these enzymes and MBC indicate that microbial biomass contribution substantially to soil amylase,
invertase, and β-glucosidase, which take part in C cycling
in the wetland ecosystem, and confirmed the potential of
these enzymes as indicators of microbial activities.
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In our study, soil dehydrogenase activity positively
correlated with soil DOC content. Soil dehydrogenase is
an intracellular oxidoreductase, functioning as a hydrogen
carrier and produced by anaerobic microorganisms [41].
Its activity and kinetic characteristics are influenced by soil
moisture content [42]. Rees and Parker [43] stated that
water extractable organic C may be a predictor of both CO2
release and soil dehydrogenase activity. In soils, carbohydrates and organic acids can provide hydrogen and thus
enhance dehydrogenization activity. Considering that the
total dissolved carbohydrates and amino acids comprise a
substantial fraction of the DOC [44], soil dehydrogenase
activity can be useful tool as indicator of soil DOC pool.
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MICROCYSTIS BLOOMS INFLUENCING VOLATILE
ORGANIC COMPOUNDS CONCENTRATIONS IN LAKE TAIHU
Zhimei Ma, Ping Xie*, Jun Chen, Yuan Niu, Min Tao, Min Qi, Wei Zhang and Xuwei Deng
Donghu Experimental Station of Lake Ecosystems, State Key Laboratory of Freshwater Ecology and Biotechnology of
China, Institute of Hydrobiology, Chinese Academy of Sciences, Donghu South Road 7, Wuhan 430072, PR China

ABSTRACT

the natural water [1, 2]. The earthy–musty algal metabolites
geosmin and 2-methylisoborneol (MIB) accounted for most
reports of source water odors and many cyanobacteria
species have been recognized as the main sources [3-5]. βionone and β-cyclocitral from cyanobacteria were recently
reported [5]. Odorous sulfur compounds generated from
decomposing cyanobacteria also have been detected in
natural waters [6, 7]. Previous studies have mainly focused on the natural occurrence of one or two T&O compounds [4, 5, 8]. However, these T&O compounds are
often concurrent in natural waters, therefore, determination of the dynamics of these compounds simultaneously
will provide more information on their interactions and
seasonality. Several environmental factors such as nutrient concentrations [9, 10], water clarity [11], water temperature, and pH [12] have been reported to favor cyanobacterial blooms and thus, trigger T&O emissions. Most
of these reports considered the dissolved fractions of the
T&O compounds only, ignoring the particle-bound odors,
which could be released during cell lysis.
Lake Taihu, the third largest freshwater lake in China,
is an important source of drinking water to several cities.
Toxic Microcystis bloom is observed in the lake every summer, which severely impact its water quality [13]. Taste and
odor in Lake Taihu had triggered great public concerns since
a serious drinking water crisis occurred in Wuxi City in
2007 [14]. The goal of this paper is to obtain an insight
into the dynamics of the T&O compounds in Lake Taihu
and to identify the key water quality variables influencing
T&O concentrations.

Taste and odor (T&O) due to several odorous compounds are frequently recorded during cyanobacterial bloom
in natural waters. However, the seasonal variations and the
key water quality variables connected with these cyanobacterial metabolites are relatively unknown. In this study,
eight odorous compounds and water quality variables in
Lake Taihu were evaluated monthly from January to December 2009. Dissolved odorous compounds were found
at very low levels throughout the year whereas higher
values were detected in the particulate fractions, with the
peak values 242.4 ng/L for dimethyl trisulfide (DMTS),
395.6 ng/L for 2-methylisoborneol (MIB), 47.3 ng/L for
2-isobutyl-3-methoxypyrazine (IBMP) and 11 ng/L for 2isopropyl-3-methoxypyrazine (IPMP), 2072 ng/L for βcyclocitral, 573 ng/L for β-ionone, respectively, far exceeding their respective odor thresholds. Microcystis biomass,
TP, chl-a, and PO4-P contributed significantly to the variations of T&O compounds. Microcysitis biomass explained
most of the variations of T&O compounds, with a proportion of 87.4 % and were positively correlated with DMS
(r=0.26, p <0.01), MIB (r=0.24, p <0.01), geosmin (r=0.31,
p <0.01), β-cyclocitral (r=0.76, p <0.01) and β-ionone
(r=0.74, p <0.01). This study indicates that particulate
compounds should be taken into account as a potential
source of odorants and that the concentrations of taste and
odor compounds could be predicted by Microcysitis biomass in Lake Taihu.
KEYWORDS: Taste and odor compounds; Cyanobacteria bloom;
Microcystis biomass; Lake Taihu

2 MATERIALS AND METHODS
2.1 Chemicals

1 INTRODUCTION

The standards of eight T&O compounds including
geosmin (GEO), 2-methylisoborneol (MIB), β-cyclocitral,
β-ionone, 2-isopropyl-3-methoxypyrazine (IPMP), 2isobutyl-3-methoxypyrazine (IBMP), dimethyl trisulfide
(DMTS) and dimethyl sulfide (DMS) were obtained from
Sigma–Aldrich (Buchs, Switzerland) in the highest purity
available. Sodium chloride, applied to enhance the extraction of the T&O compounds, was reagent grade and used
without further purification.

Taste and odor (T&O) is a common water problem
throughout the world. In the past few years, several investigations have evaluated compounds that could cause bad
taste or odor [1] and the results indicated that most of the
T&O compounds were originated from cyanobacteria in
* Corresponding author
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2.2 Study sites and sample collection

Lake Taihu is situated in the Yangtze delta, the most
industrialized area in China with high population density,
urbanization, and economic development. Gonghu Bay
(31°24′-843′ N, 120°15′-242′ E) is located at the northeast
of Lake Taihu, as the main drinking water sources for
Wuxi City. It suffers a wind-driven dense surface accumulation of cyanobacterial bloom every summerand Microcystis was the most dominant species in Gonghu Bay.
Density percentages of Microcystis to total algae were
above 90% during the bloom period [14, 15].
Fifteen sites along the northern shore of Gonghu Bay
were sampled monthly from January to December 2009
(Fig. 1). Water depth in the experimental area was around
2.0 m. Each water sample was a mixture from the top (00.5 m, surface water) and the bottom (0-0.5 m over sediment) of the water column. Water samples for off-flavor
analysis were collected in 1 L narrow necked polyethylene (PE) bottles, leaving no headspace to avoid volatilization, stored immediately in a portable refrigerator (4
°C) and then transported to the laboratory. After arrival at
the laboratory, all samples were stored at -20 °C and analyzed within 24 hr.

FIGURE 1 - The sketch of Lake Taihu and the location of sampling
stations in Gonghu Bay.

tory, within 24 hr of sample collection. TN was determined
by the Kjeldahl method. NO3-N was analyzed using the
automated Korolev/Cadmium reduction method. NH4-N
and NO2-N were determined by the Nessler method and
the α-naphthylamine method, respectively [17]. TP was
measured by colorimetry after digestion with H2SO4 and
PO4-P was analyzed by the ammonium molybdate method
[18]. For chl-a determination, water samples were filtered
through a glass microfiber filter (GF/C, Whatman), the filters
were then extracted over night at 4°C by 95% ethanol, after
centrifuging the extracted sample, absorption was determined by spectrophotometery (sensu Wintermans and Mots).
For determination of Microcystis biomass, the supernatant
was removed and approximately 50 mL residue was collected. After complete mixing, 0.1 mL of concentrated
sample was counted directly in a 0.1 mL counting chamber using a Nikon microscope at a magnification at ×400
magnification. The count, including the colonial forms,
was carried out by enumerating single cells. Microcystis
cells were separated using an ultrasonic crusher, JY88-II
(Scientiz, Ningbo, China).
2.4 Sample preparation for dissolved and particulate T&O
compounds

A 300 mL water sample was filtered through 0.45 µm
filter paper (GF/C, Whatman, Brentford, UK) to separate the
dissolved and particulate fractions of the lake water. Filtrate
with the dissolved fraction was transferred into 40 mL amber
vials with teflon-fitted caps leaving no headspace and stored
at 4°C immediately until their analysis within 24 hr.
The filter residue with the particulate fraction was
subjected to repeated freezing and thawing and then the
mash was rinsed into a 250 mL round-bottomed flask with
100 mL of MilliQ-water.Sodium chloride was added to
give a final concentration of 20% (w/v) and the mixture
stirred with a micro stirrer. Extraction was performed with
APEX Ordinary Pressure Microwave-assisted Extraction
System (PreeKem Scientific Instruments Co., Ltd.). The
temperature was set at 80°C and the nitrogen (carrier gas)
flow was set at 80–100 mL/min. The microwave was
activated for 15 min, during which time distillates formed
from the re-suspended residue migrated to the condenser
and cooled by liquid nitrogen to avoid thermal decomposition and then dissolved with 50 mL MilliQ-water. The
elution was also transferred into 40 mL amber vials with
teflon-fitted caps, stored at 4°C immediately and analysed
within 24 hr. All the samples prepared were subjected to
Purge-and-Trap (P&T) coupled with GC/MS for quantitative determination.

2.3 Determination of water chemical parameters and algal
biomass

2.5 Determination of T&O compounds

At each sampling site, in situ measurements of water
temperature, dissolved oxygen (DO), pH, conductivity and
turbidity were obtained using a Yellow Springs Instruments
(YSI) 6600 multisensor sonde. Nutrients including total
nitrogen (TN), ammonium (NH4-N), nitrate (NO3-N), nitrite (NO2-N), total phosphorus (TP) and orthophosphate
(PO4-P) of each water sample were analyzed in the labora-

Qualitative and quantitative analysis of T&O compounds in water samples basically followed the method of
our previous study [19]. Instruments used for the T&O compounds analysis consisted of gas chromatograph (SHIMADZU, 2010), mass spectrometer (SHIMADZUQP2010 plus), purge and trap concentrator (O.I. Analytical 4660), and autosampler (O.I. Analytical 4551). Opti-
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mized experimental parameters of P&T including trap (#10,
Tenax/ silica gel/carbon molecular sieve), injection volume
of 25 mL, purge tube temperature of 45°C, purge time of 11
min, purge flow rate of 45 mL/min, desorb preheat temperature of 185°C and desorb temperature of 190°C (2
min) were chosen.
A capillary column (30m×0.25mm×0.25µm, Rxi®-17)
was used to separate the T&O compounds. GC injector
temperature was set at 270°C with a split ratio of 10:1. The
oven temperature program was as follows: initially held at
40°C for 2 min, increased to 100°C at 30°C/min, increased
to 135°C at 5°C/min, increased to 250°C at 30°C/min, and
remained at 250°C for 5 min. The carrier gas helium flow
rate was 3 mL/min. For the selected ion monitoring (SIM)
mode, m/z 62 and 47 for DMS, m/z 126, 79 and 111 for
DMTS, m/z 137, 152 and 124 for IPMP, 94 and 151 for
IBMP, m/z 95, 108 and 135 for MIB, m/z 137, 152 and
123 for β-cyclocitral, m/z 112, 125 and 149 for geosmin,
plus m/z 177, 135, 91 for β- ionone were monitored. Stock
solutions were prepared in methanol, with external standard
calibration as the quantification option. Calibration curve
was built with standard mixture samples at concentration
levels from 1.0 to 500.0 ng/L.

ied substantially, with concentrations ranging from 0.60 to
3.75 mg/L and 0.03 to 0.13 mg/L, respectively. The annual
average concentrations of DO was 9.3 mg/L. Microcystis
showed higher biomass, ranging from 0.1 to 15.9 mg/L
with an average of 5.4 mg/L. The concentration range of
chl-a was 2.3- 90.0 µg/L during the study period (Table 1).
According to the chl-a criterion by OECD (1982), Gonghu
Bay was classified as mesotrophic.

2.6 Statistical Analysis

3.2 Annual dynamics of the dissolved and particulate odorous compounds

To identify the key water quality variables affecting
the T&O concentrations, a redundancy analysis (RDA)
was performed using CANOCO 4.5 for Windows [20].
The significance of environmental variables to explain the
variance of T&O compounds in RDA was tested using
Monte Carlo simulations with 499 unrestricted permutations. Variables were considered to be significant when p
< 0.05. Only parameters that showed statistically significant correlations were shown in the triplot diagram. Based on
RDA analysis result, Pearson correlation analysis (a=0.05)
was conducted to determine the correlations between significant parameters and T&O compounds.
To characterize the relationships between T&O compounds maxima and significant water quality variables,
we used interval maxima regression (IMR). Based on the
descriptions by Graham et al. [17], each variable was divided into equal increments, resulting in 8-12 intervals.
The maxima T&O compounds values and the associated
water quality variable values were obtained from each
interval and used in nonlinear regression analysis [18,
19]. Curve fitting employing a least-square method was
used to fit equations and to estimate coefficients. IMR
relationships were considered to be significant at p < 0.05
[17]. Pearson correlation analysis and IMR were conducted
with SPSS software for Windows version 16.0 (SPSS Inc.,
Chicago, USA).
3 RESULTS
3.1 Water enviornmental variables

Diverse ranges of water quality variables were encountered in Gonghu Bay. TN and TP concentrations var-

TABLE 1 - Means (±S.D.) and ranges of water quality variables in
Gonghu Bay during the study period.

Water temperature
DO mg/L
Conductivity ms/cm
pH
Turbidity (NTU)
Chl-a (µg/L)
Microcystis biomass (mg/L)
TN mg/L
NH4-N mg/L
NO3-N mg/L
NO2-N mg/L
TP mg/L
PO4-P mg/L

Mean±S.D.
17.5±10.8
9.3±2.6
495.5±52.8
8.0±0.2
42.4±20.2
35.7±27.5
5.38±6.53
2.14±0.89
0.23±0.09
0.60±0.51
0.02±0.02
0.08±0.04
0.01±0.01

Range
2.6-32.2
6.0-13.8
422.4-577.4
7.7-8.3
18.77-81.2
2.3-90.0
0.10-15.94
0.60-3.75
0.10-0.37
0.05-1.59
0.00-0.06
0.03-0.13
0.00-0.05

On average, T&O compounds were higher in the particulate than in the dissolved fractions except DMS. Dissolved DMS ranged from 1.0 to 148.6 ng/L with an average of 18.6 ng/L whereas particulate DMS varied between
1.6 ng/L and 14.8 ng/L with an average of 8.0 ng/L. Dissolved DMTS showed extremely low concentrations, close
to the detection limit (about 0.1 ng/L), during the study period, whereas particulate DMTS varied greatly from 5 ng/L to
242.4 ng/L with the highest value recorded in December.
Peak values of MIB were observed in September, which
were 29.8 ng/L for the dissolved fraction and 395.6 ng/L for
the particulate fraction, respectively. Geosmin (dissolved &
particulate) showed extremely low concentrations throughout the year, never exceeded 4 ng/L. Values of β-cyclocitral
ranged from 0.4 to 17.7 ng/L in the dissolved fractions
and from 4.6 to 2072 ng/L in the particulate fractions, peak
values were recorded in October and September, respectively. β-ionone, IBMP and IPMP were not found in the
dissolved fractions. Particulate β-ionone ranged from 32 to
573 ng/L and higher concentrations were observed during
July to October. Particulate IBMP and IPMP followed a
similar seasonal trend and the maxima were observed in
December, at 47.3 and 11 ng/L, respectively (Fig. 2).
3.3 Statistical analysis

Results of RDA illustrated that the variations of T&O
compounds were related to four most important environmental variables (Microcystis biomass, TP, chl-a and
PO4-P, p < 0.05). Microcystis biomass explained most of
the variations of T&O compounds, with a proportion of
87.4%, followed by TP, chl-a and PO4-P, which explained
5.2%, 2.5% and 1.4% of the variations of T&O com-
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FIGURE 2 - Monthly fluctuations of dissolved and particulate T&O compounds concentrations in Gonghu Bay during January-December
2009. Values are averages at each sampling sites. d: dissolved T&O compounds; p: particulate T&O compounds. DMS: methyl sulfide;
DMTS: dimethyl trisulfide; GEO: geosmin; MIB: 2-methylisoborneol; IPMP: 2-isopropyl-3-methoxypyrazine; IBMP: 2-isobutyl-3methoxypyrazine
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compounds were also found in the present study. Significant correlations were found between MIB and geosmin
(r=0.31, p <0.01), IBMP and IPMP (r=0.88, p <0.01),
DMS and DMTS (r=0.24, p <0.01), β-cyclocitral and βionone (r=0.86, p <0.01) (Table 2).
Particulate β-cyclocitral- Microcystis biomass maxima
and particulate β-ionone- Microcystis biomass maxima
were characterized by power curves. Peak values of particulate β-cyclocitral and β-ionone increased along Microcystis biomass (Fig. 4). Other bivariate plots between
water quality variables and T&O compounds were also
inspected, but the curves were not significant.
4 DISCUSSION

FIGURE 3 - Redundancy analysis (RDA) biplot showed variable
concentrations of dissolved and particulate T&O compounds in relation to environmental factors. d: dissolved T&O compounds; p: particulate T&O compounds. DMS: methyl sulfide; DMTS: dimethyl
trisulfide; GEO: geosmin; MIB: 2-methylisoborneol; IPMP: 2isopropyl-3-methoxypyrazine; IBMP: 2-isobutyl-3-methoxy-pyrazine.

pounds, respectively (Fig. 3). Microcystis biomass was
positively correlated with chl-a (r=0.55, p <0.01) and TP
(r=0.49, p <0.01). There were significant correlations between Microcystis biomass, chl-a and DMS, MIB, geosmin, β-cyclocitral, β-ionone. Microcystis biomass, correlated with DMS (r=0.26, p <0.01), MIB (r=0.24, p <
0.01), geosmin (r=0.31, p <0.01), β-cyclocitral (r=0.76, p
< 0.01), β-ionone (r=0.74, p <0.01); chl-a, correlated with
MIB (r=0.37, p <0.01), geosmin (r=0.22, p <0.01), βcyclocitral (r=0.50, p <0.01), β-ionone (r=0.43, p <0.01).
Positive correlations were found between TP and MIB
(r=0.24, p <0.01), β-cyclocitral (r=0.54, p <0.01), β-ionone
(r=0.43, p <0.01). Correlations among the eight target T&O

According to the previous studies on the odor threshold concentrations (OTCs) of the odorous compounds, the
OTCs for DMS, DMTS, MIB, geosmin, IBMP, IPMP, βcyclocitral and β-ionone in drinking water were 2000, 10,
9, 4-10, 1, 2, 500-1000 and 7 ng/L [16, 20-22], respectively. In the present study, IBMP, IPMP and β-ionone were
not detected in the aqueous phase. Dissolved DMS,
DMTS, geosmin and β-cyclocitral showed low concentrations throughout the study period, far below their OTCs.
Consequently, the dissolved concentrations of those odorous compounds in Lake Taihu were too low to produce
odor. Dissolved MIB varied from 0.4-30.0 ng/L, exceeding its odor threshold (9 ng/L) in April and September,
therefore, musty odor in the lake water caused by MIB
should not be ignored in the two months.
Contents of T&O compounds in the particulate fractions were higher than those in the dissolved fractions.
This might be due to most of the T&O compounds been
retained in cells with minimal external release during algal
growth. Furthermore, the dissolved fractions were shortlived in the water and rapidly lost by volatilization and
photochemical–oxidative breakdown [2, 23]. Mean values

TABLE 2 - Correlations between water quality variables and T&O compounds (dissolved + particulate)
MB
Chl-a TP
PO4-P
DMS
MB
1
Chl-a
.553**
1
TP
.488**
.307** 1
PO4-P
-.320** .317** 1
DMS
.264**
---1
DMTS
---.264** -.238**
**
**
**
MIB
.237
.370 .244
--GEO
.310**
.223**
-.211**
-β-cyclocitral .763**
.503** .537** -.240**
IPMP
------IBMP
-----β-ionone
.744**
.433** .433** -.267**
Significant at the **p 0.01 and *p 0.05 levels. Values are total
fide; DMTS: dimethyl trisulfide; MIB: 2-methylisoborneol;
methoxypyrazine; MB: Microcystis biomass.

DMTS

MIB

GEO

β-cyclocitral

IPMP

IBMP

β-ionone

1
-1
-.312**
1
--.400**
.331**
1
**
.780
---1
.572**
---.882**
1
-.442**
.356**
.859**
--1
concentrations (dissolved+particulate) of the T&O compounds. DMS: methyl sulGEO: geosmin; IPMP: 2-isopropyl-3-methoxypyrazine; IBMP: 2-isobutyl-3-
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FIGURE 4 - Relationships to Microcystis biomass for particulate β-cyclocitral and β-ionone. Curves were estimated using interval maxima
regression (IMR). Empty circles indicate all the particulate β-cyclocitral and β-ionone values obtained during the entire sampling period.
Black points indicate the data used for IMR analysis.

for particulate DMTS, MIB, IPMP, IBMP, β-cyclocitral
and β-ionone were 59.0, 47.6, 6.2, 1.8, 660.6, 239.8 ng/L,
respectively, far exceeding their OTCs. Particle-bound
fraction of the odorous compounds can be an important
source of T&O problems when released from damaged
algal cells, so drinking water should be treated properly
carefully avoiding cell damage. Preliminary experiments
showed that cyanobacteria was the absolutely dominant
taxa, constituting more than 95% of the phytoplankton and
Microcystis was the dominant cyanobacteria (> 99%) in
lake Taihu (personal communication with Dr. Tao M, unpublished data), therefore, the other algae species with the
exception of Microcystis were not taken into consideration
in this study. The positive correlation between chl-a and
Microcystis biomass indicated that to a certain extent, chl-a
could be considered to be indicative of Microcystis biomass. In the current study, β-cyclocitral and β-ionone correlated significantly with chl-a and Microcystis biomass,
which were closely matched with the reports that Microcystis could produce β-cyclocitral and β-ionone [5, 27].
Consistent with Sugiura et al. [28] and Jüttner [29], significant positive correlations were found between Microcysitis
biomass, chl-a and MIB, geosmin. Also, RDA results
showed that Microcysitis biomass contributed most significantly to the variance of T&O compounds. All the results
suggested a possibility that concentrations of these T&O
compounds might be predicted by Microcysitis biomass.
Interval maxima regression showed some non-linear
trends between maxima of T&O compounds and water
quality variables, and enabled us to define the upper limits
of T&O compounds along water quality variables [30]. In
the present study, particulate β-cyclocitral and β-ionone
maxima showed exponential rise along Microcystis biomass, the maxima reached 7521.1 and 1826.8 ng/L when
Microcystis biomass reached 53.5 mg/L. Response along
these gradients showed that Microcystis biomass played an
important role in determining occurrence and maxima of
β-cyclocitral and β-ionone. It would be of great value to

assess the potential maxima of β-cyclocitral and β-ionone
in Lake Taihu.
Besides Microcystis biomass and chl-a, TP and PO4-P
contributed significantly to the variance of T&O compounds
and significant correlations were found between MIB, βcyclocitral, β-ionone and TP. The plausible explanation is
that cyanobacterial growth was P-limited during the growing season and TP is known to favor cyanobacterial blooms,
especially the non-nitrogen-fixing cyanobacteria like Microcysitis aeruginosa, and thus regulated the T&O compounds production indirectly [31-33]. In this study, negative
relationship was observed between PO4-P and geosmin.
Such relationships have also been found in water supply
reservoirs of Korean and USA [34, 35]. It is possible that
increased Microcystis biomass depleted available PO4-P, but
also released more geosmin into the water [34, 35].
5 CONCLUSION
A total of eight T&O compounds were detected in
Gonghu Bay, Lake Taihu. Dissolved concentrations of these
compounds were below their respective odor thresholds and
were too low to generate T&O problems. Values of the particulate odorous compounds were much higher, far exceeding their respective odor thresholds, and could potentially
lead to T&O problems in lake waters. Microcysitis biomass
contributed most significantly to the variation of T&O
compounds and could be considered as an important indicator. Besides, water quality variables including chl-a, TP
and PO4-P also showed significant correlations to the
T&O compounds.
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ABSTRACT

1 INTRODUCTION

Dam would influence the flux of water and sediment,
eventually disturbing ecological connectivity. In Asia, especially in China, there are many dams, but great scientific
uncertainty still exists about their effects on downstream
macroinvertebrates. Therefore, we investigated macroinvertebrate assemblages, in upstream and downstream reaches of
a run-of-river dam on a tributary of the Xiangxi River,
central China. Surber samples and associated physicochemical measurements were taken from five sites during the period from June 2003 to June 2007. According to
the metrics selection principle of benthic biotic integrity
index (B-IBI), we selected macroinvertebrate species richness and number of EPT taxa from 27 biological metrics to
assess the effect of dam construction. We divided sites
into three habitats (H1-H3) according to the impact extent
of the dam. Using partial least squares (PLS), we developed two predictive models (macroinvertebrate species
richness and number of EPT taxa) based on the environmental variables of the unregulated habitat (H1). These
models were then used to predict species richness and
number of EPT taxa at impacted habitats (H2 and H3). To
evaluate the impact of flow regulation residuals, i.e. the
differences between observed and predicted values, were
used to evaluate the impact of flow regulation. Significant
impacts of flow regulation on macroinvertebrate species
richness and number of EPT taxa were detected at impacted
habitats (H2 and H3), where observed species richness were
lower 8.7% and 28.1%, and EPT taxa also were lower
12.8% and 30.0%. Then, possible mechanisms for observed
impacts were discussed. This study addressed the negative
impacts of run-of-river dams on macroinvertebrates, which
may lead to more sustainable management strategies.
KEYWORDS: flow regulation, benthic macroinvertebrates, partial
least squares models, Xiangxi River

* Corresponding author

Dams are widespread in the world because of their
many benefits and services such as flood abatement, irrigation, recreation and hydropower, but their environmental
costs are significant too [1]. Dam fragment river systems,
modify the flow regime and the transport of sediment, and
change the physical and biological structure of rivers both
upstream and downstream [2-4], eventually disturbing river
ecological connectivity [5]. Numerous studies have focused
on the impact of large dams (>15 m high) and reservoirs
on water chemistry, fish, zoobenthos and phytoplankton
[6-9], but few have investigated the effects of small runof-river dams [10].
The use of biological indexes to assess the impact of
dam construction is more widely recognized than the use of
water chemistry. Water quality only partially reflects environmental impact [11], while biological indicators reflect
the intensity of anthropogenic stress and have been used as
a tool in risk assessment and evaluation of human induced
changes in freshwater ecosystems [12]. Biological indicators have widespread appeal to scientists, environmental
managers, and the general public, and were mainly used to
assess the condition of the environment [13].
Benthic macroinvertebrates in streams are relatively
easy to collect and identify. Most of them are sensitive,
with short life histories, can respond rapidly to environmental change, and have a diversity of functional and effect
traits that provide a variety of responses to changing conditions [14]. Macroinvertebrates which are popular in stream
waters and ecosystem health assessments, are also important indices for monitoring and assessing river environments [15]. Past studies have reported that benthic macroinvertebrates below dams show changes in their assemblage composition, but many of these studies are based on
observations of particular environmental factors or a particular taxon [16]. Our research was aimed at finding the
suitable metrics to assess the effects of dam construction.
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2 MATERIALS AND METHODS
2.1. Study area

Field data was collected from Jiuchong River, which
is the best habitat quality river of the three main tributaries (Jiuchong River, Gufu River and Gaolan River) of the
Xiangxi River. Xiangxi is a 6th order river that originates
from Shennongjia Mountain, where it discharges into the
Yangtze River (Fig. 1A, B). It has a watershed area of
3099 km2 and a natural gradient of 1,540 m from the headwaters to its confluence with the Yangtze River, being the
biggest tributary of the Three Gorges Reservoir (TGR) in
Hubei province [17]. The average annual precipitation
within this watershed is 900–1200 mm [17].
We selected a small dam (1.5m high, 20 m across) that
was constructed in August 2003 on the Jiuchong River
(Fig. 1B) to study the impact of the dam construction on
the benthic macroinvertebrate communities. We sampled
monthly at 5 sites (JC1-JC5; Fig. 1C), from June 2003 to
June 2007. JC1 and JC2 were located approximately 1 km
upstream of the dam where river channels were in a natural state, free of its impacts. JC3 was just upstream from the
dam and slightly influenced by its intake. JC4 and JC5
were upstream from the outlet of a small hydropower sta-

tion (Fig.1C). According to the impact extent of the dam,
we divided the sites into three habitats (H1-H3). H1 comprised of unregulated sites including the sites before dam
construction and JC1 and JC2 after dam construction. JC3
after dam construction made up H2, JC4 and JC5 after
dam construction made up H3.
2.2. Benthic macroinvertebrate and water sampling

We established 1-3 random sampling locations (30×
30 cm2 quadrates) in each site for benthic macroinvertebrate measurements. All stones within the Surber sampler
frame (mesh = 420 µm) were scrubbed with a soft brush
to remove attached organisms. In areas of unconsolidated
substrata, the river bed was sampled to a depth of about
10 cm. Macroinvertebrates were separated from sand and
mud, and preserved in 10% formalin. The biological samples were transported to the lab and identified according
to taxonomic references [18, 19].
In each site where benthic macroinvertebrates were
captured, we used a hydrolab Minisonde (Hach Environmental, Loveland, Colorado) to measure in situ variables
that included pH, conductivity (Cond) and water temperature (WT). We also measured water depth, water width
and current velocity (LJD-10 water current meter).

FIGURE 1 - Jiuchong River within the Xiangxi River watershed in the People’s Republic (P. R.) of China and locations of sampling sites. A.Yangtze River. B.-Xiangxi River watershed. C.-Jiuchong (JC) River
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We collected surface water samples in plastic containers to measure chemical variables according to the standard
methods [20] in the lab: including total nitrogen (TN), ammonium (NH4-N), nitrate (NO3-N), total phosphorus (TP),
orthophosphate (PO4-P), hardness, calcium (Ca2+), chloride (Cl ), alkalinity (Alk), silicon (SiO2) and chemical
oxygen demand (COD).
2.3 Data analyses

Based on Kerans and Karr [21] and Barbour et al.
[22], we compiled 27 macroinvertebrate metrics that were
classified into six categories; richness measures, composition measures, functional feeding group measures, habitat
measures and diversity indices (Table 1).
TABLE 1 - Metrics considered for inclusion in the assessment
Category
Richness measures

Composition measures

Feeding measures

Habitat measures
Biodiversity indexes

Metric
No. total taxa Species Richness
No. EPT taxa
No. Ephemeroptera taxa
No. Plecoptera taxa
No. Trichoptera taxa
No. Diptara taxa
No. Chironomidae
No. (Crustacea + Mollusca) taxa
% EPT
% Ephemeroptera
% Pleccoptera
% Trichoptera
% Diptera
% Chironomidae
% Oligochaeta
% (Crustacea + Mollusca)
% Dominant taxon
% Three most dominant taxa
% Scrapers
% Shredders
% Gatherers
% Filterers
% Predators
No. clinger taxa
% Clingers
Shannon-Wiener index
Evenness index

overlap between the H1 and H3 site groups, a value of two
when interquartile ranges overlapped but did not reach
medians, a value of one when only one median was within
the interquartile range of the other box, and a value of zero
when both medians were within the range of the opposite
box. We then excluded metrics with Coefficient of variation (CV) > 1 due to their high deviations [23].
The relationship between environmental variables and
the metrics that met our four criteria were modeled with
partial least squares (PLS) using the software SIMCA-P
11.5 for Windows. PLS modeling combines ordination and
regression [25], has some considerable advantages over
multiple linear regression [26], and is an important modeling tool in many scientific fields [27-28].
We first built two separate PLS models to describe
how selected metrics at unregulated sites (H1) were related
to environmental variables. Subsequently, we modified the
models by excluding variables directly affected by flow
regulation. From these new models, we predicted species
richness and number of EPT taxa at sites with reduced
and unreduced, but regulated flow. We used the residuals,
i.e. the difference between values observed and those predicted from the models, to estimate the impacts of flow regulation on macroinvertebrates species richness and number
of EPT taxa. Effects were calculated using the formula
[(observed value–predicted value)/predicted value]×100.
The effect of flow regulation was regarded as significant,
if 95% confidence intervals for the means of effects did
not include zero, corresponding to p <0.05 [25, 26]. This
procedure produces a measure of the validity of the model,
called Q2. A component is judged significant if Q2 is larger
than a critical value (in our study, Q2limit = 0.05, corresponding to p <0.05).
3 RESULTS
3.1. Metrics selection

We used four criteria to select biological metrics from
the candidate ones. First, we eliminated metrics with medians of zero before data analyses because low values could
prevent identification of differences among groups [22, 23].
Second, we transformed (natural log) all metrics consisting of proportional data to meet the assumptions of normality. We selected metrics that differed significantly between references (H1) and impaired (H3) sites. We used
two-tailed t-tests assuming equal or unequal variances, depending on t-test results, to determine whether differences
existed (α=0.05) [24]. For metrics that met our first and
second criteria, we evaluated the separation power of
potential metrics using box plots. We defined separation
power as the degree of overlap between boxes (i.e., 25th
and 75th quartiles) in box plots of the values of the metric
for both reference (H1) and impaired (H3) sites [22]. We
assigned a separation power of three when boxes did not

Of the 27 candidate metrics, no metrics resulted in medians of zero. Eight metrics (Evenness index, % Ephemeroptera, % Chironomidae, % Filterers, % Gatherers, % Clingers, % Dominant taxon and % Three most dominant taxa)
were rejected because Spearman tests indicated no significant differences (p > 0.05) between reference and impaired sites. We then compared the remaining metrics
based on separation power. We selected species richness,
number of EPT taxa and % Plecoptera because of their
high separation power (Fig. 2), but we removed %
Plecoptera because of high CV (CV = 1.31). Finally,
species richness and number of EPT taxa were selected to
assess the effect of dam construction.
3.2. Species richness and number of EPT taxa

The average macroinvertebrate richness for all sites
was 25, and mean number of EPT at all sites was 13.6
(Table 2). Macroinvertebrate richness differed significantly among the three groups (ANOVA, p < 0.05). Multiple
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comparisons showed that H1 and H3 sites, H2 and H3
sites differed significantly (ANOVA, p< 0.05), H1 and H2
sites were not significantly different (ANOVA, p> 0.05).
The number of EPT taxa differed significantly (ANOVA,
p< 0.05). Multiple comparisons showed that H1 and H3
sites, H2 and H3 sites differed significantly (ANOVA, p<
0.05), H1 and H2 sites were not significantly different
(ANOVA, p> 0.05).

TABLE 3 - Fractions of variance explained and fractions of variation of dependent variables predicted by PLS models for species
richness and number of EPT taxa at unregulated sites (H1). Rx2 is
the fraction of the variance of all the independent variables and Ry2
of all the dependent variables explained by the model. Qy2 is the
fraction of the total variation of the dependent variable that can be
predicted by the model
PLS models
Species richness
Number of EPT taxa

With 17 environmental variables
Rx 2
Ry 2
Qy 2
0.104 0.393 0.165
0.115 0.334 0.151

Excluding
flow velocity
Rx 2
Ry 2
Qy 2
0.101 0.370 0.126
0.113 0.334 0.148

FIGURE 3 - Loadings for the most influential variables in PLS
regression models of (a) macroinvertebrate species richness and (b)
number of EPT taxa.

FIGURE 2 - Box plots of component benthic macroinvertebrte
metrics for reference and impaired sites. Boxes show interquartile
ranges (25th and 75th percentiles), middle lines are medians, middle
squares are averages, whiskers show interquartile ranges (5th and
95th percentiles), and circles are outliers.
TABLE 2 - Mean and rang of macroinvertebrate species richness
and number of EPT taxa at all sites and each habitat group
sites
All sites
H1
H2
H3

n
235
97
46
92

Species richness
(range)
25.0 (0-50)
28.9 (9-49)
27.0 (12-47)
22.0 (0-50)

Number of EPT taxa
(range)
13.6 (0-27)
15.4 (3-24)
14.0 (6-27)
11.4 (0-27)

To estimate the effects of flow regulation, we built
new PLS models for species richness and number of EPT
taxa based on H1 sites, excluding flow velocity, which
was assumed to be directly influenced by flow regulation.
One significant component was extracted for species richness (Qy2 = 0.126) and one for number of EPT taxa (Qy2 =
0.148) (Table 3). These models were then used to predict
species richness and number of EPT taxa at the two other
habitats (H2-H3). At H2 and H3, respectively, observed
species richness of 8.7% and 28.1% and number of EPT
taxa of 12.8% and 30.0% were significantly lower than
predicted values (Fig. 4). The effects observed at H2 and
H3 differ from zero (Fig. 5), indicating significant effect
of flow regulation on species richness and number of
EPT taxa.

3.3. Effects of flow regulation on macroinvertebrate metrics

Significant models were developed for species richness and number of EPT taxa. An analysis of species richness at unregulated sites (H1), with respect to 17 environmental variables, yielded one significant component (Qy2
= 0.165). A similar analysis of number of EPT taxa produced one significant component (Qy2 = 0.151) (Table 3).
Two models indicated that Ca2+, WT, hardness and velocity were important for both species richness and number
of EPT taxa (Fig. 3).

4 DISCUSSION
4.1. Metrics selection

Species richness and number of EPT taxa are the metrics for developing a benthic index of biotic integrity (BIBI). The B-IBI is based on a series of structural and functional metrics of benthic macroinvertebrate assemblages,
and thus helps quantify the impact of environmental deterioration [21, 29]. This biological indicator can assess the
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FIGURE 4 - Predicted vs. observed values of richness and Number of EPT taxa at two different habitat groups (H2-H3). The predicted
values were estimated with PLS models based on data from unregulated sites (H1)

ecological concern that merits specific management attention [33]. In our study, species richness and number of
EPT taxa could be used to set the minimum criteria for
the impact of dam construction standards.
4.2. Effects of flow disturbance

FIGURE 5 - Effects of flow regulation at two different habitat
groups (H2-H3) on (a) macroinvertebrate species richness and (b)
number of EPT taxa. Error bars indicate 95% confidence intervals.
If the confidence interval did not include zero, the effect was regarded as significant (p<0.05)

condition of a site, evaluate the human induced changes in
the freshwater ecosystem [30], and has been commonly
used in biological assessment [31]. A potential disadvantage of using a multimetric B-IBI is that it can mask
responses of individual metrics because of averaging [32].
An individual criterion could be based on a metric indicating a valued ecological attribute of sufficient public or

Water flow determines the stream characteristics
[34], greatly affecting the benthic organisms [34, 35].
Mcintosh et al. (2008) [36] suggested that diverted stream
flow limits macroinvertebrate colonization and growth,
expressed as reduced community density and biomass.
Macroinvertebrate assemblage below dams often show a
reduction of diversity with low taxon richness and predominance of particular species [16, 37]. In the Xiangxi
River, biomass and density of benthic macroinvertebrates
at impacted sites were lower than those at unregulated
sites [38]. Furthermore Thomson et al. (2005) [3] indicated that macroinvertebrate species richness and number of
EPT taxa in downstream reaches raised significantly following complete removal of a small run-of-river dam in
Manatawny, Pennsylvania. Our study showed a similar
result where observed species richness and number of
EPT taxa at H2 and H3 were significantly lower than
predicted values. Number of EPT Taxa have been commonly used in water quality assessments representing all
species, i.e. RIVPACS, AUSTRIVAS [39]. Bona et al.
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(2008) [37] suggested that, to assess water quality by
EPT, was more suitable in high altitude streams.
The study of Velinsky et al. (2006) [40] in Pennsylvania suggested that the impacts of the dam on H2 sites
were probably related to dam size and impoundment
residence time. Our dam is a run-of-river structure with a
relatively small impoundment area, and water flows directly into the intake weirs with a very low residence
time. Wu et al. (2010) [41] suggested that benthic diatoms
were slightly influenced by the dam at the just upstream
sites from it in Xiangxi River. While in our study, observed species richness and number of EPT taxa of H2
were significantly lower than predicted values. The reason
may be that macroinvertebrates have a drift behavior,
enabling them to escape unfavorable conditions either
actively or passively [42]. Because the H2 site is near the
intake to the hydropower station, the drifting macroinvertebrates were easily sucked into the aqueduct.
4.3. Possible mechanisms for observed impacts

PLS models have been used to estimate the magnitude of effects of dams on benthic macroinvertebrates and
diatoms [25-26, 41]. We tried to elucidate the mechanism
causing the observed impacts, a necessary step since dams
affect the environment in many different ways. For example,
effects on Hydropsychids have been attributed to changes
in temperature, food availability, substratum stability and
flow variability [43-45]. Impacts on benthic macroinvertebrate communities have been ascribed to changes in flow
variability [38]. Only when mechanisms have been identified, cost-effective remedial measures can be suggested [25].

In conclusion, a combination of biotic interactions and
habitat changes may explain why macroinvertebrate species richness was affected by flow regulation. Although
other possible mechanisms for observed effects may exist,
we hope this study can help estimate the effects of dam
construction better, and lead to more sustainable management strategies of hydropower.
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One possible mechanism was that lower in discharge
usually causes lower water velocity, water depth and wetted channel width; increased water temperature and sedimentation; and changes in thermal regime and water chemistry [46]. Eventually, decreases in flow cause immediately
increased in macroinvertebrate drift [46] and decreased
macroinvertebrate richness [47]. In our study, significant
impacts of flow regulation on macroinvertebrate species
richness and number of EPT taxa were detected at impacted
habitats. Therefore, we hypothesize that habitat changes
created by flow reduction play an important role in the
decrease of macroinvertebrate species richness and number of EPT taxa.
Another potential reason is biotic interactions. In the
Xiangxi River, biomass and density of diatoms at impacted
sites were higher than those at unregulated sites [41]. Some
sessile macroinvertebrate taxa have large biomass such as
Simulium sp. and Antocha sp. below the dam [16]. Zhang et
al. (1998) [26] found that observed richness of Simulium
sp. at impacted sites was higher than predicted values. We
did not find observed richness of Simulium sp. was higher
than predicted values in our study, because Simulium sp.
was rare specie in this study area. It suggested that increased benthic diatom density and biomass changed the
food resources to ease the competition for food between
diatom-eating macroinvertebrate species.
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ABSTRACT
Two new strains of denitrifying phosphorus-removal
bacteria (DPB) CL-1 and CL-3 were isolated from the
sludge in the double sludge switching-sequencing batch
reactor (DSSBR) which had been stably processed for two
years. The strains were denitrifiers and contained metachromatic granules, which was found in polyphosphateaccumulating organisms (PAOs). From the phylogenetic
analysis of their 16S rDNA gene sequences, CL-1 and
CL-3 were identified as Pseudomonas oleovorans and
Pseudomonas pseudoalcaligenes. The optimal temperature of their denitrifying and phosphorus removing was
30 °C; the optimal pH was 7-8. Nitrogen removal was
analyzed in relation to the nitrate (NO3--N) concentration.
The efficiency of nitrogen (N) removal and phosphorus
(P) removal of CL-1 was 57% and 44% in the first 24 h,
76% and 57% in the 96 h, while CL-3 was 65% and 53%
in the first 24 h, 85% and 77%. Compared with the other
reported DPB, CL-3 showed higher N and P removal
efficiency and was more applicable for wastewater with
high NO3--N, indicating great potential of CL-3 for
wastewater application. Isolation of DPB would be useful
to determine the denitrifying P-removal process in detail
and might be beneficial if it were to be inoculated into the
wastewater in some future research.
KEYWORDS: denitrifying phosphate removal bacteria; Pseudomonas oleovorans; Pseudomonas pseudoalcaligenes; nitrogen
and phosphorus removal

Compared with the traditional PAOs, DPB can remove P and N simultaneously [3]. So the biological N and
P-removal efficiency would be enhanced if DPB is inoculated into the wastewater [4]. However, it is difficult to
isolate the DPB pure culture [5]. As DPB are facultative
anaerobes, their culture conditions are complex. So the
screening of them is inefficient with a heavy workload. A
DPB screening method has been reported including P uptake characteristics, NO3--N reduction test, metachromatic
granular staining and PHB (poly-β-hydroxybutyrate, PHB)
granules assisted method, which greatly shortened the test
cycle [6].
In the single-sludge system, PAOs, denitrifying bacteria and nitrifying bacteria coexist in the same activated
sludge. Inevitably, organic competition especially for carbon source between them leads to N-removal and P-removal
interference [7]. Thus, the ideal process should separate
PAOs from denitrifying bacteria. Consequently, in our
previous research, a double sludge switching-SBR process (DSSBR) was introduced. Denitrification and nitrification sludge was pumped into the system at different
stages [8]. Chen et al. [9] establish a rapid way to acclimate
activated sludge using a DSSBR. Gradual transition training methods are used to make DPB natural selection, and
then finally, prominent N and P removal achieves to 77%
and 62%, respectively. However, neither the screening of
the dominant DPB nor its characterization of the N and Premoval effects has been done.
The aim of this study was to isolate DPB strains from
the sludge in DSSBR and characterize the strains, with an
emphasis on their efficacy to remove N and P.

1 INTRODUCTION
Denitrifying phosphorus-removal bacteria (DPB) have
effective denitrifying phosphorus removal capabilities,
using nitrate (NO3--N) as an electron acceptor in hypoxic
conditions. They synchronously complete denitrification
(N-removal) and uptake of excess phosphorus (P-removal)
process [1], with the advantages of needing no carbon
source [2].
* Corresponding author

2 MATERIALS AND METHODS
2.1 Isolation of microorganisms

In this experiment, a denitrifying medium was used
for isolation and functional verification. This medium
contained (g/L) (pH 7.2-7.4): potassium sodium tartrate 20,
KNO3 2, KH2PO4 0.5, MgSO4 • 7H2O 2. The physical and
chemical parameters such as temperature, pH were detected
using in situ instruments with a thermometer (TES1316,
Shanghai Pre), portable acidity meter (PH-HJ90 MODELB,
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Aerospace Computer Company, China). The denitrifying
medium was autoclaved for 30 min at 121 °C before being used. Agar (2%) was added to solidify the medium.
Bacterial strains were isolated from the sludge at the
end of DSSBR according to the purifying method reported
[10]. Sterile denitrifying medium (100 mL) in 250-mL
conical flasks (n=3) was inoculated with 2 mL of fresh
activated sludge and incubated at 30 °C on a rotary shaker
at 180 rotations per minute (rpm) for 48 h. Then 1 ml of
the enrichment cultures was transferred to the fresh medium. Purified isolates were obtained by repeated streaking
on fresh denitrifying agar plates. Isolations were measured
respectively by metachromatic granules staining [1, 11].
Strains showing black granules were considered as PAOs.
After 7 days of incubation, the medium was sampled and
analyzed by the nitrate reduction test [12]. According to
the gas production, PAOs with denitrifying function were
obtained and were finally identified as DPB. The most
efficient denitrifying strains were selected for their speed of
NO3--N consumption. The DPB strains were also characterized by Gram staining. Cell and colony morphology of the
strains were detected using a microscope (CX31, OLYMPUS, Japan). The isolated DPB strains were all cultured in
denitrifying medium at 30 °C and pH 7.0. During incubation, the cultures were sampled periodically and the optical density of the culture broth was measured at 600 nm
(OD600) using a spectrophotometer (UV-2450, Shimadzu,
Japan).

TACGGCTACCTTGTTACGACTT). PCR amplification
was conducted using the protocol [14]: initial denaturation for 5 min at 94 °C and 29 cycles of denaturation for
1 min at 94 °C, annealing for 1 min at 55 °C, extension for
1 min at 72 °C, followed by a final extension for 10 min at
72 °C. PCR products were stored at 4 °C and then were
purified with an EZ-10 Spin Column PCR product purification kit (Sangon). Partial sequencing of the 16S rDNA gene
was performed by Genscript Corp. (Sangon) [15]. PCR
amplifications were sequenced and the sequence data
compared with 16S rDNA sequence homology registered
in GenBank [14] (National Center for Biotechnology
Information; http://www.ncbi.nlm.nih.gov/) using the
Basic Local Alignment Search Tool program (BLAST;
http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi) [16].
3 RESULTS AND DISCUSSION
3.1 Screening of DPB

Eight bacterial colonies grew on fresh denitrifying
agar plates. Cell and colony morphology revealed morphological differences.

The pH range for denitrifying P-removal was determined at 30 °C and at initial pH values of 5.0, 6.0, 7.0, 8.0
and 9.0. Denitrifying medium (100 mL) was inoculated
with 50% DPB suspension and then incubated and shaken
on the constant temperature bed at 30 °C. The experimental design was similar to the above. The temperature
range for denitrifying P-removal was at the values of 15 °C,
25 °C, 30 °C, 35 °C and 40 °C at the optimum pH. After
96 h, the culture medium was filtered by filter membrane
of 0.22 µm. And then the concentrations of NO3--N and P
were measured with a spectrophotometer (UV-2450, Shimadzu, Japan).

CL-1

CL-3

CL-1

CL-3

FIGURE 1 - Gram stain (x 1000) and electron micrographs of
strains CL-1 and CL-3

2.2 Determination of N and P-removal efficiency

Strain suspension of 50 mL was statically cultured in
denitrifying medium of 50 mL at 30 °C and pH of 7.0 for
48 h. Every 8 h, 0.1 mL medium was sampled and spottested. Culture samples were filtered under filter membrane of 0.22 µm and were used to calculate the N and Premoval efficiency.
2.3 Molecular identification of the isolates

DNA was extracted from the bacterial suspension (after incubation for 24 h) using an EZ-10 Spin
Column genomic DNA isolation kit (Sangon,
Shanghai). The 16S rDNA gene was amplified by
PCR (Eppendorf; Perkin-Elmer, Germany) using the
general bacterial primers [13] (Forward primer 27F:
AGAGTTTGATCCTGGCTCAG; Reverse primer 1492R:

Among the eight isolated strains, only two strains
were likely to be PAO’s with black matter inside the cells
while the other parts were green following metachromatic
granular staining. Gas was found in the subsequent NO3-N reduction test for both strains. These data indicated that
the two strains had the ability of NO3--N reduction so they
were both regarded as DPB. A bacterium (CL-3) with
higher N-removal efficiency (86.3%) was obtained, while
the other DPB (CL-1) achieved N-removal of 74.3%.
Strain CL-1 was found to be Gram-positive, bacilliformshape bacterium the same as strain CL-3 (Fig. 1).
3.2 Identification of CL-1 and CL-3

The results of 16S rDNA show that CL-1 has nucleotide sequence lengths of 1418 bp, while CL-3 has 1268 bp.
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All sequences were submitted to GenBank. The sequence
accession number of CL-1 was FJ594992, and CL-3 was
FJ594993.

6.4-7.6 [20]. Bacterial denitrification reductase activity
and nitrogen removal rate were extremely relevant [21].
To find a more suitable pH for effective denitrifying Premoval, the experiment was conducted at different initial
pH values between 5.0 and 9.0. Figure 4 shows the denitrifying P-removal efficiency of the two strains underwent
great changes in different pH ranges. The results show that
the efficiency dramatically increased with pH from 5.0 to
7.0. However, when pH values continued to rise to 9.0,
the efficiency decreased. Strain Bacillus cereus LY-1 was
proved to have a higher denitrifying P-removal rate in the
wide scope of pH 5-9, while Bacillus subtilis BYK0031801-01 was adapt to the optimum pH of 7.0 [22]. The optimal pH of CL-1 and CL-3 ranged from 7.0 to 8.0, which
showed a general scope. So the two strains could be used
to treat domestic wastewater (pH 6.5-8.5).

Figure 2 shows that CL-1 and CL-3 clustered with
strains of Pseudomonas. From the view of the phylogenetic
tree, the sequences of CL-1 and CL-3 were compared with
the other sequences in the database. Pseudomonas pseudoalcaligenes and Pseudomonas oleovorans, both of which
belong to the Pseudomonas group, were found to show the
highest similarity in the phylogenetic status. Pseudomonas
oleovorans is a class of bacteria that accumulates PHB in
the absence of certain nutrients such as N, P, K, O, or S,
which can use PHB as a carbon source and energy storage
materials. CL-3 has the capability to synthesize PHB by
decomposing P under anaerobic conditions, which is a
characterization of Pseudomonas oleovorans. In addition,
strain LZ-14 is a denitrifying bacterium isolated by our
lab [17], which has the closest evolutionary relationship
with Pseudomonas stutzeri. Moreover, many DPB have
been identified subsequently, including Stenotrophomonas, Acinetobacter, Pseudomonas, Moraxella, Aeromonas
and Enterobacter [18]. By 16S rDNA sequences, CL-3 was
initially identified as Pseudomonas oleovorans, while CL-1
was initially identified as Pseudomonas pseudoalcaligenes
(Fig. 2). They both belong to the Pseudomonas family.

OD600 (cm-1)

FIGURE 2 - Phylogenetic tree based on 16S rDNA sequences

FIGURE 3 - Growth curves of CL-1 and CL-3

CL-1

3.3 Growth curve of CL-1 and CL-3

The growth patterns of two strains are indicated by
changes in OD600 of the culture broth in Figure 3. Compared with CL-1, CL-3 had a longer logarithmic growth
phase. It can be concluded that activity of CL-3 would be
more active as OD600 of CL-3 showed higher than CL-1.

CL-3

3.4 Effect of pH on N and P-removal

Structures of intracellular enzymes and other proteins
were directly affected by changes of pH, since under
physiological conditions intracellular pH is maintained
around 7 [19]. The hydrochloric acid kinase activity and
P-removal efficiency correlated to the pH in the range of

FIGURE 4 - Effect of pH on denitrifying P-removal efficiency of
CL-1 and CL-3
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3.5 Effect of temperature on N and P-removal

Biochemical reaction velocity of P-accumulation was
reduced in the anoxic conditions at 5 °C [23]. Though the
most suitable temperature for biological denitrifying Premoval was the range of 25-35 °C, strain Bacillus cereus
LY-1 was proved to have N and P-removal efficiency of
90% and 85% at 40 °C [22]. As shown in Figure 5, for
CL-1 and CL-3, the high activity of N and P-removal
simultaneously increased between 15 °C and 30 °C. The
highest efficiency of CL-1 was 77.5% and 60.8% at 30 °C,
while that of CL-3 was 86.5% and 78.4%. As the temperature rose, the efficiency began to significantly decline
above 35 °C. From Figure 5, the efficiency of CL-3 was
reduced to 51.6% and 43.8%. The optimal operational temperature of the two strains was 30 °C, which was the same
as Bacillus cereus Q-hrb05 in the previous report [24].
Higher temperature has more influence on the efficiency
of N and P-removal than lower temperature (Fig. 5). This
may be attributed to the temperature acclimation of sludge,
which is mainly in the range of 10 °C -30 °C, so that the
sludge microbial flora may have a better effect in lower
temperatures.

ciency of N and P-removal was 56.9% and 43.6%, while
it was 64.5% and 52.5% for strain CL-3. By the end of the
experiment, N and P-removal was 75.6% and 57.5% of
CL-1, compared with CL-3 of 84.6% and 76.8%. So it
could be seen that CL-3 had more rapid efficiency than CL1 in the first 24 h; during the whole process the better activity of CL-3 was also kept. CL-1 and CL-3 both have
high denitrifying P-removal efficiency (Fig. 6). The efficiencies of P-removal were up to 57.5% and 52.5% in
anoxic conditions. But they were obviously lower than in
aerobic conditions. Maybe the efficiency of using oxygen
to uptake P was higher than NO3--N, so the same P needs
more stored carbon source. It was obvious that the removal
efficiency of N is higher than for P. That could explain why
the medium had hardly any dissolved oxygen and the electronic receptor of P-uptake is NO3--N. This experiment
could further conclude the two strains were DPB.

CL-1

CL-1

CL-3

CL-3

FIGURE 6 - The denitrifying and phosphorus removal efficiency of
CL-1 and CL-3
FIGURE 5 - Effect of temperature on denitrifying P-removal efficiency of CL-1 and CL-3
3.6 Characteristics of N and P-removal

Figure 6 shows the efficiency of N and P-removal of
CL-1 and CL-3 after 4 days of cultivation. The efficiency
of N and P-removal by strains CL-1, CL-3 declined after
24 h.
Pseudomonas stutzeri strain DPB b204’s removal efficiency of P, NO3--N achieved 90.3%, 90.5%, respectively, after one day compared to strain CL-1 where the effi-

To estimate the capacity of our isolates, we further
compared CL-1 and CL-3 for denitrifying and P-removal
with other species bacteria reported to be DPB (Table 1).
DPB in Table 2 were all able to grow in anoxic conditions.
The bacterial species Ochrobactrum authropi and Shewanella putrefaciens were revealed for the first time as
being able to denitrify and to accumulate P simultaneously [30]. In a previous study, Ahn et al. [31] showed that
Rhodocyclus sp. was the predominant microorganism in
the reactor where NO3--N was provided as an electron
acceptor. CL-3 shows higher P-removal efficiency, the
same as Pseudomonas stuzeri, Pseudomonas grimontii
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TABLE 1 - Comparison about N and P-removal efficiency of different DPB
Designation
b204
C18
DNPA8
DNPA9
DNPA10
B4
B5
B6
PA3
CL-1
CL-3

NO3--N-initial
concentration
60 mg/L
184.2 mg/L
100 mg/L
100 mg/L
100 mg/L
60 mg/L
60 mg/L
60 mg/L
24 mg/L
140 mg/L
140 mg/L

NO3--Nremoval rate
90.5%
83.5%
75.2%
78.3%
76.5%
40.2%
39.5%
38.2%
83.3%
75.6%
84.6%

P-initial
concentration
40 mg/L
44.5 mg/L
40 mg/L
40 mg/L
40 mg/L
40 mg/L
40 mg/L
40 mg/L
15.8 mg/L
80 mg/L
80 mg/L

P-removal
rate
90.3%
88.3%
79.3%
81.6%
78.1%
56%
56%
60%
88%
57.5%
76.8%

and Canamonas aquatica. The activities of CL-3 were
comparable to those of Stenotrophomonas maltophilia and
Acinetobacter johnsonii. Simultaneously, CL-3 used nitrate as an electron acceptor and showed higher N-removal
activity in the denitrifying media with higher NO3--N initial concentration than other DPB. CL-3 was more applicable for N-removal. In view of this, it could be used in a
full-scale wastewater treatment plant to denitrify and to
remove P simultaneously.
4 CONCLUSIONS
Nitrate reduction is a form of bacterial anaerobic respiration, while metachromatic granules are an energy reserve.
Therefore, if the bacteria were positive for nitrate reduction
with gas production and contained metachromatic granules,
it could be concluded that they belonged to DPB. A Pdeficiency medium was used for enriching DPB’s [32]. In
this experiment, the denitrifying medium was used to firstly
separate strains with N functional, and then the isolates
with P-removal function were identified. Workload and the
total experimental duration have been shortened.
Two new strains of DPB CL-1 and CL-3 were
screened. CL-3 showed higher N and P removal efficiency.
Compared with the reported DPB, it was more applicable
for high NO3--N water environment. Isolation of DPB can
suggest more about denitrifying P-removal process in
detail and may be beneficial if it was inoculated into the
wastewater in future research.
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