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ECOLOGICAL URBAN DESIGN FOR TRADITIONAL
TURKISH SETTLEMENT IN SAFRANBOLU, TURKEY
Canan Cengiz1,*,# and Feride Kübra Aşkın2
2

1
Department of Landscape Architecture, Faculty of Forestry, Bartın University, 74200, Bartın, Turkey.
Bartın University, Graduate School of Natural and Applied Science, PhD. Student, 74200, Bartın, Turkey.

ABSTRACT
Safranbolu, in the Black Sea region of Turkey, is a rare
example of traditional Turkish settlement characteristics. It
is important to protect the settlement completely instead of
providing limited protection to the traditional buildings
Safranbolu is listed on the UNESCO World Heritage List
as a city under first degree protection because of its urban
history, culture, and natural characteristics. This study examined the characteristics of the traditional settlement of
Safranbolu regarding its ecological urban design. A field
study and a survey of 100 residents provided data for the
analysis of the potential of the area as a sustainable settlement in accord with the European Union Sustainability Indicators. The results found statistically significant correlations between the socio-demographic characteristics of the
participants and their perceptions of nature and the environment (p < 0.05). Percentage (frequency) analyses were
performed to assess the distributions of the participants’ attitudes, desires, and concerns for Safranbolu and problems
and possibilities were determined. An Ecological Urban
Design Project (1/5000 scale) was developed to contribute
to the sustainable development of the traditional settlement
texture of Safranbolu.

KEYWORDS: Ecological design, urban design, sustainability,
Turkish traditional settlement, Safranbolu.

1. INTRODUCTION
The ecological approach to urban development concerning the protection of nature and natural resources in
cities has enhanced the quality of urban life [1-2]. Currently, all aspects of human life are being considered in urban settlement design to develop spatial quality, provide a
sense of identity, and improve comfortable living [2].
Janssen and Ostrom [3] pointed out the variety of theoretical constructs, including sustainability, resilience, adapta* Corresponding author; # This study is derived from a Master’s Thesis
entitled “Assessment of Safranbolu Traditional Settlement Structure in
Terms of Ecological Urban Design” supported by Bartın University Scientific Research Project. (BAP-2013-15)

tion, and vulnerability, covered under urban sustainability
as a research topic and a platform for solution-oriented activities [4]. Following Felson et al. [5] and Steiner et al. [6],
we posit that a rich opportunity for real solutions to urban
sustainability challenges will come from close collaboration among urban systems scientists representing all of the
traditional social and biophysical disciplines, urban designers, and planners [4].
According to Erkut [7], ecological urban design is the
process of producing cycles that preserve the resources in
urban life to meet residents’ ecological needs. Ecological
urban design applications are believed to be tools that improve the quality of urban life. The elements of urban design that can improve urban life quality include structures
that are in harmony with nature; public participation and
democratization; movement toward nature and the senses;
and movement toward qualified density, urban identity,
history, ecology, and economy [8].
Historical urban sites and traditional housing provide
important evidence of past lifestyles [9]. Anterooms, courtyards, mass and façade compositions are designed to conform to the climate; the selection of materials is linked to
the local texture, and water resources and protection are rationally designed for ecological use [10].
Some scholars have argued that the organization of an
urban area is greatly influenced by its culture [11, 12].
Many elements comprise a cultural environment, each of
which has a significant influence on cultural evolution.
These elements are the religious, ecological, and secular
systems; the social aspects; and the economy. They also
include family structures, gender roles, kinship structures,
and cultural interactions [13]. Thus, the elements of traditional design can play a significant part in establishing local identities related to the global positioning of a nation.
Hence, sustaining a nation’s cultural heritage values, such
as its genius loci (distinctive atmosphere of a place), is possible by integrating traditional design elements into contemporary design [14]. Moreover, implementing environmentally friendly designs can sustain urban lifestyles [15].
Ecological designs are systems that are consistent with
ecological principles that integrate human societies and
natural environments to the benefit of both. Indeed, the environmental crisis globally faced today can be perceived as
a crisis of design. Evidence of this crisis can be seen in the
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ways that buildings and other urban elements are made [2].
Ecological planning processes and ecological designs are
among the most important approaches to sustainable urban
development in contemporary cities because urban texture
and natural landscape characteristics are increasingly damaged in traditional settlement areas. Ecological landscape
design is a comprehensive integration of biotic, abiotic, and
cultural landscape elements that accounts for socioeconomic and ecological processes. It is dynamic because it is
flexible, depends on the scales of time and space, and is
based on the natural and cultural processes of a landscape.
It requires an intuitive approach toward nonmaterial elements, such as traditions, local knowledge, and life experiences, in contrast to the rational approach of the material
world. This intuitive approach shapes design to be in harmony with the ideas and desires of users [8]. Pearson and
Sullivan [16] proposed that cultural heritage can be conserved in its setting only by conserving the original characteristics of suburbs and districts. The conservation of cultural heritage contributes to ecologically sustainable urban

development [13]. Innovation and applied invention are
prerequisites for the “new kind of history” foretold by
Jackson and, as such, they are required in ecological designs of vernacular landscapes [17].
Studies of ecological design in traditional settlement
textures have been conducted on single structure buildings,
historical environments, and at settlement scale (Table 1).
In this study, the ecological and cultural characteristics
of Safranbolu, Turkey, are identified. The European Union
Sustainability Indicators (EUSI) were employed to determine the potential for sustainability of the area. Additionally, data derived from a survey ensure the presence of public participation in the ecological urban design process.
Problems and possibilities related to the study area are discussed based on the field study observations and the survey
results. As a result, an Ecological Urban Design Project
(EUDP) specific to the region was developed to contribute
to the sustainable development of the traditional settlement
of Safranbolu.

TABLE 1 - Examples of traditional Turkish settlement textures.
Aim
City

Single Structure
Building

Historic
city centers

Whole
settlement

Content

Reference

√

The objective was to analyze the effects of changes to the traditional
houses of Sanliurfa Province in Turkey and their historical environment. The authors highlighted the challenges and approaches of development regarding historical patterns and conservation areas to
provide guidelines for future projects.

[13]

Diyarbakir

√

The authors suggested that the determined design of the traditional
houses in the Turkish city of Diyarbakır could be classified as physical environment (topography, climate) and structural environment
(building form, spatial organization, landscape, and planting, building envelope, and technical infrastructure).

[15]

Odunpazarı/
Eskişehir

√

The author evaluated traditional buildings in Odunpazarı District in
Eskişehir Province, Turkey, regarding their exterior and interior architectural characteristics.

[9]

Şanliurfa
Province

Sille-Konya.

√

İznik/Bursa

√

Bursa

√

Gudul/ Ankara

√

Trabzon

Turkish cities

Erzurum

√

√

√

√

√

The authors offered ecological design suggestions for the sustainability of the Turkish village settlement of Sille-Konya.
The author evaluated the historical settlement texture of Iznik, Bursa
Province, Turkey, from the perspective of tourism potential.
The authors focused on a conceptual model of a sustainable revitalization project for an inner city historical commercial district in the
Turkish city of Bursa.
The authors discussed a new eco-tech urban design guide and the
results of the Gudul case study in terms of ecological and social sustainability.
The authors investigated urban street revitalization in the historical
city center of Trabzon.

[18]
[19]
[20]
[21]
[22]

The author studied qualities of “traditional urbanism” in Turkish cities and examined the latest approaches to urban design, offering design principles that can deliver sustainable urban development.

[23]

The authors examined the transformation of a historical Erzurum
city and the conditions of cultural heritages in Erzurum city that had
been destroyed, transformed, and faced extinction.

[24]
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2. MATERIALS AND METHODS
This study was conducted in the traditional settlement
of Safranbolu in the 1/1000-scaled Protection Development Plan (2010) of Safranbolu in Karabük Province in the
Western Black Sea region of Turkey. The materials include
the 1/1000-scaled Protection Development Plan of Safranbolu as well as explanatory reports, previous studies, a
field study, and data obtained in interviews with Safranbolu municipal workers. Computer software packages,
such as ArcGIS 10.1, AutoCAD 2010, and Photoshop CS6,
were used to create the EUDP specific to the study area.
The methodological approach comprised five stages.
Stage 1: Identification of the ecological and cultural
characteristics of the study area
Aşkın’s [25] study was used to identify the ecological
and cultural characteristics of the study area. Topography,
geology, soil, hydrology, and vegetation maps (1/25,000scaled) were produced. The cultural characteristics of the
study area were identified by data acquired from institutions and establishments related to historical development,
socioeconomic characteristics of Safranbolu, and with information from previous studies.
Stage 2: Evaluation of the sustainability of the study
area in the EUSI framework
To be identified as a sustainable settlement, Safranbolu
must comply with the EUSI. To this end, an evaluation was
conducted of the status of the study area regarding the
EUSI.
Stage 3: Survey to ensure public participation in the
EUDP
A survey was conducted to ensure the public’s contribution to ecological urban design. The primary objective
was to assess public opinion of the study area and attitudes
about the cultural texture of the city and its sustainability.
The participants provided information about the problems
they were facing in the city and their preferences for
changes to the area.
SPSS 16.01 statistical software was used for the statistical analyses [19, 26-28]. Linear correlation analyses statistically assessed the extent of relationships between variables measured at the interval or ratio levels [29]. Correlation analyses were performed on measures of the participants’ socio-demographic characteristics and statistical relationships between their perceptions of nature and the environment were tested using Spearman coefficients (r).
Statistical significance levels were determined.
Some of the data obtained from the survey was evaluated using simple percentage (frequency) analyses. The results are presented in tables and graphs. Data from the 2013
census were used to determine the desired survey sample
size. According to the 2013 census, the population size (N)
was 34,258 for the population between 19 and 60 years old.

The sample size was determined using Eq. 1 based on population size and other parameters previously used to determine sample sizes of limited populations [30].
n≥

Z2 × N × p × q

(Eq. 1)

N × D2 + Z2 × p × q

In Eq. 1, n = sample size, Z = reliability coefficient (Z
= 1.96 indicates 95% confidence level), N = population
size, p = presence of x characteristic in the population
(when p is not known, p = .50 (i.e., 50% of highest estimation value)), q = 1-p, and D = acceptable sampling error
(10%). The minimum sample size required for the survey
was computed to equal 95. However, the survey was conducted on 100 participants to increase the validity of the
results (Eq. 2).
n≥

1,96 2 × 34.258 × 0,5 × 0,5
34.258 × 0,1 2 + 1,96 2 × 0,5 × 0,5

=

32.901,38
343,54

= 95 (Eq. 2)

The survey of 100 participants aged 19 to 60 years old
was conducted in April and May of 2014 with face-to-face
interviews. The questionnaire consisted of four sections totaling 25 questions. The first section asked about socio-demographic characteristics and consisted of eight questions.
The second section had 12 questions related to the participants’ perceptions of nature and the environment. There
were two questions in the third section regarding the services of the local administration and three questions in the
fourth section asked about the participants’ desires and expectations.
Stage 4: Determination of the problems and opportunities related to the study area
Problems and opportunities related to the study area
were categorized into six groups based on the results of the
field study, observations, and survey results.
Stage 5: Development of the EUDP suggestion for the
study area
Traditional settlement texture characteristics were examined regarding their ecological design. The data from
the study were analyzed and design principles specific to
the sustainability of Safranbolu were set forth as the EUDP.
3. RESULTS AND DISCUSSION
3.1 Site Description

The district of Safranbolu is a traditional settlement located in the western Black Sea region of Turkey at 41°15′N
32°41′E (Fig. 1). Safranbolu is a town and a district and
Karabük is a province. The district is 65 km from the sea
and 8 km from the town and capital district of Karabük.
According to TUİK [31], the population of the district of
Safranbolu was about 42,813 and the towns and villages
had a population of about 15,560, for a total population of
58,373. About 59% (34,258) of the total population was
between 19 and 60 years old. The rate of annual population
growth was 56.4%.
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FIGURE 1 - Location of the study area.

The city of Safranbolu is the focus of the study because
of its significantly preserved natural and cultural features,
its microclimatic characteristics, and its traditional settlement characteristics. The city of Safranbolu is rare in its
importance at the national and international levels because
of its microclimatic characteristics and its natural valley
with canyon formations and vineyards. Safranbolu was included in the UNESCO World Heritage List in 1994 when
it met the second, fourth, and fifth items of the UNESCO
World Heritage List Criteria (six cultural and four natural
criteria). It is notable that the three criteria are all cultural
and not natural (environmental) criteria, except for part of
(v), and that part of (v) is limited and contingent on the
cultural component. These criteria are:
(ii) to exhibit an important interchange of human values, over a span of time or within a cultural area of the
world, on developments in architecture or technology,
monumental arts, town-planning or landscape design;
(iv) to be an outstanding example of a type of building,
architectural or technological ensemble or landscape which
illustrates (a) significant stage(s) in human history;
(v) to be an outstanding example of a traditional human
settlement, land-use, or sea-use which is representative of
a culture (or cultures), or human interaction with the environment especially when it has become vulnerable under
the impact of irreversible change [32].
The study area includes: (1) three Safranbolu Urban
Protection Areas (Bağlar, Kıranköy, and Çarşı), (2) an Influence Area, (3) a First Degree Natural Protection Area,

(4) a First Degree Archeological Protection Area, (5) vineyards and gardens, and (6) the areas of the Tabakhane
River. The borders of the 1/1000 scale Protection Development Plan approved in 2010 were used to delineate the
study area borders [33].
Safranbolu has been settled since prehistory, evidenced by rock-cut tombs and a Roman temple in the vicinity. The present settlement developed as a trading center
after the Turkish conquest in the 11th century. In the 13th
century, Safranbolu became an important caravan station
on the main east-west trade route. The caravan trade
reached its apogee in the 17th century [28]; however, the
end of 20th century was a significant period for the worldwide recognition of Safranbolu. It was designated as a Historical and Natural Protection Area in 1976 and, in 1985,
two regions of the city (Çarşı and Bağlar) were designated
Urban Protection Areas. The Safranbolu Protection Development Plan was accepted and put into effect in 1991.
Changes in trading structures and the advent of railroads in
the early 21st century ended its long period of prosperity.
The town entered a period of economic decline until the
Karabük steelworks were built, which provided a great deal
of employment to the region [34].
Natural Characteristics of the Study Area. The topography of the study area varies between 300 and 700 m. Flat
areas are generally observed in the settlement and riverbeds. There are sheer and rocky areas near the Tokatli
and Tabakhane Rivers that create a natural canyon formation. A deep cleavage in the limestone layers formed the
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Canyons Safranbolu formation that generally runs south to
north. The İncekaya and Tokatlı canyons are the most important canyons in the study area. Brown Forest lands and
alluvial plains are the land types of greatest coverage in the
study area [35].

Safranbolu is located in a transition zone between the
Black Sea and Central Anatolia climates. Harsh winters and
arid summers, which are attributes of the continental climate, are not observed. The rains are distributed among the
seasons; however, the effects of the continental climate are
evident, particularly during the first half of the year [36].

FIGURE 2 - Natural characteristics of the study area: (a) Contour lines and hills, (b) elevation groups, (c) slope groups, (d) aspect groups, (e)
water springs, and (f) rainwater drainage directions.
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The main permanent rivers in the study area are the Bulak River, stretching along the western border of the region;
the Akçasu River that flows down from the northeast; the
Tokatlı River that passes through the city; and the
Tabakhane River, which is a branch of the Tokatli River.
According to Davis et al.’s [37] grid system, Safranbolu is
located inside the A4 square and it has a wide variety of natural plant life. Some of its important natural plant species
are: Pinus nigra L. (Black pine), Pinus sylvestris L. (Scots
pine), Abies nordmanniana Stev. Spach (Nordmann fir),
Fagus orientalis L. (Oriental beech), Quercus sp. (Oak),
Carpinus betulus L. (European hornbeam), and Castanea
sativa Mill. (Sweet chestnut). In addition, Crocus sativus L.
(Saffron), Orchis sp. (Orchid) species, and Vitis vinifera L.
sp. (Grapevine) are plant species in the study area with significant economic value. Fig. 2 (a–f) shows the important
natural characteristics of the study area.
General Settlement Characteristics of Safranbolu. The
most important aspects of the Turkish urban culture in Safranbolu are its dwellings. The houses are located in two
different sections of Safranbolu: “Çarşı” is used as a winter
settlement and “Bağlar” is used as a summer settlement
[29]. The houses are located in and around the valleys of
the Çarşı Region. The houses create a texture that is in harmony with the topography because of their locations on
two opposing hills in a parallel formation. The rear façades
of the houses lean toward the hills and are arranged in the
direction of the geomorphologic structure of the region
such that they do not block the sunlight to the other houses.
In addition, they are positioned in a way that closes them
off from the north. This settlement formation provides a
natural protection to the houses, equalizes their benefits
from the sunlight, and provides natural ventilation [32].
Importantly, Safranbolu houses are energy efficient
structures [36, 38], demonstrated by the energy saving and
energy performance indicators of the traditional houses.
All of the energy invested during the pre-construction, construction, and post-construction periods of the houses’ life
cycles is used. The embodied energy of the structures has

four components: (1) material production and processing
(54%), (2) transportation (20%), (3) construction activities
(10%), and (4) services and other (16%) [39]. The use of
local materials in the structures and its transportation without consuming energy significantly decreases the total
value of 74%. Low thermal conductivity coefficient
wooden coatings have been used on the walls and floor surfaces of Safranbolu houses (pine: 0.13 W/m.K) to prevent
heat loss [38]. When heating and cooling are needed in the
buildings (the heating and cooling loads of the spaces) and
the possible energy consumptions based on these are calculated, it is determined that, despite the technical means,
materials and components that date back 130-140 years,
Hacı Hüseyinler House with an annual energy consumption value of 98,6 kWh/m2 has reached the required values
stated by the International Energy Agency (IEA) in the
2001 dated report which puts forth that the energy consumed by the buildings per m² should be decreased from
250 kWh on average to 100-150 kWh [36]. The stone,
adobe, and wood used in traditional Safranbolu houses
meet the sustainability criteria in that they are obtained
from local sources, are included in the design, meet the
strength requirements of the structure, provide ease of
maintenance, and create no waste [38].
There have been changes and developments in the city
of Safranbolu since the 1900s. Fig. 3 illustrates the preserved historical structures in 2014. The traditional architectural characteristics of the Safranbolu houses are summarized in Table 2.
Traditional Vineyard Settlements. The traditional vineyard settlements of the Bağlar Region, where viniculture
activities and grape cultivation were carried out in the past,
have given place to new settlement areas, such as housing
estates, private residences with gardens, and so on. The total area where traditional vineyard settlements are located
covers about 25 ha. Traditional vineyard settlements are
mainly located in Tokatlı and İsmet Paşa neighborhoods
and their surroundings (see Fig. 4-a).

FIGURE 3 - Preserved historical structures in 2014 (photos were taken by Aşkın, 2014).
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TABLE 2 - Traditional architectural characteristics of Safranbolu houses.

Safranbolu Houses General Typology

Floor Characteristics
1st floor (entrance): generally windowless and made of
stone [40].
2nd floor (middle floor): Multi-purposed with low ceilings for easier heating (2.3-3 m) [38].
3rd floor (upper floor): high ceilings (more than 3 m);
windows arranged according to compass direction;
bright.; possibly additional upper windows; rooms open
out to the street [38].

Safranbolu houses generally have
3 floors and 6-8 rooms [41].
High garden walls block the cold air
and wind.
Human and environment interactions
are balanced and orderly.
Houses are designed functionally.

Local Construction Material Used
Construction materials: stone, clay, brick, wood.
Binding materials: lime and mud mortar.

100% recyclable material.
Structure façades are generally plastered and white.

Texture Characteristics

Traditional Street Structure

Border elements: high garden or courtyard walls.
Spatial details: There are overhangs and protrusions with
wooden girders over the streets. Vitis vinifera L. (Grape
vine) used as upper cover.
Local Construction Material Used
Garden walls: stone, Turkish-style bricks.

Paving elements: cobblestone paving.

Other materials: wood.
Traditional Vineyard Settlements

The flow of rainwater was considered in
the incline of the paving.
Narrow streets and dead-end streets.
Organic street structure.

The street doors of the houses are double-leafed and made of vertical wooden
blocks.
It is essential that the garden wall height
does not exceed 2.00 m.
(2.50 m including the wall coping).

Floor Characteristics
1st Floor: Generally, they are single floor with an additional storage section under some vineyard houses for
storing farming equipment, wood, and so on. Windows
are small with no windows on the northern façades.

Viniculture is carried out today, mostly
at İncekaya Village.
People stay in vineyard houses for a certain period to maintain the vineyard and
to harvest grapes.

Local Construction Material Used
Construction materials: stone, clay, brick, wood.

100% recyclable material used.
Gabled roofs.

Binding materials: lime and mud mortar.

Historical and Cultural Values of the Structures. The
registered structures in the study area are the Monumental
Single Structures (first degree protection required) and Civilian Architecture Structures (second degree protection required). The structures in the study area with historical and
cultural value are as follows:
Civilian Architecture Structures: Estates (1106) and
Laundry houses (2)
Monumental Single Structures: Mosques (34), Islamic
Monastery (1), Shrines (6), Small Mosques (4), Fountains
(101), Inns (3), Turkish Baths (10), Windmills (3), Water
Balance (1), Qibla Stone (1), Pools (6), Watchtower (1), Solar Watch (1), Bridges (19), Penitentiary (1), Warehouse
Building (1), and Storage Building (1) [42].

In addition, there are Bazaar (1), Blacksmith Market
(1), and Coppersmith Market (1).
New Settlement Areas. New settlements are located
mostly outside of the Bağlar section, Kıranköy section, and
the urban protection areas of the city. The new settlement areas, which mostly comprise housing estates, villas, and residences with gardens, are generally reinforced concrete and
they commonly have gardens. There are 1545 new structures,
1491 traditional structures, and 134 structures that combine
traditional and new elements in the area [43]. Asphalt and
stone paving tend to be used instead of cobblestone paving.
Open and Green Areas and Protection Areas. The open
and green areas in the study region are shown in Fig. 4-b as
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FIGURE 4 - (a) Conservation areas and registered structures; (b) existing open and green areas.

TABLE 3 - Area types currently under protection status and their characteristics according to current use.

AREAS UNDER PROTECTION
(According to the Site Protection
Development Plan)

CHARACTERISTICS OF AREA TYPES
Urban Protection Area

Bağlar, Kıranköy, and Çarşı regional boundaries

First Degree Natural Protection Area

Protection area borders

First Degree Archeological Protection Area

Protection area to be preserved excluding the scientific efforts to
protect borders. Tumulus located in this area.

Registered buildings (monumental single structures)

Structures that have been designated protected cultural assets

Traditional architectural examples (civilian architectural structures)

Structures that have been designated protected cultural assets

Contiguity Boundary

702 ha.

CURRENT AREA USES
(According to the Development Plan)

AREA TYPE

Official organizations

Administrative structures (municipal, public educational centers,
educational institutions, etc.)

Geological structure prohibited area

Geologically risky areas

Forest areas

Forest areas Pinus sp. (Pine) spreading areas

Agricultural areas

Current farmland

Vineyard-garden areas

Vineyard and garden areas
Natural cultivation areas of the Orchis sp. (Orchid) plant

Pasture areas

Pasture and meadow areas in the Development Plan

Park areas

Areas to meet recreational demands

Sports areas

Areas to be used for sports activities

Recreational areas

Recreational areas inside the city and its environments for daily use
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forested areas, agricultural areas, vineyard/garden areas,
meadow areas, parks, squares, sports areas, recreational areas,
bazaars (marketplaces), cemeteries, canyons, and permanent
or dry rivers. Currently, green areas cover 515 ha. (Fig. 4b). The Urban Protection Areas (Bağlar, Kıranköy, and
Çarşı), the Contiguity Boundary (the areas that directly influence the cultural entities that should be protected), and
the streets, squares, structural groups, and similar areas that
have been taken out of protection area borders. Previously,
these areas were included within the borders or were areas
that were between the protection areas that had direct effects on the protection sites. In addition, there were areas
that should be considered during the process of preparing

the preservation construction plan [44], the First Degree
Natural Protection Areas, and the Archeological Protection
Area within the study area (Fig. 4). Areas under protection
and their current uses are described in Table 3.
3.2 EUSI Status of the Study Area

Safranbolu must comply with the EUSI to meet international standards of urban sustainability and be designated as a sustainable settlement (Table 4). Hence, even
though it already is widely observed, the ecological settlement potential of Safranbolu should be further strengthened and developed.

TABLE 4 - EUSI current status of the study area.

EUROPEAN UNION CRITERIA

CURRENT STATUS OF THE STUDY AREA

Sustainable land use

Farm fields, vineyards, garden areas, recreational areas, Urban Protection Area, First Degree Natural, and
Archeological Protection Area in and around study area. Mixed use (residential, new settlement, housing sites,
commercial, administrative, and housing-work functions together) observed in the city center.

Accessibility of local public to
public areas and services

Housing, work, education, health, and shopping areas within walking distance. Transportation to other services by foot, passenger vehicle, or public transit.

Local activity and transportation

Car use is common in Karabük-Safranbolu; all roads are open to vehicle traffic except the historical Old
Bazaar. There is public transit inside the city and between Karabük and Safranbolu. Bicycle use is uncommon
because there is no bicycle road.

Transportation of children to and
from school

Students in primary school or high school walk to school; students who go the high schools and universities
in Karabük take public transit.

Local air quality

According to the measurements of air quality, Safranbolu District is among the first class polluted districts
due to intensive coal use and the Karabük Iron Steel Factory. The main reasons for air pollution are: (1) low
quality fuels used in industry and heating and (2) exhaust gases and other industrial pollutants. The air pollutants in the city of Karabük have been determined as PM10 (particulate matter) and SO2. The Short Term
Limit Value of SO2 as part of the Directive for the Preservation of Air Quality has been specified as 150
microgram/m3, whereas the Long Term Limit Value is 400 microgram/m3 and the Short Term Limit Value for
PM10 is 300 microgram/m3. The Long Term Limit Value is 150 microgram/ m3 [45].

Solid waste and waste water

Work is ongoing to build a solid waste removal facility. Recycling and reuse works are insufficient.

Noise pollution

Motorized vehicle traffic creates noise pollution in the region.

Sustainable management of local
administrations and companies

The Development and Town Planning Directorate of the municipality inspect to ensure compliance with the
Protection Development Plan for new structures and historical structures that will be restored in the Safranbolu
Development Plan Contiguity Boundary (702 ha). Karabük Province Food and Agriculture Directorate provides governmental supports to farmers in Safranbolu for viniculture activities, saffron farming, and other
agricultural or livestock activities.

Products to support sustainability

Vitis vinifera L. sp. (Grapevine), Crocus sativus L. (Saffron), Orchis sp. (Orchid), skilled trade/craft (saddle
making, coppersmith, ironsmith, tinsmith, carving, felt making, weaving, and so on).

Local participation for ecology

A few farmers at the Incekaya village near the study area continue viniculture activities with 50% governmental support.

Satisfaction of the
local community

According to Table 5, the majority of the local public is happy living in Safranbolu.

Energy saving

Jacketing is the option used in new structures for energy savings; solar collectors are used in some settlements.

Technology use

Environmental technologies: underground temperature-sharing systems; heat-sharing system means that 30%
of the heat expenses are shared based on the m² of the independent units and 70% are shared according to the
ratios derived from the heat measurement devices [46] (excluding the Market Area).
Information technologies: establishment of digital, wireless, and smart computers, telecommunications, video,
satellites, cameras, and security systems that enable citizens to interact online.
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3.3 Evaluation of the Survey on Public Participation

Spearman Correlation Analysis. The socio-demographic characteristics of the participants were examined
to improve understanding of their perceptions and preferences regarding nature and the environment of the Safranbolu city center. To that end, a Spearman correlation
analysis was conducted (Table 5).
Age was negatively related to the participants’ relationships with nature (r = -.258, p < 0.01), which suggests that
older participants take relatively more active roles than
younger participants in environmental protection activities
and they are more interested in nature as a hobby. A negative
correlation was found between age and the type of garden
use (r = -.251, p < 0.05). It has been observed that older residents prefer areas with gardens, garden entrance landscaping, and parking spaces. However, a change in garden use,
to activities such as seasonal flower cultivation and fruit or
vegetable cultivation, tends to occur as people age. In sum,
traditional garden use tends to continue as people age.
There was a positive statistically significant correlation
between the participants’ occupations and their types of residence (r = .500, p < .01) and retired people, homemakers,
and unemployed people tend to prefer single-family de-

tached houses. Similarly, the relationship between occupation and residential garden use was positive and statistically significant (r = -.270, p < .01), suggesting that students and government staff tend to live in residences that
have gardens as common use areas. This also is supported
by the fact that retired people, homemakers, and unemployed people tend to prefer single-family detached
houses.
There was a negative relationship (r = -.235, p < .05)
between educational level and the environmental problems
faced in Safranbolu indicating that the more educated participants assigned relatively more importance to environmental issues. Similarly, there was a positive relationship
between educational level and the type of garden use by
residence (r = 327, p < .01), suggesting that the more educated participants preferred residences with common use
gardens, such as single-family dwellings, apartments, and
public housing.
There was a statistically significant negative relationship between the participants’ type of relationship with nature and the types of environmental problems they faced (r
= -.335, p < .01). The participants who were spending time
with nature for rest and health purposes emphasized the

TABLE 5 - Correlations between the socio-demographic characteristics of the participants and their perceptions regarding nature and the
environment in Safranbolu (n =100).
1b
Socio-demographic characteristics
1a. Gender
1b. Age
1c. Occupation
1d. Education level
1e. Income level
1f. Income level if student
1g. What kind of a city do you reside in?
1h. Do you reside in Safranbolu?
Perceptions of nature and the environment
2a. What kind of a relationship do you have
with nature?
2b. Are there environmental problems you
face in Safranbolu?
2c. If yes, what are these environmental
problems?
2d. Type of residence?
2e. Does your residence have a garden?
2f. If yes, how big is the garden?
2g. How is your garden used?
2h. Are you happy about the environment of
your house?
2ı. If not, would you consider moving somewhere else?
2i. If yes, would you consider moving from
Safranbolu even if the environmental conditions are enhanced?
2j. What type of transportation do you use in
the city?

1c

.189 -.055
.254*

1d

1e

1f

1g

1h

.164

.263**

-.110

-.041 -.172

-.247*

.055

-.454** -.043 -.143

2a

2b

-.012

-.300** .218*

-.258** .061

-.685** -.478** -.382** -.040 -.197* -.087
.661**

.122

2c

2d

2e

2f

2g

2h

2ı

2i

2j

2k

.072

.068

.053

.034

.006

.009

.009

.105

.220*

.200*

.152

.107

.057

-.251*

-.058

-.053

-.124

-.070

.046

-.066

.500**

-.107

.068

-.270** -.074

-.076

-.064

-.257** -.014

.113

.004 .124

.075

-.235** .051

-.350** .091

-.021

.327**

-.093

-.090

-.092

.381**

-.252*

.030 -.008

-.067

-.171

.060

-.337** .055

.088

.297**

-.008

-.004

-.008

-.384** .052

-.063 .174

.116

-.101

-.062

-.187

-.081

.087

.025

.199*

.196

.185

-.002

-.022

.056

-.045

-.100

-.068

-.089

.020

.101

.100

.093

-.048

-.006

-.009

.115

-.075

.081

-.052

.099

-.111

.164

.162

.153

-.002

.085

.002

-.335** -.162

.072

-.185

-.121

.001

.003

-.072

-.032

-.186

-.516** .049

.118

-.026

-.240*

-.109

-.109

-.109

-.095

-.449**

-.031

.088

.057

-.147

-.143

-.118

.015

.294**

-.172
-.087
.038
.046
.859**

-.137
.004
.238*
.207*
-.053

.082
.049
-.082
.100
.049

.850**

-.057

.050

.048

-.051

-.040

.087

-.210* .188
-.331** -.204* -.206*
-.488** -.272** .049 .058
.205* -.078 -.082
-.065 -.070
1.000**

.022
-.074

.071

2k. Do you think the open and green area in
Safranbolu is sufficient?

* = p < .05, ** = p < .01, two-tailed tests of significance. Socio-demographic characteristics of users: 1a. Gender (1: Female, 2: Male), 1b. Age (1: 18-20, 2: 20-22, 3: 22-24, 4: 24-30, 5: 30-40, 6: 4050, 7: 60+), 1c. Occupation (1: student, 2: government employee, 3: academic, 4: self-employed, 5: retired, 6: housewife, 7: worker, 8: unemployed), 1d. Educational level (1: primary, 2: high school, 3:
university, 4: master’s, 5: doctorate), 1e. Income level (1: I have a scholarship, 2: I take support from my family, 3: I work, 4: I work and get support from my family, 5: I have a scholarship and get
support from my family), 1f. Income level if student (1: I have a scholarship, 2: I take support from my family, 3: I work, 4: I work and get support from my family, 5: I have a scholarship and get support
from my family), 1g. What kind of a city do you reside in? (1: large city, 2: moderate size city, 3: rural city), 1h. Do you reside in Safranbolu? (1: Yes, 2: No), 2. Questioning the perceptions related to
nature and environment: 2a.What kind of a relationship do you have with nature? (1: I play an active role in environmental protection works, 2: I am interested in nature as a hobby, such as I have a
garden where I cultivate fruit-vegetable/seasonal flowers, 3: I earn money from natural spaces, such as I have a facility in a natural area, I am working in forestry sector, etc. 4: I carry out agricultural
cultivation and I am interested commercially, saffron cultivation, orchids-salep production, vineyard, etc. 5: Recreational and health), 2b. Are there environmental problems you face in Safranbolu? (1:
Yes, 2: No,), 2c. If yes, what are these environmental problems? (1: Air pollution, 2: Water pollution, 3: Soil pollution, 4: Noise pollution, 5: Visual pollution, 6: other), 2d. Type of residence? (1: Public
housing, 2: Apartment, 3: Housing estates, 4: Residences–Registered building, 5: Residences-New settlement, 6: Villa), 2e. Does your residence have a garden? (1: Yes, 2: No), 2f. If yes, how big is the
garden? (1: Small-front garden-, 2: Medium-front and rear gardens small-, 3: large with front and rear gardens, car park, cellar, gazebo), 2g. How is your garden used? (1: As a fruit-vegetable garden, 2:
Has seasonal flowers, 3: Entrance garden arrangement, 4: Car park, 5: Common use area), 2h. Are you happy about the environment your house is in? (1: Yes, 2: No), 2ı. If not, would you consider
moving to somewhere else? (1: Yes, 2: No), 2i. If yes, would you consider moving from Safranbolu even if the environmental conditions are enhanced? (1: Yes, 2: No), 2j. What type of transportation
do you use in the city? (1: walking, 2: bicycle, 3: public transportation, 4: private vehicle, 5: commercial taxi), 2k. Do you think the open and green areas in Safranbolu are sufficient? (parks, playgrounds
for children, sports areas) (1: Yes, 2: No).
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problem of air pollution. In addition, there was a negative
relationship between the participants’ sense that they face
environmental problems in Safranbolu and the extent to
which they thought that the open green areas in Safranbolu
were sufficient (r = -.449, p < .01). The participants who
stated that there are environmental problems in Safranbolu

Percent (%)

Sufficient

Moderate

thought that there was not sufficient open and green space
in the city.
There was a negative relationship between the participants’ type of residence and the type of garden use (r = -.331,
p < .01). Those who lived in single-family detached houses

A = waste collection
B = cleanliness of public
spaces
C = street lighting
D = sewage system
E = transportation
F = firefighting services
G = protection and restoration
H = maintenance and repair
I = tree planting
J = amount of open green
space
K = introduction
L = number of recycling
boxes

Insufficient
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FIGURE 5 - Sufficiency of the services provided by the Safranbolu municipality.
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FIGURE 6 - The problems faced by the participants in the Safranbolu survey.
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P

R

S

A = lack of parking space
B = lack of infrastructure
C = traffic
D = neglect
E = pollution
F = crowds
G = abandonment /migration
H = not enough green
space
I = not enough quality
green space
J = preservation
K = faulty repair
L = loss of traditional
handicrafts
M = destruction of vineyards
N = damage to traditional
housing
O = construction near Safranbolu
P = new construction not
in accord with protected areas
R = no right to comment
on environment
S = construction in agricultural areas
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stated that they used their gardens for fruit, vegetable, and
seasonal flower cultivation. This result suggests that participants with personal gardens are more attached to nature and
ecological life. There was a negative relationship between
the participants’ type of residence and the extent of happiness with the residence’s environment (r = -.204, p < .05).
Those residing in single-family detached houses indicated
more happiness that those who lived in other types of
dwellings. This result implies that there is a direct proportional relationship between satisfactions with living areas
and the environmental quality and proximity to nature.
Percentage (Frequency) Analyses. The percentage
analysis method was used to analyze responses to questions
that were not appropriate for correlation analysis. Fig. 5
shows the distribution of responses to questions about the
adequacy of local administration services because an important aspect of public satisfaction with the city is residents’
satisfaction with governmental services. Fig. 6 shows the
distribution of responses to questions about the problems observed in Safranbolu.

First Preference

Second Preference

The analysis of the responses to the question, “What is
your reason for staying in Safranbolu?” found that 52%
stayed because of homeownership, 23% stated family relationships, 17% reported their employment was in Safranbolu, and the other answers were less than 3%.
The participants were asked, “How would you enhance
the conditions of life in Safranbolu?” The three most frequent answers were, “make new or increase the open green
areas” (29%), “maintenance of streets” (19%), and “repair
of the house I live in” (17%) (Fig. 7).
The participants were asked, “How would you change
Safranbolu?” The most frequent preference was the “establishment of organic marketplaces” with 34%, followed by
the “establishment of ecological training centers” with 30%,
and the third preference, “car parks,” received 17% (Fig. 8).
3.4 Problems and Opportunities related to the Study Area

The problems and opportunities that were determined
from the data gathered during the field study and the survey
results are shown in Table 6.

Third Preference

Percent (%)
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A = repair of one’s house
B = maintenance of streets
C = renew infrastructure
D = make new/increase
green open spaces
E = regulate transportation
system
F = new job opportunities
G = increase pedestrianization
H = popularize bicycle use
I = make hobby gardens

FIGURE 7 - Prioritized distribution of the actions that participants want taken in Safranbolu to
enhance the quality of life.

A = ecological training centers
B = organic marketplaces
C = children’s playgrounds
D = sports areas
E = areas for women to
spend leisure time
F = city square
G = car park
H = neighborhood/district
parks

FIGURE 8 - Distribution of preferences for changes in Safranbolu.
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TABLE 6 - Problems and opportunities related to the study area.
Problems related to traditional urban texture
Existence of construction not in accord with the traditional
urban texture and the spreading of these structures to the Old
Market area
The properties of traditional Safranbolu houses in new
structures are not sufficiently accounted for in the Protection
Development Plan
Slow execution of restoration and repair
Visual pollution due to lack of maintenance in some traditional structures and unused vineyard houses
Visual pollution due to non-porous flooring not in accord
with the street texture
Problems related to urban open green areas
Lack of quality open green areas (as indicated by the survey
results)
Lack of maintenance in current open green areas
Incorrect plant designs lead to plant growth that obstructs
historical structures and spaces, making it more difficult to
see them

New settlements around the Old Market

Neglected and incorrect floral applications
Problems related to agricultural areas
Structuring near or in agricultural areas
Air pollution caused by the iron-steel factory results in acid
rain causes diseases in agricultural products
Not enough importance is given to Orchis sp. in terms of
agricultural cultivation

Structuring around agricultural areas
Problems related to areas with important rural character
Younger adults do not give importance to viniculture so they
are not maintained sufficiently
Phylloxera pest is observed in local viniculture and the efficiency has decreased
Irresponsible Orchis sp.egg collection leads to extinction of
the plant
Modern agricultural machines cannot be used sufficiently
due to rough terrain
High production costs of viniculture and the yield from local
products cannot cover the production costs

Example of neglected vineyard settlement

Problems related to urban fittings
Inconsistency among various urban fittings, such as satellite
receivers, waste baskets, urban furniture, etc. The historical
center has visual pollution caused by the shops placing their
furniture on the streets and pedestrian walkways
Urban electricity is distributed via overhead cables that significantly detract from the visual quality of the city, obstructing the view of historical structures
Lack of recycling boxes
Fitting elements not in accord with
historical texture
Problems related to transportation and infrastructure
Pressure of traffic on cultural heritage near the streets due to
lack of car parks and intensive congestion
Following a car-oriented approach instead of a pedestrianoriented approach in the planning of the roads
Drainage problems due to rough surface paving and negative impacts of that on the mobility of the users

Traffic pressure and problems related
to paving elements
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Opportunities related to sustainability
It is under UNESCO protection as a
World Cultural Heritage.
Its historical, cultural, and ecological characteristics have been preserved.
Advantages brought about by the
position of the Old Market area in
the valley; natural drainage for wind
and water, enabling flow control
and providing suitable conditions
and environments for floral fertility.
Tokatlı Canyon, Tabakhane River,
and
gardens/vineyards
nested
within the city comprise important
components of open green areas at
the urban microforms in addition to
their ecological contributions.
It is a city that stands out regarding
Crocus sativus L. (Saffron) cultivation.
It has suitable ecological conditions
for viniculture activities and Orchis
sp. (Orchid) cultivation.
The Provincial Food and Agriculture Directorate supports development of agricultural and livestock
activities in addition to the cultivation of local products.
The majority of the public and the
local administration are aware of the
protection and development of Safranbolu.
The local public is conscious of and
sensitive
to
pedestrianization
works, widespread bicycle use, organic markets, ecological training
centers, etc., as well as ecological
developments. These interests express the public’s devotion to the
city and encourage desires for a
healthier and higher quality environment (as found in the study’s
data).
The public has a strong sense that
belonging to the city is important
for the sustainability of the urban
culture and identity. Karabük University is in the city making socioeconomic and scientific contributions to the city’s development.
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3.5 EUDP Suggestions for the Safranbolu Traditional Settlement

of the Orchis sp. (Orchid) plants and its cultivation should
be popularized in the public.

The results of this study suggest that numerous steps
should be taken regarding ecological and urban sustainability in the integrity of the planning and design of the
study area. These suggestions were formulated into an Ecological Urban Design Project (EUDP). The core suggestions of the EUDP are as follows:

Suggestion 4. Urban furniture should be designed in
accord with established standards and should be accessible
to disabled individuals. The Protection Development Plan
decrees should be followed when situating urban furniture
and when selecting their materials. Materials that provide
a porous surface should be preferred. Land incline direction and slope should be correctly assessed to ensure that
rainwater mixes with groundwater.

Suggestion 1. Materials that disrupt the integrity in the
city should not be used. The building of new structures at
the market area where examples of civilian architecture
abound should be prohibited, and building construction
that disrupts the skyline should be handled with siding applications. Visual enhancements should be created using
planting design arrangements.
Suggestion 2. Functional alternative green areas
should be created in response to public demands for hobby
gardens or for aesthetic and other functional purposes.
Planting design arrangements should not be created where
existing cultural characteristics would be obstructed.
Suggestion 3. Local administrators should educate the
public about viniculture and governmental supports. In this
regard, incentives should be increased. Protection policies
should be enforced to prevent the inappropriate collection

The EUDP aims to set out criteria that supports Safranbolu as an ecological city:
Safranbolu has sustainable dwellings with respect to
traditional settlement texture, construction methods, material contents, procurement from proximate locations, workability, and the use of environmentally friendly ecological
materials. In addition, the dwellings are compatible with
the traditional settlement texture, topography, and climate.
It is important to popularize them in new residential developments because they potentially establish climatic and
comfortable living areas.
To decrease the urban heat island effect, trees should
be grown in the city. Broad-leafed trees let in the sunshine
because they defoliate in the winter and significantly de-

TABLE 7 - Suggested area uses suggestions related to ecological criteria and area use.
SUGGESTED AREA USE
TYPES
Continued forest existence
Newly planted trees
Protected topographical structures
Protected agricultural property

ECOLOGICAL CRITERIA

SUGGESTIONS

Current forest areas
Pinus sp. spreading areas
Foresting areas suggested in the Development Plan
Open green urban spaces
Geologically prohibited areas
Canyon areas
Aspect points
Current agricultural areas
1st and 2nd class agricultural areas

Protected rural character

Vineyards-gardens
Pasture areas
Natural cultivation areas of the Orchis
sp. plant

Organic marketplaces

Current market places and their environments

Viniculture
study

Vineyards and surroundings

examination–

Ecological training centers

Open areas close to public institutions

Hobby gardens

Areas with urban agricultural identity

Water resources

Permanent rivers
Dry rivers
Lakes

Current forest areas and Pinus sp. spreading areas should be protected.
Current tree plantation areas should be protected.
Open green urban areas (parks, etc.) should be afforested and developed.
Should be made use of as scenic lookouts and open green areas.
Current agricultural areas and fertile agricultural lands should be protected.
Cattle, ovine rearing, and poultry raising activities should not be allowed in these areas.
The rural landscape characteristics of these areas should be protected.
Vitis vinifera L. ssp. etc. should be cultivated.
Training should be given on Orchis sp. and Vitis vinifera L. ssp; cultivation, maintenance, and production.
A square near to vineyards and gardens should serve as an organic
marketplace one day each week.
They should be close the vineyards to ensure that visitors are directed
to the vineyard areas.
A certain section of the current marketplaces should only be used for
organic product sales.
It should be an area where the Vitis vinifera L. ssp. Species that are
specific to the region should be presented and training given about
their cultivation.
Training centers integrated with the application areas of vineyards and
canyons should be established under the directorship of Public Training Center, Safranbolu Culture Education Center, etc.
Areas for training and instruction purposes should be established.
There should be an application area in the municipality or on private
land that the public can rent for agricultural cultivation purposes.
Water resources should be preserved.
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FIGURE 9 - Spatial distribution of Safranbolu EUDP (1/5000 scale) suggestions.
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crease the use of energy for cooling during summer months
by providing shade. In addition to building materials made
from plants, artificial materials are used in walls, fences,
guardrails, pavement, lighting elements, roof surfaces, and
coverings. Climatic factors should be considered when selecting these materials (stone, brick, wood, concrete, asphalt, plastic, and etc.). Furthermore, water surfaces absorb
large amounts of heat and vaporize water thus lowering
temperatures and promoting an energy-efficient landscape
design. Safranbolu traditional settlement texture uses the
local climatic elements and sets an example for energy efficient landscape design.
Porous surfaces, rain gardens, and natural plant types
should be preferred in landscape applications within the
scope of water efficient landscape designs for the city of
Safranbolu. These applications are also strategies that respond to climate change. In this regard, management of
flood risk, hot air waves, air pollution risk, and land use are
important for overall risk management related to global climate change.
The texture and material typology of Safranbolu
should be used in new construction. Materials that respond
to the climate and that have important cultural meanings,
such as cobblestone, natural stone, adobe, pantile, wood,
clay, and mud mortar, have been used in the traditional urban texture of Safranbolu. Materials such as cobblestone or
granite, natural stone, and slate that are used in the traditional street texture should be used for pedestrian walkways as well. Materials that create porous surfaces, such as
grass and jointed stone pavements, should be preferred in
car parks and walkways and rainwater should be directed
toward groundwater using correct incline directions. The
use of sustainable materials is also important to energy efficient landscape design.

hancements, is important for increasing Safranbolu’s status
as a livable city in the 21st century.
The findings relative to the study area and the survey
data contributed to the development of the ecological design suggestions for the traditional settlement texture of
Safranbolu. The problems, expectations, and desires of the
local public, as expressed by the survey participants, directed the design project’s suggestions. Areas currently under protection and the area types according to their current
uses related to the Safranbolu EUDP are shown in Table 3
above, whereas the ecological criteria taken into account
when determining the suggested uses are shown in Table 7.
Fig. 9 shows the spatial distribution of the suggested changes
as presented in the EUDP.
4. CONCLUSION
The world has undergone many changes over the past
two decades. We have entered a dramatically altered global
order that forces us to develop new understandings of the
role of traditional settlements in the reconstruction of history. Life in our cities is strongly influenced by existing patterns of urban and suburban development and cities are experiencing negative symptoms, such as: (1) increased congestion and air pollution from increased dependence on automobiles, (2) loss of precious open space, (3) needs for
costly improvements to roads and public services, (4) inequitable distribution of economic resources, and (5) loss of
sense of community. In this context, ecological urban design
fills a major gap by placing further emphasis on the value of
natural, built, and cultural environments for the preservation
of traditional urban identities, improving the quality of urban
life, and the sustainability of natural systems.

Sustainability of the rural landscape for its preservation is needed in Incekaya Village, located in the study area
where orchid plant and sweet white grape is cultivated and
through which the Tokatlı Canyon passes. This village
should be preserved because of its agricultural and rural
character. The existing resources of Incekaya Village
should be developed as well as protected and the village
should be within the “Ecological Village” scope.

The objective of this study was to develop a framework
for an urban design project suggestion (EUDP) comprising
ecological solutions and suggestions for the sustainability
of productive areas and the bio-diversity of land use, spatial use, use of local construction materials, and the preservation of the natural environment. The suggestions focus
on public participation in the city of Safranbolu, which is a
rare UNESCO city reflecting the characteristics of traditional Turkish settlement. In addition, the roles and contributions of the spatial solutions and cultural characteristics
existing in the traditional settlement texture of Safranbolu
in urban ecological sustainability were put forth. It was
suggested that these characteristics should be passed on to
posterity as cultural heritage. This study emphasized that
approaches related to increased open or green spaces and
enhanced agriculture, water, air quality, and infrastructure
are important to energy efficient designs.

The quality of life in Safranbolu can be enhanced by
ensuring that the public participates in ecological urban design. Determining public opinion with regard to the sustainable development of the city as well as the wider area,
listening to public views on the problems of the city, as
well as public preferences for desired arrangements and en-

The study’s results suggest that improvements to urban
quality and sustainability are achievable by careful use of
the environment, public participation, and GIS technologies. The analysis found that older residents reported more
interest and sensitivity to nature, the Safranbolu environment, and taking an active role in protection activities.

The evaluation of natural and cultural areas as green
infrastructure for contributing to the urban sustainability of
Safranbolu would provide ecological, visual, aesthetic, and
economic benefits to the people of the city. Sustainable
transportation measures, such as walking, bicycling, public
transit, and improved access to stores and amenities would
minimize the negative impacts of automobiles and parking
on the city of Safranbolu.
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Therefore, it is important that training and awareness activities related to nature and the environment target children and young adults in Safranbolu. It was further found
that participants residing in estates with private gardens
were relatively more interested in nature and ecological
life. Thus, encouraging traditional garden use is important
to Safranbolu residents’ satisfaction with their environments and the extents of their positive contributions to urban ecology. Furthermore, the private residences in which
they reside should be protected from the effects of development and new settlement areas. The characteristics of
traditional Safranbolu houses are uniquely attuned to regional conditions and they lead the way to future designs
that are environmentally friendly and that improve the
quality of life.

of ecological cities on a global scale. This study’s suggestions for ecological urban design will contribute to the natural and cultural values of Safranbolu and improve the
quality of life in the city by protecting and developing these
values.

According to the survey results, being a homeowner,
family relationships, and working in Safranbolu are primary factors that encourage a strong sense of belonging to
the city. A societal structure that provides positive contributions to urban identity is therefore important to urban
sustainability. Creation of new or increase in existing open
green spaces, widespread bicycle use, pedestrianization,
and hobby gardens are some of the suggestions that should
be emphasized in future ecological urban design projects.
Furthermore, the data gathered in field studies and in faceto-face interviews with local residents suggested that the
vineyard settlements are dwindling in number and are being replaced by new structures. The existing vineyard settlements either are not being used or are being neglected. It
is important to urban identity in Safranbolu that the vineyard settlements, which are important traditional textural
components of Safranbolu, are protected and sustained.
In contrast with planning and design approaches that
privilege structural scale and/or tourism for traditional settlements, this study focused on urban design that considers
the traditional settlement texture of Safranbolu as well as
the ecological characteristics in the city scale. Safranbolu
is in the UNESCO World Heritage List not only in the
structural scale but also because of its urban texture. This
study offers potential innovations for the establishment of
urban ecological sustainability in the traditional settlement
of Safranbolu.
The houses combine environmental characteristics
with lifestyles. The traditional Safranbolu houses that have
experienced past lives may lead the designs of the future
and they should be re-evaluated within the framework of
contemporary standards without losing their fundamental
characteristics. Traditional Safranbolu houses have characteristics that can guide the sustainable design understanding of our times. Today, it would be best to support the increasing use of regional-local structures to decrease environmental effects.
In conclusion, the traditional urban texture of Safranbolu, which has been registered by UNESCO, should be
integrated with ecologically focused urban planning and
design applications, which can be included in the network
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1. INTRODUCTION

ABSTRACT
Artificial Neural Networks (ANN) can successfully
model the complex relationships that may exist within a
data set. Fundamental processing units of ANN are nonlinear computational neurons. Initially, it has been used in
mathematical modeling studies of neurons in the human
brain but recently, it has been used in various branches
such as physics, mathematics, electric and computer engineering and agriculture as a research topic. In this study,
the processing structure of ANN has been shown with an
application on the estimation of long term monthly temperature data (from 1950 to 2011) of Sanliurfa province located between Euphrates and Tigris rivers, as part of the
so called Fertile Cresent, and also a very important agricultural center of Turkey. The data was splitted into two
parts; one from 1950 to 2006, used as training data to calibrate the ANN model while the remaining part of the data
set, from 2006 to 2011 was utilized as test set for the validation of the constructed model. The model performance
was compared using different numbers of neurons (75, 90,
110, 120, 125, 150, 175). Accuracies of the models with
different number of neurons were evaluated using indices
such as R2, MSE, RMSE and MAPE. Overall, the study
results showed that ANN can be successfully used for the
estimation of long term climate data. The best results were
obtained with neuron numbers of 120 giving the best fit
between estimated and actual observation of annual
monthly temperature, providing higher R2 and lowest
MSE, RMSE and MAPE values.

KEY WORDS: Artificial Neural Nets, Meteorological Time Series,
Fertile Crescent

* Corresponding author

Since their existence, human beings have wished to estimate the future events. Many different qualitative and
quantitative prediction methods have been developed to estimate cases i.e. droughts and precipitation or economic
crisis. Overall goal of all these predictions is to take precaution against the possible social and environmental problems
such as famine, earthquake, tsunami or economic crisis.
Monitoring and estimation of air temperature in different ecosystems and regions is important. Air temperature
data is used in different ecologies for the estimation of soil
temperature, evapotranspiration, solar radiation, net production, soil and crop respiration and climate change [1].
Its estimation is also important for carbon budget. As the
weather warms up, more CO2 is released into to atmosphere causing global warming [2, 3]. Modeling of fluxes in
air temperature is required for understanding future trends
in agricultural activities, climate scenarios and climate
change policies and decision making. Information about air
temperature and its accurate estimation is thus crucial. Artificial Neural Network (ANN) models are flexible and can
identify complex non-linear relationships between input
and output data sets [4-6]. Another advantage of this
method is that it also allows testing using a separate data
set after the training model. For time series prediction,
ANN is trained using supervised training to minimize estimation error.
The main purpose of soft computing methods such as
fuzzy logic or neural networks is to calculate the most suitable number of subset (in the former) or number of neuron
(in the latter) by the trial and error method.
There have been developing rapid improvements in
computer science that allowed to develop ANN. This technique enables solving problems by programming the abilities of human beings such as thinking, understanding,
learning and interpreting of a given subject. The ANN technique has been applied in agricultural sciences. Küçükönder
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[7] showed the use of ANN in agriculture by comparing the
temperature moisture indexes calculated directly from the
equation proposed by Frank Wiersma [8] with the ones
which were estimated using ANN where moisture index of
dry thermometer temperature and point temperature were
used as input. Parmar [9], evaluated the contamination of
peanuts with alpha tocsin using ANN model with eight hidden layers where soil temperature, dryness duration, crop
age, and collected temperature units were used as inputs.
Other workers who used ANN to model important meteorological parameters reported successful results for the estimation of soil temperature, precipitable water [4, 10, 11] as
well as of the thermal comfort conditions in forested regions [12, 13]. Same workers compared ANN with other
linear estimation procedures and reported the superiority of
ANN models over others. ANN was also used in modeling
and prediction of NO2 and CO2 emissions from soils under
various vegetation types with data at different time scales
[5, 6].
The aim of this study was to use Artificial Neural Network as an estimation technique for modeling long term
mean monthly air temperature data and to compare different number of neurons in terms of prediction accuracy.

2. MATERIALS AND METHODS
2.1. Study area and Data Set

In this study, time series of long term mean monthly
air temperature of Şanlıurfa (from 1950-2011), a part of
Euphrates and Tigris river basin which is also a part of the
Fertile Crescent, was used as data set. The study area covers only the Harran plain. This plain is located in the upper
Mesopotamia known as part of the cradle of civilizations,
a bridge between Asia Minor and Mesopotamia’s fertile
soils. As shown in Fig. 1, this region is neighbor to Syria
and Iraq and covers an area of 75,358 square kilometers
which corresponds to around 9.7 % of Turkey’s total land
mass. About 20 % of the total irrigated area of Turkey is
located in this region, and two significant rivers of Turkey;
namely Euphrates and Tigris flow towards Syria and Iraq
passing through GAP (Southeastern Turkey) region. The
Harran is one of the biggest plains in GAP region covering
a total of 225,109 ha and it is also country’s largest cotton
- producing area. Therefore, it has a very significant agriculture potential and therefore draws the attention of many
researchers.

TURKEY

Meteorology
Station

FIGURE 1 - Location of the study area and meteorological station
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TABLE 1 - Locational information of the metereological station
Altitude
549 m

Latitude

Longitude

o

o

37 09' 37.63'' N

38 47' 12.49'' E

TABLE 2 - Descriptive statistics of monthly mean air temperature data in model and test data set

Air Temperature Data ( oC )
Model -Traning set (n=660)
(1950 January-2005 December)
Model-Test set (n=72)
(2006 January-2011 December)
†
Coefficient of Variation

Mean
18.18

St dev.
9.15

CV†
51.78

Min.
0.00

Max.
34.80

19.14

9.70

50.67

3.70

34.00

For this study, long term mean monthly time series air
temperature data set between 1950 and 2011 was obtained
from meteorological station located in Şanlıurfa city center
(Fig.1). The information about station and temperature data
are given in Table 1 and 2. The data was split into two
parts; the data between January 1950 and December 2005
(a total of 660 monthly air temperature values) was used to
train the ANN model, the rest six years data from January
2006 to December 2011 (a total of 72 monthly air temperature values) was used as a test set to evaluate the performance of the model by comparing the predicted results
with the actual measured data.
In this study, time series of monthly average temperature values have been used and impacts of using different
numbers of neuron on the estimation accuracies were investigated using graphical demonstration and also error indices.
2.2 Artificial Neural Network Modeling

In order to better understand ANN, it is necessary to
have a better understanding of the structure and working
principles of the methodology [13]. Biological neurons are
the most significant principal parts. They allow to learn the
relationships between input and output events from given
samples. Sensing and understanding mechanisms work
based on information coming from the five sense organs.
The scheme of a neuron cell can be found in Cetin [14].
This shows schematic drawing of a prototypical neuron.
The cell body and dendrites represent the site of input reception, integration, and coordination of information signals coming from presynaptic nerve terminals. Information
propagates from the dendrites and the cell body to the axon
hillock. If the sum of the synaptic potentials conducted to
the axon hillock is greater than the depolarization threshold
for firing action potentials, one or more output action potentials occur. The axon is responsible for the transmission
of the action potential.
The Central Nervous System (CNS) switches between
amplitude and frequency modulation. While the action potential is propagated regeneratively in an all-or-non form

in the axonal region of the nerve, the frequency of action
potentials generated at the axon hillock is proportional to
the magnitude of the net synaptic response at that location.
Information about the sum of the electrical activity reaching the axon hillock is represented in the frequency of these
action potentials. ANN have been developed according to
functioning principles of human brains.
The main functioning principle of ANN is called either
as neural cell or function element. The simplest neural cell
is composed of six different components; inputs, weights,
hidden layer, combining function, transfer function and
output.
Inputs are information entering cells from either outer
or other inner cells. These are determined by examples
which are necessary for nets training. Weights (W1,
W2,…., Wn) are the values that give the impact of function
in previous layer.
Each input is multiplied with weights combining the
input to function member and summed using summing
function (equation 1);
n

net   wi xi  b

(1)

i 1

Y, as output of a functioning member is calculated after the value obtained as a result of a summing function
passed through a linear or nonlinear derivable transfer
function (activation function; equation 2);


 n
Y  f ( net )  f   wi xi  b 



(2)

There are different net structures and models (MLP,
RBF, LVQ, Hopfield, Recurrent, SOM, ART) developed
depending on network topology, the number of layers and
neurons and functions used [1, 15, 16].
The most important feature separating ANN from
other estimation methods is its ability to learn. The most
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appropriate weights are calculated using this ability which
is called as training. Thus, one part of the data is used for
training purpose while the other remaining data is used for
testing purpose.
The type of ANN used in this study was Feed Forward
Multilayer Perceptron which consisted of three layers;
namely, one input, one output layer and between two layers
only one hidden layer with varying number of neurons (75,
90, 110, 120, 125, 150 and 175). For the multilayer perceptron (MLP) training, the feed forward back propagation algorithm was used, which is the most frequently used algorithm for training. In the network, logistic sigmoid (logsig)
function was used as transfer (activation) function in the
hidden unit [4, 5].
This study combined two approaches; one is the ANN
and the other is the trend analysis where time is used as an
independent trend variable explaining the variation in long
term mean monthly temperature data, taking values between
1 and the number of observations in the sample set in an ascending mode [17] (Table 3). For both training and testing,
time series observation points (every month within years)
constituted the model input and mean monthly temperature
values as the output. Global warming can be explained by
investigating the long term time series, thus the time would
be a sufficient explanatory variable in the trend analysis. The
mean monthly air temperature data between years of 1950
and 2006 were used for model training and data between
years of 2006 and 2011 were used as model testing.
TABLE 3 - An example showing parts of input and output data used
for model training (from January, 1950 to December, 2005) and testing (from January, 2006 to December, 2011)
YEAR

MONTH

INPUT
Time Points

Model training
Model training
Model training
.
.
.
Model training
Model training
Model training
.
.
.
Model training

1950
1950
1950
.
.
.
1950
1951
1951
.
.
.
2005

January
February
March
.
.
.
December
January
February
.
.
.
December

1
2
3
.
.
.
12
13
14
.
.
.
672

OUTPUT
Mean Monthly
Air Temperature
( oC )
0.0
4.0
10.1
.
.
.
9.7
5.9
7.4
.
.
.
9.9

Model testing
.
.
.
Model testing

2006
.
.
.
2011

January
.
.
.
December

673
.
.
.
744

4.5
.
.
.
7.3

2.3 Prediction Accuracy

In order to compare and evaluate performance of different ANN models with different number of neurons, statistical evaluation indices such as the Root Mean Square
Error (RMSE), Mean Sqaure Error (MSE) and the mean
absolute percentage error (MAPE) have been used. RMSE
and MSE have been calculated according to equations 3
and 4, respectively, while MAPE was calculated according
to equation 5 [18, 19]. These parameters have been separately calculated for both training and test set. MATLAB

[20] program has been used to perform ANN analyses and
to calculate performance indices.

 Y  Yˆ 
N

MSE 

2

i

i 1

i

(3)

N

RMSE  MSE
N

MAPE 


İ 1

(4)

i  ˆ i
i

(5)

N

Here Yi is observed value,

̂i is estimated value and

N is sample size.
3. RESULTS AND DISCUSSION
Variations in long term monthly mean air temperature
for model training and test data sets are separately shown
in Table 2. Mean temperature of the model training data set
ranged from 0 to 34.8 oC while the mean temperature of the
test data set ranged from 3.7 to 34 oC. The higher mean
monthly air temperature values of the model training data
set compare to the model test set is the result of the impact
of increasing air temperature due to global warming. Same
is valid for mean monthly minimum air temperature which
increased from 0 to 3.7 oC during model test years, consisting of the last 72 months of the data set from 2006 to 2011.
The estimation of climate parameters holds an important place in human's life in the prediction studies of future. The ANN model was used in this study to model and
estimate future fluctuations in long term mean monthly air
temperature data. Eight different neuron number sets (75,
90, 100, 110, 120, 125, 150 and 175) were applied for the
estimation. For the ANN modeling, a set of 56 years (from
1950 to 2006) data was used for training network, while
the rest data set of 6 years (from 2006 to 2011) was used
for testing the model constructed.
The results of statistical evaluation indices measuring
the performance for model training and also for the testing
using eight different neuron numbers on the estimation of
long terms mean monthly air temperature (oC) are presented in Table 4. For model training, the values of RMSE,
showing the estimation error, ranged between 3.85 and
7.07 while it ranged from 2.82 to 8.67 for testing (Table 4).
Lower RMSE values (1.06-1.12 oC) were obtained for
mean hourly air temperature estimations using ANN models [21]. However RMSE values in the current study modeling the long term mean monthly air temperature could be
considered acceptable. Performance values for model parameters were found relatively lower than the ones obtained for model testing [4] except for the neuron number
of 120 which has lower RMSE values for the testing data
set than the training data set.
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TABLE 4 - The number of neurons used and performance values of model training and testing parameters

Monthly average air temperature (oC)

Model Training Parameters
Model Test Parameters
Neuron number
MSE†
RMSE±
Neuron number
MSE
RMSE
75
50.027
7.073
75
75.290
8.677
90
35.474
5.956
90
64.032
8.002
100
36.349
6.029
100
38.913
6.238
110
37.626
6.134
110
44.756
6.690
120
14.876
3.857
120
7.986
2.826
125
19.616
4.429
125
21.050
4.588
150
25.392
5.039
150
23.513
4.849
175
25.664
5.066
175
30.448
5.518
†
Mean Square Error; ± Root Mean Square error of Estimation; β The mean absolute percentage error

40

Observed values
Estimated values

Neuron number=75

35
30
25
20
15
10
5
0
0

Monthly average air temperature (oC)

MAPEβ (%)
43.675
51.315
33.828
31.441
16.981
23.481
31.972
21.881

20

Months

40

60

40

Observed values
Estimated values

Neuron number=120
30

20

10

0
20

40

Months

60

Monthly average air temperature (oC)

40

Observed values
Estimated values

Neuron number=175
30

20

10

0
20

40

60

Months

FIGURE 2 - Estimated and observed daily average temperature values belong to years of 2006 and 2011 on the number of neurons used in
ANN model.
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The quality of estimations showed that the MSE and
RMSE values decreased in both model and test data as neuron number increased from 75 to 120 (Table 4). When neuron number exceeded 120, MSE and RMSE values also
started to increase in both data sets, indicating that the most
appropriate number of neuron for time series estimation of
monthly average temperature was 120. Using a model with
neuron number of 120, the estimation parameters; MSE,
RMSE and MAPE were 7.98, 2.83 and 16.98, respectively
(Table 4). The performance of the ANN models did not improve beyond 120 neurons, therefore, the best configuration was selected as 120 neurons for our present study.
For evaluating the performance of the models, RMSE
is considered to be very sensitive to extreme values within
the estimation errors (actual values-estimations), for this
purpose the use of MAPE has been suggested [5]. MAPE
measures the rate of under or overestimations by the estimation technique and has been commonly used in ANN
models for measuring the model performance [4, 11, 19].
According to Witt and Witt [22] estimation models whose
MAPE values are less than 10 % are classified as "high accuracy" and estimation models whose MAPE values are
between 10 % and 20 % are classifed as "good", values between 20 and 50 % are "acceptable" and values less than "
50%" are classified "wrong and erroneous" [4]. According
to this classification, the estimation results obtained for
Sanliurfa watershed can be evaluated as accurate and good.
MAPE was used in earlier studies for testing of the accuracy of ANN models. Bilgili et al. (2011) [4] obtained
MAPE values ranging from 1.62 % to 21.95 % for estimation of the monthly mean soil temperature which are relatively higher than the ones obtained in this study. These
researchers estimated soil temperatures which are less affected by fluctuations while air temperatures have immediate changes during the time period which may cause high
prediction errors. In addition these researchers used various covariables as input data in the model for estimation of
soil temperature, which can also help reducing the error.
For more reliable evaluations and comparisons, the
models should always be tested using an independent data
set (test set) which is not used in training [4, 5, 10]. Model
accuracy was measured using an independent test data set
which consisted of the data between 2006 and 2011 years.
The performances of the estimations were evaluated using
determination coefficient (R2) value obtained between observed values and estimated values [5, 23]. Table 5 shows
R2 values of the testing from the models with three different neuron numbers (75, 120 and 175). These values differed significantly and ranged from 0.245 to 0.928 and the
best results were obtained using the model with neruon
number of 120 (Table 5). Also, Fig. 2 shows estimated and
observed monthly average temperature values for the years
between 2006 and 2011 and the three cases. The best match
between observed and estimated values was obtained for
the model with the neuron number of 120. These obtained
deviations between real observed values and estimations
results were too small to avoid.

TABLE 5 - The number of neurons and R2 and r values obtained between estimated and observed values using neuron number of 75, 120
and 175.

†

Variables

Coefficient of
Determination
(R2)

Correlations
r†

p±

observed-neuron 75

0.245

0.505

0.000

observed-neuron 120

0.928

0.964

0.000

observed-neuron 175

0.720

0.851

0.000

Correlation Coefficient; ± Significance level

In this study Multilayer Feed Forward ANN model
successfully predicted long term mean monthly variations
in air temperature. ANN was successfully used for the prediction of air temperature in different areas [1, 21]. While
these studies generally modeled short term estimations, the
current study modeled long term monthly estimations.
Feed Forward ANN was also used successfully for modeling of other short term and long term meteorological parameters such as evaporation, solar radiation, precipitation
and soil temperature at different depths [4, 10, 11, 23, 24].
In different time scales, different ANN topologies were applied in order to estimate time series air temperature data.
The researcher comparing the Radial basis function ANN
with multilayer perceptrons non-linear feed forward in the
estimation of air temperature reported that the latter one
provide slightly better results than the former [21].
For the estimation of air temperature various linear
and other advanced techniques have been used and their
performance was compared against ANN models [24].
Chronopoulos et al. [24] reported superiority of ANN
models over traditional methods such as Multiple Linear
Regression in the estimation of air temperature and obtained fair to very good prediction results. This and other
studies which compared ANN models with other methods
attributed the superiority of this technique over the others
to capability of ANN for modeling complex non-linear relationships between input and output variables [24-26]
which cannot be dealt with traditional statistical methods.
It is also easier than other analytical methods which require
more input and time than the ANN [27]. In another study,
the ANN was found superior to Autoregressive Integrated
Moving Average (ARIMA) models for the estimation of
time series data [28]. The ANN was also found superior to
traditional methods for the estimation of other environmental variables [15]. They reported that the capability of ANN
models for modeling non-linear relationships between predictors and response variables.
4. CONCLUSION
This study investigated the use of ANN model for the
estimations of long term monthly air temperature fluctuations. In order to find the best results and test their performances, the models were constructed using different num-
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ber of neurons. The results showed that ANN can be reliably used for the estimation of long term monthly air temperature data. The best results for both modeling and also
testing were obtained using a model with 120 neurons
which provided the lowest RMSE, MAPE and the highest
R2 values. The results also revealed that there is a reliable
agreement between observed (actual values) and estimated
values. Overall, the results suggested that the technique is
reliable, efficient and highly significant to estimate regional temperature fluxes from time series data and the best
results may be obtained testing models with different number of neurons for different study areas.
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NITRATE CONTENT IN CARROT, CELERIAC AND PARSNIP AT
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ABSTRACT
The objective of this study was to determine the effect
of harvest maturity and postharvest washing treatments
(hot water, H2O2, NaOCl) and unwashing (control) on the
nitrate content of carrots (Daucus carrota 'Maestro F1'),
celeriac (Apium graveolens var rapaceum 'Mentor') and
parsnip (Pastinaca sativa 'Banatski dugi') roots stored at
0±1 °C and >95% RH (S-1) or at 0-5 °C and 85-92% RH (S2). Nitrate content was analyzed after 0, 120 and 180 days of
storage and was found to depend on the species (celeriac>
carrot>parsnip), time of harvest (regular harvest>late harvest)
and year of production (2012> 2013> 2011). The highest nitrate concentrations were found in celeriac (675 mg kg–1 fw at
first harvest in 2013). The nitrate levels in carrots ranged
from 72 to 349 mg kg–1 f.w., while in parsnips no detectable amounts of nitrate were found (<5 mg kg–1 f.w.) Storage condition (S-2; high temperature and low humidity)
and prolonged storage (180 days) resulted intensive
changes of nitrate content in the root vegetables. Our experimental results indicate that prestorage root washing
(hot water, NaOCl and H2O2,) significantly reduces nitrate
levels in comparison to unwashed roots. Storage at cold
room (S1) after these treatments is a practical strategy for
reducing changes of nitrate content in the root vegetables
during prolonged storage.

KEYWORDS:
root vegetables, quality, storage condition, duration of storage

1. INTRODUCTION
Root vegetables (carrot, celeriac, parsnip) are general
storage organs and have many positive properties which
should gain them an important part in the human diet. They
are relatively cheap and can be locally produced and stored
for a long time [1]. Carrots and other root vegetables are
rich in bioactive compounds like carotenoids and dietary
fibers, with appreciable levels of several other functional
* Corresponding author

components having significant health-promoting properties [2]. Parsnip and celeriac are richer in vitamins and minerals than the carrot but they lack beta carotene. While vegetables can impact health positively, there are also risks associated with the consumption of some vegetables, such as
ingestion of antinutrients (including heavy metals [3, 4], pesticide residues, nitrates and nitrites) or allergens. Nitrates
are present in the environment, and are therefore found in
air, food (mainly vegetables and fruits) and water. Nitrate
can accumulate and become an important component of
root vegetables, due to a number of biotic (species-cultivar)
and abiotic factors (agricultural practices and climatic conditions).
Nitrate is an essential plant nutrient found in soil that is
taken in by all plants and used as a primary nitrogen source.
Nitrate is also used as a fertiliser and consequently can be an
environmental contaminant. The nitrate in vegetables has
been referred to as “naturally occurring” [5]. Both environmental and agricultural factors can influence the nitrate concentrations in vegetables [6]. In general, levels of fertilisers,
the source and timing of fertilisation, conditions for mineralisation [7], water supply [8], light intensity and temperature [9], species and variety [10] are important factors that
influence nitrate accumulation in vegetables. Nitrate accumulates not only when its concentration is excessive in soils,
but also when plants are growing so slowly that they do not
metabolize it into proteins. So, in addition to having too
much nitrate available, slow plant growth, even in soils with
only moderate amounts of nitrogen, can also result in nitrate
accumulation. The practices that have been tried to reduce
nitrate accumulation include the source of nitrogen, level of
light, growth rate of the plant and storage time and conditions (i.e. ambient, refrigerated, frozen) and food processing
(i.e. washing, peeling, blanching, boiling) [11].
If accumulated in vegetables at high concentrations,
due to inadequate growing, transport and storage conditions, these compounds may have serious toxic effects. Depending on the diet, vegetables account for 50 to 80% of total dietary nitrate intake. Nitrate is relatively non-toxic, the
main toxicological endpoints result from the formation of nitrite. It is known that nitrite causes methemoglobinemia [12]
and with secondary and tertiary amines, yields the carcinogenic nitrosamines [13].
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There is a large variation in the median concentration
of nitrate in different vegetables, thus, from a low of 1 mg
kg-1 (peas) to a high of 4.800 mg kg-1 (rucola) [10]. Green
leafy vegetables contain the highest levels of nitrates [14]
much more than root and fruit vegetables [15]. The nitrate
content may vary greatly in different root vegetables. Thus,
beetroot contains the highest nitrate level (> 2500 mg kg-1),
celeriac contains between 1000-2500 mg kg-1, carrot around
200-500 mg kg-1 and parsnip has the lowest nitrate (below
100 mg kg-1) level [16]. Literature sources describing nitrate
content in carrot roots show that the accumulation relates to
many factors. In most cases, the NO3 content ranges from 50
to 500 mg kg-1 f.w. for plants grown in the Central European
region [17; 18; 19]. Accumulated nitrates are not uniformly
distributed throughout the carrot taproot as their content increases from the edge (phloem) towards the middle of the
root (xylem) [20]. The distribution of accumulated nitrates
in carrot roots gradually decreases from the top to the bottom of the root [21]. This is important to know for preparation of an average sample for analysis.
The amount of nitrate content is one of the most important factors of vegetables quality. The European Union
Food Commission (CECSCF, 1992) states the daily acceptable intake level of nitrate and nitrite to be 0-3.65 and
0-0.07 mg per kg of body weight, respectively. Similarly,
the FAO and WHO food commissions recommend the average daily nitrate and nitrite intake of a 60 kg person to be
220-240 and 16-32 mg, respectively.
One long-standing debate is on the merits of washing
roots before placing them into storage. The decision to
wash roots before storage, or immediately before sale during the winter months, is usually based on a farm’s washing
facilities (heated or not) and available labor. A reduction in
pathogen infection and thereby a prolongation of shelf life
are also seen by washing without reuse of water. Afek et
al. [22] showed that carrot decay caused by pathogens can
be reduced by 92% (from 65 to 5% damage) by steaming
carrots for 3 s prior to storage.
Vegetables must be stored and processed properly to
prevent bacterial contamination and hence reduction of nitrate to nitrite. Storage conditions are among the main factors affecting roots quality during postharvest period [23].
The low storage temperature and high relative humidity
can enhance the shelf-life of carrot [24].
The two basic conditions, as recommended by previous researchers are, a temperature of 0 °C and a relative
humidity of 98% [25]. Storage of the carrots resulted in decreasing nitrates content [26] or had no important influence
on nitrate content [27]. The decrease of the nitrate content
was low in some varieties (less than 100 mg kg-1) meanwhile the NO3 content in another one (between 200-300 mg

kg-1) were changed after 112 days storage [28]. The nitrate
content, which is not usually very high in carrots but may
be noxious in children's food, decreases slightly during
storage [29].
In the root vegetables production area of Serbia (South
Banat region), the most common storage method which
farmers employ is to leave the mature roots un-harvested
in the field during the winter period and harvest only when
the product is about to be sold. These storage methods can
result in crop losses estimated to be as high as 25-30%,
with damage mostly occurring when there is soil freezing
and from soil pests [30].
The plant harvest time depends on the time of planting,
and the type of root vegetables. Harvesting root vegetables
in cool weather will extend their shelf life and maintain
post-harvest quality. Low soil temperatures improve the
storage potential of root vegetables by (1) cooling the roots
before they are harvested and (2) creating conditions that
are not conducive for the growth of pathogens.
Purposes of this study was to examine differences between time of harvest (first harvest-November and second
harvest-January) and prestorage treatments on nitrate content during different storage conditions.
2. MATERIALS AND METHODS
2.1 Plant Material

In this study we included the carrot (Daucus carota
'Maestro F1'), a commercial hybrid, celeriac (Apium graveolens var rapaceum 'Mentor') and parsnip (Pastinaca sativa 'Banatski dugi'), which are old domestic cultivars for
open field production during fall, autumn and winter.
The soil conditions were well drained and sandy, belongs humic soils, with the high content of total-N, high content of P2O5 was well above the limit of good supplies, and
the content of K in the limits of good supplies (Table 1).
2.2 Cultural practices

Cultural practices such as soil preparation, planting
and protection of the crop, drip irrigation were used. This
is the standard in this production area (south part of Banat,
village Debeljača). Basal dressing implied use of NPK fertilizer (8:16:24) in the amount of 700 kg·ha-1. During vegetation top dressing was performed with ammonium sulphate and ammonium nitrate fertilizers, up to 200 kg·ha-1.
2.3 Weather measurement.

Monthly meteorological data from 2011 to 2013 from
the meteorological station in Pančevo were used (Table 2).

TABLE 1 - The basic agrochemical soil properties
Depth
0-30 cm

pH
in KCl
7.65

CaCO3
%

6.75

Humus
%
3.44
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N-Total
%
0.26

P2O5
mg/100g
33.5

K2O
mg/100g
24.0
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ТABLE 2 - Temperature (oC) and precipitation (L/m2) during the research period (Pančevo)
Year
Month
January
February
March
April
May
June
July
August
September
October
November
December

2011

Temperature oC
2012
2013

0.7
1.3
0.0
3.2
6.6
8.9
14.0
13.8
17.7
18.4
24.8
24.3
22.9
26.7
24.1
25.4
21.8
21.1
11.4
13.8
3.2
9.3
4.1
1.0
Average air temperature
12.6
13.65

0.7
2.0
7.8
13.6
18.9
22.5
24.0
23.8
18.4
12.9
7.4
2.0

Average
(2000-2010)
0.7
2.6
7.7
13.5
19.0
22.1
23.8
23.6
17.0
12.9
7.6
1.9

12.83

12.7

2.4 Harvest Time

Taproots without defects or diseases, of same size,
shape and injury free were selected for the experiment. For
the first harvest (November 20) roots were stored for 180
days. Second harvest was recorded in January, and the
roots were stored for 120 days.
2.5 Postharvest Treatment

The following postharvest washing treatments were
conducted: 1) hot water washing and brushing (50 °C for 1
minute); 2) 1% H2O2 (tap water for 1 minute); 3) 175 ppm
NaOCl (tap water for 1 minute); and 4) control, nonwashed roots (with soil).
2.6 Storage Condition

Following treatment, the taproots were stored for
180 days at different storage conditions. The taproots
were stored at 0 °C, in a cold room (S-1) with high relative
humidity (RH 95-98%) at dark, or (S-2) in a cooling room
with a temperature of 0-2 °C and uncontrolled conditions
of relative humidity (RH 79-94%). The results are shown
in Figures 1 and 2.
For each postharvest treatment and storage regimen,
25 roots per replicate were sampled for analysis, with 4 replicates analysed in total. The analysis of nitrate changes
was carried out after 60, 120 and 180 days of storage.
2.7 Nitrate Content

Preparation of samples : 90 mL of distilled water was
added to 10 g of frozen sample and homogenized using a
cutter. 10 mL of homogenate was transferred into a 100 mL
flask, to which 40 mL distilled water was added, and then
heated in a water bath (70 °C) for 15 minutes. The flasks
were later cooled and filled with distilled water to 100 mL
and filtered through filter paper (Whatman No. 40).
Nitrate determination: The nitrate level in vegetable
samples was measured by the Griess reaction. 100 μL of

2011

Precipitation L/m2
2012
2013

19.0
90.9
78.0
71.5
45.9
59.7
30.3
0.8
79.2
9.3
86.0
27.2
113.2
99.8
99.7
93.1
96.0
36.4
67.0
37.1
7.9
18.7
1.5
11.1
29.1
28.5
57.7
37.9
48.3
46.9
3.0
31.4
49.0
51.1
18.3
7.3
Total precipitation per year
543.2
498.1
560.0

Average
(2000-2010)
48.3
40.4
43.5
50.7
49.4
93.2
66.3
53.0
69.0
50.3
56.8
61.1
681.0

filtrate was mixed with an equal volume of Griess reagent
(0.5% sulfanilamide, 2.5% H3PO4, and 0.05% naphthylethylene diamine in H2O) and incubated for 15 min at room
temperature. Absorbance was assayed at 540 nm and compared with a standard curve obtained using sodium nitrite.
The correlation coefficients of calibration curves were >
0.9990. Nitrate concentration in vegetable samples was
measured according to the standard protocol (EN 12014-7
1998) using the continuous flow (CF) analyser, EVOLUTION II, Alliance Instruments.
2.8 Data Analysis

All data were subjected to one-way statistical analysis
at P=0.05 using JMP6 Statistical Analysis Software Program (SAS Institute Inc. Cary, NC, USA).
3. RESULTS AND DISCUSSION
The nitrate content of the root vegetables was found to
depend on the species (celeriac>carrot>parsnip), time of
harvest (regulary harvest > late harvest) and year of production (2012>2013>2011). The highest nitrate concentrations were noted in celeriac (675 mg kg–1 fw) at first harvest in 2013, while the lowest nitrate concentrations were
noted in parsnip in all 3 years measured and at both harvest
times (<5 mg kg–1 fw.) (Table 3).
Plant nitrate levels were influenced by weather conditions more significantly than by the form and application
rates of fertilizers. Since root vegetables can be harvested
at different growth stages, changing of nitrate level during
the last period of growth in relation to sunlight conditions
is of primary importance for potential consumers. A twomonth delay in harvest caused a significant decrease in the
nitrate content of carrot roots. The nitrate levels decreased
from 349 to 299 mg kg-1 in 2011; from 285 to 248 mg kg-1
in 2012 and from 157 to72 mg kg-1 in 2013. It is accepted
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FIGURE 1a – Temperature (oC) and humidity (%RH) in S-1 storage room

-

FIGURE 1b – Temperature (oC) and humidity (%RH) in S-2 storage room
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TABLE 3 - Nitrate content in root vegetables at harvest time

Year

2011

I Harvest
II Harvest

349
299

Celeriac
I Harvest
II Harvest
Parsnip
I Harvest
II Harvest

Nitrate content (mg·kg-1fw)
2012

2013

Average

285
248

157
72

263
206

126
166

504
620

675
430

435
405

>5
>5

>5
>5

>5
>5

>5
>5

Carrot

Nitrate content mg kg -1

350

c

300

b
250

b

b b
b

b b
b

a

200

a

b
aa a

a aa

150
100
50
0
To

S-1

S-2

To

I Harvest
Control

S-1

S-2

II Harvest
H2O2

NaOCl

Hot water

FIGURE 2 - Effect of postharvest treatments and storage conditions at first and second harvest on nitrate content (mg·kg-1) in carrot (3-year
average) during cold storage

that plants in winter are not able to use all the nitrogen
available in the soil due to less favorable light and temperature conditions. Nitrate content was less in the year that
had a high rainfall. In warm and wet years, increased accumulation of nitrate is possible.
Nitrate content in carrots decreased with delaying of
harvest time [31], opposite from soluble solids content
[32]. At harvest, carrots in our investigation had less than
300 mg kg–1 f.w. of nitrate. This level of nitrates corresponded to that previously reported in literature [33; 34].
The nitrate content in carrots (dependent on cultivar and
agroclimatic condition) was near 400 mg·kg–1, which is the
limit for baby food [27].
The nitrate content of celeriac can amount to 500-1000
mg kg-1 and thus lies in the middle range. A two-month
delay in harvest caused a significant increase in the nitrate
content of celeriac root from 126 to 166 mg kg-1 in 2011

and from 504 to 620 mg kg-1 in 2012 year. In the third year
of the study, the investigated celeriac differed significantly
between harvest date with respect to nitrate concentrations.
The results of this study indicate that there are similar levels of nitrate for cereliac, carrot and parsnip with reported
nitrate levels in the literature. Thus, the highest mean values of nitrates in root vegetables were detected in celeriac
(390 mg kg-1 fw.), carrot (296 mg kg-1 fw.) and the lowest
one in parsnip root (83 mg kg-1 f.w.) [10]. Storage of the
carrots resulted in decreasing nitrates content and increasing phenolics and carotene compounds content in the roots
[26].
Nitrate levels in the parsnip roots from all three years
and harvest times were below detectable levels (<5 mg kg-1
f.w. ).
Storage conditions and storage duration, as well as postharvest treatment, can induce significant changes in nitrate
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b

b
aa a

aa a

a

400

a

b
aa a

aa a

350
300
250
200
150
100
50
0
To

S-1

S-2

To

I Harvest
Control

S-1

S-2

II Harvest
H2O2

NaOCl

Hot water

FIGURE 3 - Effect of postharvest treatments and storage conditions at first and second harvest on nitrate content (mg·kg-1) in celeriac (3-year
average) during cold storage

content. The rate of decline related to storage temperatures
and initial nitrate levels. When the stored root vegetables
(carrot and celeriac) are refrigerated in S-1 cooling room
(0 oC and 98% RH), the nitrate content remains unchanged,
which implies that nitrate reductase becomes inactive and
bacterial activity is inhibited. We observed significant differences between unwashed-control roots and washing
treatments in changes of nitrate level during storage period
(Figures 2 and 3).
Authors vary in their opinions on the direction of
changes in the nitrate content of stored roots and tuber. It
has been proven that the potato, as opposed to other vegetables, during storage increases NO3 concentration in all
treatments, on average by 13.5 mg kg-1 nitrates in comparison to the concentration determined after harvest [35].
This could be related to storage temperature (4-8 oC) and
water transpiration in stored tubers and the natural process
of cell sap concentration.
At the levels of nitrate changes during storage period
the greatest significance besides plant species has cultivar
characteristics. Thus in carrots, Miedzobrodzka et al. [36],
found the average nitrate level to be 406.6 mg kg-1 at harvest time. After a 6-month storage, changes in nitrate content in most cases depended on the variety. Significant decrease was found in Karlena, Perfekcja and Amager, an increase in Koral, while no difference in the nitrate level was
observed in the Bercoro variety. Similarly, the decreasing
of the nitrate content (initial nitrate content was almost the
same in case of all variety 580-610 mg kg-1) after 112 days
storage was low in some varieties meanwhile the nitrate
content in another one [28]. On the other hand nitrite levels,
which tend to be very low, may increase during storage de-

pending on the vegetable species, the specific endogenous
action of the nitrate reductase enzyme or bacterial contamination. Cold storage of vegetables through 1 and 3 months
had no important influence on nitrate content [37].
A smaller change in nitrate content was found in celeriac stored at S-1 (the higher relative humidity) compared to
those stored under S-2 conditions. Moreover, nitrate
changes in celeriac in both storage rooms (each RH ) and
in all treatments were more pronounced with increasing
storage time. No significant differences were detected in
nitrate changes during celeriac storage between washing
treatments.
Also, we noticed no changes (level of nitrate was
<5 mg kg–1 f.w. ) in the nitrate content during parsnip storage.
Nitrate is soluble in water and washing root vegetables
can reduce nitrate levels. Generally, root vegetables have
to/should be cooked before consumption. This is an additional way that nitrate levels in root vegetables can decrease after cooking in water or blanching. The content of
nitrate decreased similarly after boiling by about 50% in
carrot, parsley-root, celery and potatoes [37]. The diffusion
of nitrate from carrots depended on water temperature, surface area (thickness of the carrot slice) [38] and ratio of
carrot to water with the total content of nitrate as measured
in the carrot and water combined remaining constant [39].
However, when nitrate is consumed in a normal diet containing vegetables, other bioactive substances concomitantly consumed, such as the antioxidant vitamin C, may
inhibit the endogenous formation of nitrosamines.
On the basis of the recommended daily intake of 400 g
vegetables for adults, these results show that it is not the
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amount of vegetable eaten, but the type of vegetable and its
nitrate content, that is the critical driver for consumer exposure. Exposure to nitrate from eating 400 g only of mixed root
vegetables (carrot, celeriac and parsnip) per day at typical
median nitrate concentrations was estimated to be around
150 mg per day. This level of nitrate is far lower than acceptable daily intake (ADI) for nitrates at about 225 mg per
day created by the joint Food and Agricultural Organization/World Health Organization.
4. CONCLUSION
The results of this study highlight the major factors affecting the nitrate level: species (celeriac>carrot>parsnip),
harvest time (regular harvest>late harvest), year of production (2012>2013>2011), storage condition (S2>S1) and
duration of storage. Delay of harvest date reduces the nitrate content of the root and shortens the storage time in the
cooling room, thus reducing energy consumption. The rate
of decline is related to storage temperatures and to initial
nitrate levels. When the stored root vegetables are refrigerated (0 ºC and 98% RH), nitrate content remains unchanged. Parsnip is unjustly suppressed from the diet and
should be promoted more because of the nutritional value
and low nitrate content.
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1. INTRODUCTION

ABSTRACT
Terrace width is one of the most important parameters
in the design of cross-section of terraces and is one of the
important factors influencing water and soil conservation
effect. However, little attention is drawn to the effect of
terrace width on soil erosion and nutrient losses. In this
study, the level terraces of different widths were investigated. Three plots (10m long and 15° gradient) were selected as non-terrace, two-step terrace and four-step terrace, respectively. By monitoring and analyzing the rainfall
events and runoff events between 2005 and 2011, it was
found that in both of the terraced plots, the frequency of
soil erosion event was reduced by 40%; runoff, sediment,
TN and TP were reduced by 59.45-80.56%, 70.45-94.36%,
51.60-85.65% and 66.41- 94.90%, respectively; and the
concentrations of sediment, TN and TP were also reduced.
Significance test shows that they all reached a significant
level, indicating that the building of terraces could remarkably reduce soil nutrient loss. As for the terraced plots, the
terraces of smaller width (represented by four-step terraced
plot) had better effect in reducing soil nutrient loss because
they could better weaken the energy of the slope runoff.
However, the difference in the erosion-reducing effect between the terraces of different widths did not reach a significant level. The reason why level terraces reduce rainfall
erosion and nutrient loss lied in that they were able to eliminate the erosive force of rainfall. Therefore, the correlation
of the rainfall intensity with the amount of nutrient loss was
weaker in the terraced plots than in the non-terraced plot.
This study proved that the plot of smaller terrace width
could better conserve water and soil and demanded less
earthwork. Therefore, it is suggested to design the terrace
step as narrow as possible under the precondition of satisfying optimal cross-section.
KEYWORDS:
Terraces width, Soil erosion, Nutrient losses, Rainfall intensity

* Corresponding author

Nowadays, the occurrence of extreme events such as
droughts and heavy rainfalls is expected to increase with
climate changes. Rainfall is a main cause and driving factor
for soil erosion that has been a cosmopolitan environmental problem. Serious soil erosion not only causes the loss of
soil nutrients and degradation of soil quality but also leads
to the pollution of water body. Terracing, an agricultural
technique for collecting water and reducing soil erosion,
has an ancient history of transforming landscapes into
stepped agroecosystems in many mountainous regions of
the world [1-4]. The main purpose of terraces in the past as
well as present has been to promote the usefulness of steep
slopes. In addition, they also may be used to boost the agricultural potential of slopes that could be cultivated without leveling [5]. At present, researches about terraces are
mainly focused on two aspects. One aspect is the application effect of terraces, for example, increasing the infiltration rate and reducing the overland flow (quantity) and velocity (energy), which leads to a reduction in soil erosion
and nutrient losses [6]. The other aspect is the terrace design [7-9]. Although each country has its own design standards, their target is the same, that is, the design shall be
technically reasonable and economically viable. Generally,
only technical feasibility and economic factors are considered when designing terraces. In fact, terrace width is also
an important parameter in terrace design. However, little
attention is drawn to the effect of terrace width on soil erosion and nutrient losses.
In this study, the effect of terrace width on soil erosion
and nutrient losses was proposed and taken into consideration in terrace design because terrace width within a certain
range may contribute to the reduction in soil erosion and
nutrient losses. The following questions are outlined in this
paper: (1) Where the other conditions are the same, which
width has better effect in preventing soil erosion and nutrient losses, the greater one or the smaller one? (2) Why there
is a difference in effect? (3) How about the relationship between rainfall intensity and nutrient losses?

3274

© by PSP Volume 24 – No 10a. 2015

Fresenius Environmental Bulletin

2.1 Study site

km2 total area (Fig. 1). The dominant texture of the soil in
this region is sandy loam. Main physical and chemical properties of the sampled soil are given in Table 1.

The monitoring was performed on Longfengling Water and Soil Conservation Scientific Demonstration Site of
Mentougou District (Beijing, China), 39°59′N 116°03′E, 1.2

Soil samples were selected randomly with an “S” shape
on the 10m long slope for the soil sampling and analysis.

2. MATERIALS AND METHODS

FIGURE 1 - Geographic location of Longfengling Water and Soil Conservation Scientific Demonstration Site of Mentougou District.

TABLE 1 - Soil physical and chemical properties
Fractal dimension (%)
Clay

Silt

Sand

Saturated soil volumetric
water content (θs, %)

Dry bulk density
(ρ, kg·m-3)

Total nitrogen
(g·kg-1)

Total phosphorus
(g·kg-1)

pH

15.74± 0.04

38.03± 0.08

46.23± 0.08

31.49±0.03

(1.37±0.01)×103

0.84

0.22

6.74

Soil physical and chemical properties of five samples collected from study area (mean ± standard).
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FIGURE 2 - Erosion plots (X=10m, h=2.68m, width is 5m in Plot B and 2.5m in Plot C).

3275

fill

© by PSP Volume 24 – No 10a. 2015

Fresenius Environmental Bulletin

Five soil sampling points were selected and one sample of approximately 500 g which was taken from each
point from depth of 0 – 10 cm was sealed in plastic bags
then transported to laboratory for chemical and physical
analysis. Then, one cutting ring sample was collected in
each point to determine the soil bulk density. Parts of the
500g sample were sieved (2 mm) to remove roots and large
stones. Then the particle-size distribution was determined
by using the pipette method. The soil is classified as typical
loess soil with a sandy (Table 1) texture and is susceptible
to erosion. Soil bulk density was measured using the ring
method. The soil PH was determined using a PH probe in
a 1:2.5 soil:water suspension [10]. Soil organic matter content was analyzed using the Walkley–Black method [11].
The exchangeable bases were determined using ammonium
acetate extract at pH 8.2 and measured by atomic spectrometry [12]. Soil total nitrogen (TN) was measured by Semimicro Kjeldahl method. Soil total phosphorus (TP) was
measured by Digestion- Spectrophotometric Method.
Mentougou District has a continental monsoon climate
with droughty and windy spring, sweltering and rainy summer, cool and humid autumn, and cold and dry winter. The
average annual temperature is 11.7°C and annual rainfall
varies from 400 to 900 mm.
2.2 Experimental design

Three plots, non-terrace (Fig. 2A), two-step terrace
(Fig. 2B) and four-step terrace (Fig. 2C), in bare land were
used in the experiment. Each plot was 10m long (horizontal
length X), 5m wide, and 15° gradient, and was surrounded
by a brick-concrete wall except the bottom end. A drain
was dug around each plot to prevent run-on from adjacent
plots. A plate was installed at the slope bottom end of each
plot to block the runoff and direct it to a 0.8 m3 tank
through a conveyor pipe. The experiment was carried out
for 7 years (from 2005 to 2011).
2.3 Measurements and analysis

After each rainfall event, the amount of runoff was
measured after allowing the sediments to settle down. The
runoff in each tank was then mixed thoroughly and three
subsamples were taken to determine the weight of soil loss
after oven drying at 105°C. The average of the three subsamples was used to conduct the necessary statistical analysis. All plots were kept free of weeds by hand hoeing during the winter season. Rainfall amounts were measured using a tipping bucket pluviometer with 0.2 mm per tip and
recorded on a data logger.
The runoff was collected and measured in 72 h at 04°C after the rain. The amount of soil in surface runoff was
analyzed using the oven dry method. Total nitrogen (TN)
and phosphorus (TP) of the water samples were analyzed
by means of absorption spectrophotometry after decomposition with potassium peroxodisulphate (K2S2O8).
2.4 Data analysis and calculations

TN and TP data for rainfall intensity of each rainfall
event were analyzed by the linear correlation and regression

procedures with SPSS v19.0. The level of significance, if
not otherwise indicated, reflects a statistical significant
correlation (P < 0.05).
Average rainfall intensity (Ia) was calculated on rainfall divided by the time. Maximum 30-min intensity (I30)
and 60-min intensity (I60) were calculated on rain-event basis, taking the highest 30-min rainfall intensity for the former parameter, whereas for the latter, the sum of the two
highest consecutive 30-min intensities was taken.
3. RESULTS
3.1 Rainfall events

The analysis on rainfall events and runoff events over
the 7 years is present in Table 2. A total of 448 rainfall events
were monitored, and 96 runoff events occurred in plot A, 58
in plot B, and 57 in plot C. The frequency of soil erosion
event was reduced by 40% by means of terraces, indicating
that terraces on slope had significant effect in reducing the
occurrence of runoff. No significant difference was found in
the effect between different terrace widths.
TABLE 2 - Rainfall event
Runoff event
Rainfall event
Year
(Average intensity of year) Plot A
Plot B
Plot C
2005
35 (4.0 mm/h)
7
6
6
2006
60 (3.8 mm/h)
16
8
8
2007
54 (5.1 mm/h)
16
8
8
2008
90 (3.6 mm/h)
12
10
9
2009
67 (3.8 mm/h)
14
7
7
2010
69 (4.2 mm/h)
15
9
9
2011
73 (4.7 mm/h)
16
10
10
total
448
96
58
57
Interval time between rainfall events were more than 6 hours, otherwise
it was the same rainfall event.
3.2 Surface runoff, sediment and nutrient losses

Runoff, sediment and nutrient (nitrogen and phosphorus) losses were also monitored. As shown in Fig. 3, runoff,
sediment and total nitrogen and phosphorus were all
smaller in Plots B and C than in Plot A, suggesting that
terraces helped in the conservation of soil and water. These
parameters were slightly smaller in Plot C than in Plot B,
indicating that the terrace with more steps had better soil
conservation condition. By comparing Fig. 3b and 3d, sediment and total phosphorus had basically the similar trend
over the 7 years, which may be attributed to that P was primarily present in sediment particles.
By comparing Plot B and Plot A, the annual average
reduction in runoff, sediment, TN and TP were 59.4573.54%, 70.45-87.87%, 51.60-81.53% and 66.41-87.24%,
respectively. By comparing Plot C and Plot A, the annual
average reduction in runoff, sediment, TN and TP were
65.02-80.56%, 81.82 -94.36%, 61.17-85.65% and 76.2194.90%, respectively. Overall, runoff, sediment, TN and
TP showed significant difference between terraces (Plots B
and C) and non-terraced plot (Plot A) (P < 0.05), but no
significant difference (P < 0.05) was found between Plot B
and Plot C.
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3.3 Nutrient concentration in runoff

As for nutrient loss, N and P lost in the course of rainfall
were mainly from soils. When erosion occurred, soluble nutrients in the sediment were integrated into the accumulated
water on soil surface. Some of the soluble nutrients flowed
away with runoff along the slope, and the other infiltrated
into the soil. Most insoluble nutrients were lost with sediment. The annual average concentrations of sediment, TN
and TP over the 7 years were investigated as shown in Fig.3.
They were all lower in Plots B and C than in Plot A, explaining that the concentrations of sediment, TN and TP could be
reduced in soil losses by building terraces.
Apparently, the concentrations of sediment and TP had
similar trend, which may be explained by that phosphorus was mainly present in sediment in the form of particles.
The concentration of TN was higher in Plot A than in Plots
B and C, but the difference in its trend was not evident between Plot B and Plot C. This phenomenon is mainly resulted from various existing forms of soluble N and insoluble N and different amount of accumulated water on soil
surface under different rainfall condition.
4. DISCUSSION
4.1 Erosion reduction mechanism of terraces

The erosive force of the runoff on slopes is the motive
power for the occurrence of soil erosion, which is propor-

tional to the product of runoff coefficient, average rainfallintensity, squired slope length, and cosine and sine of slope
[13-15]:

Fmax  r  a  I  L2  cos  sin  g1
where Fmax is erosive force, r is density of water, a is runoff coefficient, I is average rainfall intensity, L is slope length,
 is gradient of the slope, g is acceleration of gravity.
According to this formula, the key point in preventing
soil losses from slope is to change slope gradient α and runoff coefficient a and shorten slope length L. By changing
the terrain features, the major terrain parameters are
changed, so Fmax=0, that is, the erosive force from rainfall
to slope soils is eliminated. This explains why level terraces have higher water and soil conservation capacity.
For multi-step terraces, where runoff excess infiltration happens, water will accumulate on soil surface and
flow downward along the slope due to gravity. Runoff
pathways vary with the number of the steps of the terraces,
so runoff energy loss and water infiltration are also different. In this study, within the same slope length, the runoff
pathways in Plot C was longer than that in Plot B; and Plot
C had more ridges than Plot B, that is, the frequency of
directional change of runoff was higher in Plot C than in
Plot B, causing the energy loss of the runoff greater in Plot
C than in Plot B. Thus, the flow velocity of runoff in Plot
C was lower than that in Plot B, that is, the runoff haunted
on slope more time in Plot C than in Plot B. Therefore, Plot

a

b

c

d

FIGURE 3 - Runoff, sediment and nutrient losses
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4.2 Rainfall intensity

C had greater runoff infiltration amount than Plot B. In
conclusion, slope runoff, sediment and TN and TP losses
were all slightly lower in Plot C than in Plot B.
The monitoring results suggested that the more steps,
the better the effect was in reducing runoff, sediment and
nutrient losses. Is it certain that the more steps, the better
the effect is? The answer is no. Assuming that the number
of terrace steps is increased unlimitedly, the slope would
become a common one like Plot A. It has been proved that
Plot A had more runoff, sediment and nutrient losses.
Therefore, where a typical slope is built into terraces, the
number of steps must have a threshold. Beyond this threshold, negative effect would be generated in reducing runoff,
sediment and nutrient losses. Liu et al. proposed 4 rainstorm modes using the WEPP model and simulated the soil
loss by inputting slope gradient and soil parameters in the
model and adjusting the number of terrace steps [16]. They
found that at the same slope gradient, soil loss decreased
with the increase of the number of terrace steps, but excessive increase in the number of terrace steps would increase
sediment yield in case of rainstorm because it was hard for
sediment to settle down when the number of terrace steps
was increased and the step width was too small.

Fig. 4 and Table 3 demonstrate the relationship between rainfall intensity and nutrient loss. According to Fig.
4, nutrient loss increased with rainfall intensity in all plots.
Under the same rainfall intensity, TN loss and TP loss were
the most in Plot A, followed by Plot B and then Plot C. In
Plot A, the maximum rainfall intensity at 30 min had the
best correlation with nutrient loss (see Table 3). In Plots B
and C, different rainfall intensities had similar ability to
predict nutrient loss but had no obvious regularity. Rainfall
intensity is the most important representative factor of the
erosive force of rainfall. In terraced Plots B and C, the main
mechanism of reducing nutrient loss is to eliminate the erosive force of rainfall on soil. So, the rainfall intensity in
these two Plots had weaker correlation with loss of TN and
TP. In addition, the factors, such as design standards, projection quality and soil firmness, in the process of building
terraces may also lead to lower accuracy in the prediction
of nutrient loss from slope. Moreover, when raindrops fell
on the ground, they are not absolutely perpendicular to the
ground due to the wind, which may also cause some errors.

TABLE 3 - Relationship between rainfall intensity and nutrient loss
TN
A
y = 0.1933x - 0.4192
R2 = 0.5257
y = 0.194x - 1.1096
R2 = 0.5724
y = 0.1614x - 1.217
R2 = 0.5441

Ia
I30
I60

B
y = 0.1048x - 0.0584
R2 = 0.4956
y = 0.1008x - 0.2757
R2 = 0.4983
y = 0.0883x - 0.4062
R2 = 0.5297

10.0
B

A

C

8.0

B
y = 0.0325x - 0.0844
R2 = 0.4343
y = 0.0298x - 0.1352
R2 = 0.5788
y = 0.0252x - 0.1604
R2 = 0.4669

B

A

C

4.0

B
C

2.0

TN（ g）

TN（g）

A

6.0
A
4.0
B
C

2.0

5.0

10.0

15.0

20.0

25.0

30.0

5.0

10.0

15.0

Ia
3.0

A

B

A

C

20.0

25.0

30.0

TP（ g）

2.0
1.5
1.0

B
C

0.5

B

15.0
Ia

0.0

5.0

10.0 15.0 20.0 25.0 30.0 35.0 40.0

3.0

C

A

20.0

25.0

30.0

2.0

A

1.5

C

2.0

A

1.5
1.0

B
C

0.5

35.0

B

2.5

B
C

0.5

0.0

10.0

B
C

I60

1.0

0.0
5.0

A

4.0

35.0

2.5

A

0.0

6.0

I30

3.0
2.5

C

0.0

0.0

35.0

TP（ g）

0.0

B

2.0

0.0

0.0

C
y = 0.0175x + 0.0344
R2 = 0.4825
y = 0.0202x - 0.0235
R2 = 0.5423
y = 0.0161x - 0.0271
R2 = 0.4766

8.0

8.0

6.0

TP（ g）

TP
A
y = 0.0746x - 0.1995
R2 = 0.5389
y = 0.0747x - 0.4631
R2 = 0.6445
y = 0.0601x - 0.4729
R2 = 0.5734

10.0

10.0

A

TN（ g）

C
y = 0.0736x + 0.1293
R2 = 0.4893
y = 0.0862x - 0.1266
R2 = 0.4586
y = 0.0685x - 0.1379
R2 = 0.4772

0.0

0.0

5.0

10.0

15.0
I30

20.0

25.0

30.0

35.0

0.0

5.0

10.0 15.0 20.0 25.0 30.0 35.0 40.0
I60

FIURE 4 - Relationship between rainfall intensity and nutrient loss. Average rainfall intensity (Ia) was calculated on rainfall divided by the
time. Maximum 30-min intensity (I30) and 60-min intensity (I60) were calculated on rain-event basis.
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4.3 Terrace width

Water and Soil Conservation Law of the People’s Republic of China provides that terraces shall be built on sloping land at 5°~25°, and the land above 25° is forbidden for
reclamation. On the slope at 5°~25°, building of level terraces is one of the major measures for water and soil conservation projection and slope projection [17, 18]. Terraces
are mainly built on the areas dominated by loess, hills or
ravines. Many research studies have been carried out on the
cross-section of terraces, and the scholars have eventually
proposed the concept of optimal cross-section, which refers to the cross-section that has advantages of demanding
less earthwork, being labor-saving, having higher land utilization rate, facilitating irrigating and plowing with machine, having stable and firm ridges, and being in favor of
crop growth [19-21].
Terrace width, as one the most important parameters in
the design of cross-section of level terraces, determines the
size of the arable area. At present, although researchers and
engineers agree on the concept of optimal cross-section, the
cross-sections designed by different engineers still have
some technical differences due to the uncertainty in the planning and design principles of optimal cross-section.
Some studies follow the empirical data to determine
the terrace width. Zhou [22] suggested that the upper limit
of terrace width was a constant that was determined by empirical data, and the value ranges of other parameters of the
cross-section were optimized under the condition of this
terrace width. Ma et al. [23] insisted that terrace width
should be greater than 4 m in consideration of the width of
the DFH (Dong Fang Hong) 60 bulldozer. Zhao [24] advised that in order to optimize the earthwork, terrace width
should not be too great if no other special requirement, in
consideration of proportional relationship between earthwork per unit area and terrace width. Although Wang et al.
[25] proposed that terrace width had little relation with
yield from terraced field, they still followed the empirical
data to calculate the cost in the optimal design of terraces
in hilly area. Liu et al. [26] followed the local empirical
data to determine the terrace width and calculate the earthwork. Other studies found that terrace width was restricted
by the construction requirement. Zhang et al. [27] suggested that the net width of terraces should adapt to tractor
ploughing practice and irrigation work and in substance,
width and height of terraces did not restrict each other. Mao
[28] believed that the optimal terrace width was the most
economical one, which was calculated by equaling excavation and fill. Ma et al. [23] further proposed that the terrace
width should not be too small in droughty regions because
the reclamation from slope to terraces is for stabilizing
field soils and increasing the width of the water-retaining
soil surface.

are as follows: (1) the terraces with smaller width had better effect in reducing runoff, sediment and nutrient loss;
and (2) the terraces with smaller width required less construction work and cost less. In this study, Fig 1 shows that
the earthwork generated from Plot C was significantly less
than that from Plot B.
5. CONCLUSIONS
Building level terraces is an important strategy in soil
and water conservation projection. Level terraces can remarkably reduce the occurrence of slope erosion caused by
rainfall events and reduce the concentration and amount of
nutrient loss. Within the same typical slope length, the
level terraces of smaller width had better effect in preventing nutrient loss, but the difference in the effect between
the different terrace widths did not reach a significant level.
The reason why level terraces reduce rainfall erosion and
nutrient loss lied in that they were able to eliminate the erosive force of rainfall. Therefore, the correlation of the rainfall intensity with the amount of nutrient loss was weaker
in the terraced plots than in the non-terraced plot. In consideration of the soil and water conserving effect and the
engineering quantity of terraces, it is suggested to design
the terrace step as narrow as possible under the precondition of satisfying optimal cross-section.
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Generally, in the design of the optimal cross-section of
terraces, terrace width is a value range rather than a fixed
value. In compliance with the principles of designing an
optimal cross-section, we suggest to select smaller ones
within the range in the design of terrace width. The reasons
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ABSTRACT
In the present study, Streptomyces violaceorubidus,
Streptomyces variabilis, Streptomyces gibsonii and Streptomyces althioticus capable of producing antifungal and
anticancer metabolite were isolated and identified based on
16S rRNA gene sequencing from different marine samples.
S. violaceorubidus SCA-1 showed strong antifungal activity, were mass cultivated and the pure compound was characterized based on 13C nuclear magnetic resonance (NMR),
1
H NMR, infrared, and mass spectral data. The extracellular fermentation broth of the strain SCA-1 significantly inhibited the growth of filamentous fungi. Based on the spectral data, the extracellular compounds were identified as
benzo quinone in nature. The minimum inhibitory concentration of the compound against Aspergillus oryzae was
12.5 μg mL−1 and that against A. fumigates and A. niger
(25 μg mL−1), A. clavatus (50 μg mL−1), and Fusarium oxysporum (100 μg mL−1), respectively. IC50 values were calculated as 12.5 and 3.12 μg mL−1 for Vero and Mcf7 cell
lines, respectively. The results indicated that the compound
was comparatively nontoxic to normal cells. These results
confirmed that marine actinomycetes are a potential source
of anti-fungal compounds, and that S. violaceorubidus SCA1 could be used to control the fungal pathogens.
KEYWORDS:
Marine environment, Sterpromyces, Antifungal activity

1. INTRODUCTION
Fungal phyto-pathogens including Fusarium oxysporum, Curvalaria lunata and Alternaria alternata cause
serious damage to crops and medicinal plants. Among these,
Curvalaria causes leaf spot, leaf blight disease to crops and
damage younger and older leaves. Chemical pesticides are
commonly used to protect the plants from fungal attack,
* Corresponding author

but their intensive and indiscriminate usage poses many serious problems such as the development of resistant strains
of the pathogens, build-up of harmful residues in the plant
parts, non-target effect of beneficial microflora and environmental pollution [1]. Among the antagonistic microorganisms, Bacillus licheniformis, Pseudomonas fluorescens,
Rhodotorula minuta and Streptomyces species have been
found effective for the control of post-harvest diseases [2, 3].
Actinomycetes are a diverse group of Gram-positive
heterotrophic bacteria which can produce novel secondary
metabolites with various biological applications [4]. It has
been estimated that about two-third of the natural antibiotics have been isolated from actinomycetes [5]. The genus
Streptomyces is known as the producer of the largest number of antibiotics [6]. Marine actimomycetes have the ability to produce new inhibitory compounds. Therefore, efforts were made to isolate novel antifungal metabolite producing actinomycetes from marine environment.
2. MATERIALS AND METHODS
2.1 Isolation of actinomycetes

Isolation and enumeration of actinomycetes were performed using starch casein agar medium (SC). The marine
sediment samples, collected from different areas of Kanyakumari coastal area, were mixed with sterile distilled water
and the supernatant was collected. Further, the supernatant
was diluted ten times in sterile saline water (NaCl 9 gL-1).
The aliquots (0.1 ml) of 10-2, 10-3, 10-4 and 10-5 were spread
on the isolation plates and incubated at 30°C for 7 days.
Suspected actinomycetes colonies were selected on the basis of morphological characteristics by light microscopy.
Isolates were maintained on ISP-2 agar medium by storage
at 4°C for 2 months. Alternatively, cultures were re-suspended in 20 % glycerol and stored at -80°C.
2.2 Antifungal activity

Antifungal activity of the isolates was assessed by agar
over laying method. Briefly, actinomycetes isolates were inoculated on modified nutrient glucose agar (MNGA) plates
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by single streak in the center. The plates were incubated at
30 oC for four days under micro aerobic conditions. The spore
suspension of the filamentous fungi were mixed with sterile
potato dextrose agar (1.4%) and poured on the top of the plates
containing the actinomycetes strain and incubated at 28oC for
48 h. The actinomycetes stains exhibiting halo zone of inhibition were selected and designated as SCA-1 to SCA-7.
2.4 Identification and characterization of active strains

The morphology and physiological properties were examined as per the method of International Streptomyces
Project (ISP) [7, 8]. The micro morphology of the strains
were determined by slide culture method and the strains
were differentiated based on the colour and appearance of
the aerial and substrate mycelia and presence or absence of
extracellular diffusible pigments [9].

medium consisted of (g/L): glucose 10 g, peptone 5 g,
yeast extract 3 g, beef extract 3 g, Na2HPO4 2 g, NH4Cl
1 g, MgSO4.7H2O 0.5 g, FeSO4 0.01 g, CaCO3 0.5 g and
phosphate buffer 100 mM. After incubation the fermented
medium was filtered and the supernatant was separated by
centrifuging at 8000 rpm for 15 min. The supernatant pH
was adjusted to five by using 0.1 N HCl and then extracted
with hexane and ethyl acetate (3*300 ml). The solvent phase
was evaporated to dryness using a rotary vacuum evaporator
at 40oC and the resultant residue was then dissolved in 1 ml
of the respective organic solvent and then checked for its
bioactivity against pathogens. The active ethyl acetate extract was purified by silica column chromatography using
different ratio of solvent system and fractions were validated by thin layer chromatography. The active fraction
with antifungal property was further purified and identified
by spectral analysis.

2.5 Amplification of 16S rRNA and sequencing

The strains were cultivated in SC broth for 48 h and the
genomic DNA was isolated by following the standard protocol. The 16S rRNA gene was PCR amplified by using the
universal primers (27F and 1492R). The amplified PCR
products were cloned into the pGEM-T by following the instructions given by the manufacture (Promega, Madison,
WI, USA) and transformed into Escherichia coli DH5α
competent cells. The transformed clones were selected by amplifying the M13-F and M13-R primers. The clones containing 1,500 bp inserts were sequenced and a homology search
with other bacterial DNA sequences was performed in the
NCBI database (http://www.ncbi.nlm.nih.gov/BLAST). The
evolutionary tree was drawn using the neighbor-joining (NJ)
method and the analyses were done using MEGA-5 software.

2.8 Antifungal activity

The antifungal activity and minimum inhibitory concentration (MIC) was performed according to the standard
reference method [11] against Aspergillus clavatus, A. fumigates, A. niger, A. oryzae, Curvalaria lunata, Fusarium
culmorum and F. oxysporum. Standard ketokonazole and
dimethyl sulfoxide (DMSO) were used as positive and negative control. Three replicates were maintained to confirm
the antifungal activity.
2.9 Cytotoxicity assay

The cytotoxicity of the compound against Hep cells
was assessed by the MTT reduction assay as previously described [10] with slight modifications.

2.6 Fungal biomass inhibition effect of actinomycetes strains

Fungal biomass inhibition effect of actinomycetes
strains were determined by following the method of Arasu
et al. [10]. Briefly, the spore suspensions of actinomycetes
were grown in individual 250-ml Erlenmeyer flasks containing 100 ml MNG broth and cultivating them for 96 h at
30°C on an orbital incubator shaker. Cell-free supernatants
were collected by centrifugation at 10 000 g for 20 min.
Aliquots (10 ml) of supernatant was filter sterilized and
mixed with 40 ml of PD broth were placed in 50-ml flasks
and inoculated in triplicate with each test fungus. The fungal strains were incubated at 30°C for 5 days. Flasks without fermentation broth were the positive control. After the
incubation, fungal growth was measured by harvesting the
cells, which were air-dried on pre-weighed Whatman #1
filter paper. Average fungal biomass was calculated for
each test fungus and compared with the fungal biomass of
positive controls. The actinomycete strain SCA-4 exhibited
comparatively significant activity was mass cultivated for
the production of antifungal metabolites.
2.7 Shake flask cultivation and antimicrobial metabolite extraction

The strains were cultivated at 30oC for seven days in a
sterile 500 ml Erlenmayer flask containing 100 ml production

3. RESULTS
3.1 Isolation and characterization of the antifungal strains

The present study aimed to investigate the antifungal
metabolite producing marine actinomycetes from the southern region of India. Different suspected actinomycetes strains
were isolated from marine soils and marine sediments collected from the coastal area of Kanyakumari, India. The
isolated strains were purified in ISP-2 medium and screened
for their antifungal activity against filamentous fungi. Six
strains exhibited comparatively good antifungal activity
against either of the fungi were selected for further confirmation at the biochemical and 16S rRNA sequence levels,
whereas, the strain, SCA-1 was found to exhibit significant
activity against the tested fungi was selected for the isolation and characterization of the metabolites (Fig. 1). The
biochemical, carbon assimilation and physiological characterization revealed that all of the strains were Gram-positive, non-acid filamentous, could able to utilize wide range
of carbon sources such as xylose, cellobiose, dextrose, fructose, mannose, lactose, melibiose, dulcitol, galactose and
rhamnose. The visual observations revealed that the strains
appeared as white leathery colonies with abundant powdery
spores in different cultivation media, and light microscopic
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FIGURE 1 - Antifungal activity of Streptomyces violaceorubidus SCA-1 fermented broth against filamentous pathogenic fungi.
a) Fusarium oxysporum grown in SD agar plate, b) Antifungal activity of SCA-1 fermented broth against Fusarium oxysporum measured using
the cup plate diffusion method.

TABLE 1 - List of antifungal actinomycetes strains isolated from different marine samples
Strain no.
Name of strain
16S rRNA similarity (%)
Name of the similar strain
SCA-1
Streptomyces violaceorubidus
100
S. violaceorubidus strain LMG 20319
SCA-2
Streptomyces variabilis
100
S.variabilis strain NRRL B-3984
SCA-3
Streptomyces gibsonii
99
S. gibsonii
SCA-4
Streptomyces althioticus
100
S. althioticus strain KCTC 9752
SCA-5
Streptomyces althioticus
99.9
S. althioticus strain KCTC 9752
SCA-6
Streptomyces violaceorubidus
100
S. althioticus strain KCTC 9752
The strains were named based on the 16S rRNA similarity report obtained using the BLASTn database (http://www.ncbi.nlm.nih.gov/BLAST).

FIGURE 2 - Phylogenetic tree based on the 16S rRNA gene sequence, showing the relationship between Streptomyces violaceorubidus SCA1and other Streptomyces species.
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observation confirmed that the existence of abundant aerial
mycelia as white with cylindrical elements which coincides
to the features of the genus Streptomyces. Moreover, strain
SCA-1 was able to secrete extracellular enzymes such as
protease, amylase, and gelatinase, grew well in higher concentration of NaCl concentrations (7 %), temperatures (28–
40 °C) with optimal cell growth at pH 7.0. Biochemical,
different carbon assimilation and the micro-morphological
properties strongly suggested that strain SCA-1 belongs to
the genus Streptomyces.
3.2 16S rRNA sequencing and phylogentic analysis of the antifungal strains

The suspected six Streptomyces strains were further
confirmed at the species level by analyzing 16S rRNA gene
amplification and sequences. The BLASTn sequence similarity and alignment of 16S rRNA sequences revealed that
the nucleotide sequences were > 99% similar to Streptomyces strains. The BLASTn search program confirmed that
strain SCA-1 shared 100% similar to S. violaceorubidus (Table 1). Strain SCA-2 recorded 100% sequence similarity

0
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300

0

300

Biomass mg/ml

Fermented broth

0

SCA-2
200
100
0

Only SD Broth
Fermented broth

300
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Only SD Broth
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SCA-4
200
100
0

300

SCA-5

200
100

Biomass mg/ml

Only SD Broth

200
100

The fungal biomass inhibition effect of the fermentation broth is shown in Figure 3. All the actinomycetes fermented broth exhibited comparatively better fungal biomass inhibition effects. Among the strains, SCA-1 showed
a better activity compared to the other strains. The strain
SCA-1 revealed the highest antifungal activity against F.
culmorum (94%) and C. lunata (90%) followed by A. niger
(86.3 %), F. oxysporum (85.5%), A. fumigates (82.12%)
and A.clavatus (79.5 %) respectively. The results confirmed that the extra cellular metabolite had a significant
effect against the spoilage fungus growth. Interestingly, the
fermented broth of the other actinomycetes strains significantly suppressed the filamentous growth of the fungi.

300

SCA-1

200
100

3.3 Fungal biomass inhibition effect of actinomycetes strains

Biomass mg/ml

Biomass mg/ml

300

with S.variabilis, whereas strain SCA-3 showed 99% sequence similarity with S. gibsonii. Strain SCA-4, SCA-5
and SCA-5 shared close similarity with S. althioticus respectively. The phylogenetic tree was constructed by the
neighbor joining method (Fig. 2).
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FIGURE 3 - Fungal biomass inhibition effect of the fermented broth of the actinomycetes strains against filamentous pathogenic fungi.
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3.4 Purification and characterization of the compound

Column-eluted fractions were purified using a hexane
and ethyl acetate solvent system. The fractions were evaluated its antifungal activity. Fraction 1, with promising antifungal activity, was mixed with equal proportions of ethyl
acetate and hexane (50:50 ratio) and the resulting fractions
were further washed thoroughly with different ratio of acetone and methanol (25:50 ratio). The identified compound
eluted in a single peak on HPLC, confirming its purity. The
ultraviolet spectrum of purified active fractions showed an
absorption maximum at 218 nm. NMR (1H NMR and 13C
NMR), infrared (IR), and electrospray ionization mass
spectrometry demonstrated that the compound was benzoquinone in nature (Fig. 4).

gillus fumigates and Aspergillus niger revealed inhibition
at 25 µg mL−1. Fusarium culmorum, Curvularia lunata and
Aspergillus clavatus exhibited moderate activity (MIC, 50 µg
mL−1). Fusarium oxysporum showed comparatively higher
MIC values (100 µg mL−1). The MIC values of the standard
antifungal compounds were in the range of 6.25–25 µg mL−1.
TABLE 2 - Minimum inhibitory concentrations of compounds
against filamentous fungi.
MIC
CHa
CEAa
Cb
Sb
Aspergillus clavatus
5
>5
50
12.5
Aspergillus fumigates
5
10
25
6.25
Aspergillus niger
2.5
5
25
12.5
Aspergillus oryzae
1.25
5
12.5
6.25
Curvularia lunata
5
10
50
25
Fusarium culmorum
5
10
50
12.5
Fusarium oxysporum
2.5
10
100
25
CHAa, Crude hexane extract; CEAa, Crude ethyl acetate extract; Cb, Compound isolated from the Streptomyces strain SCA-1; Cb, Standard antifungal compound (ketokonazole); MIC, Minimum Inhibitory Concentration
Fungal pathogens

3.6 Cytotoxicity
FIGURE 4 - Chemical structure of the isolated compound from the
Streptomyces violaceorubidus SCA-1
3.5 Antifungal activity

The antifungal property of the active compound was
determined against various fungal pathogens Table 2. The
compound showed significant antifungal activity against
Aspergillus oryzae (MIC, 12.5 µg mL−1), whereas Asper-

The cytotoxic effect of the compound towards a normal Vero cell lines and Mcf7 cell lines were evaluated by
MTT assay in 96-well plates. Different concentrations
(3.12–200 μg) of the compound on the tested cells exhibited concentration and time dependent inhibition (Fig. 5).
IC50 values were calculated as 12.5 and 3.12 μg mL−1 for
Vero and Mcf7 cell lines, respectively. The results indicated that the compound was comparatively nontoxic to
normal cells.

1

2

3

4

FIGURE 5 - Cytotoxicity of the isolated compound against MCF7 cell line. 1, 200 µg/mL concentration; 2, 100 µg/mL concentration; 3,
50 µg/mL concentration; 4, 25 µg/mL concentration.
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4. DISCUSSION AND CONCLUSION
Several unexplored regions such as deep sea and dense
forest have been intensively studied for the isolation of microbes with potent biological functions [12]. Among that
marine environment has several novel actinomycete genera
with novel compounds having a wide range of biological
activities [13]. Many microorganisms have been reported
to have antagonistic activities against mycotoxigenic A.
flavus and A. parasiticus, however, several reports claimed
that actinomycetes strains were used to suppress the growth
of bacterial and fungal pathogens [14, 15]. The sampling
site, Kanyakumari coastal area, lies at the southernmost tip
of the Indian subcontinent (the southern extremity of India
as a whole being Indira Point on Great Nicobar Island). A
total of six actinomycetes strains were selected based on
the antifungal activity against filamentous fungi. The isolated strains confirmed as S. violaceorubidus, S. variabilis,
S. gibsonii, and S. althioticus. Based on the primary screening, S. violaceorubidus SCA-1 was selected for the characterization of metabolite having antifungal activity against
the targeted fungal pathogens.

compound against major disease causing drug resistance
pathogens.
From the present study it can be concluded that the marine samples are a rich source of antifungal compounds
producing novel actinomycetes. The diversity of Streptomyces strains varied with respect to the marine samples.
The antifungal metabolite recovered from the S. violaceorubidus SCA-1 exhibited significant activity against A.
clavatus, A. fumigates, A. niger, A. oryzae, C. lunata, F.
culmorum and F. oxysporum. Actinomycetes from marine
environment had a great potential to produce metabolite
with positive activity towards plant and animal disease
causing bacteria and fungi thereby enabling discovery of
new lead molecule and hence merit future studies.
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For extraction of the antifungal metabolite, strain S. violaceorubidus SCA-1 was cultivated in MNGA medium at
pH 7, temperature 300C, and agitation 180 rpm for five
days. Results confirmed that the fermentation spend medium contained the antifungal metabolite which was further confirmed by the fungal biomass inhibition effect.
Crude ethyl acetate extract exhibited significant antifungal
activity guided to identify the novel metabolite by column
purification and spectral analysis. The antifungal compound produced by S. violaceorubidus SCA-1 shared benzene in its structure. The MIC of purified compound exhibited comparatively similar activity with the stand antifungal agents. Recently, Peisheng et al. [16] isolated 36 marine
actinomycetes from the Yellow Sea and evaluated them in
terms of their inhibitory activity on the growth of Aspergillus parasiticus. Streptomyces sp. NPS008187 isolated from
marine samples from Alaska produced three new pyrrolosesquiterpenes metabolites [17]. In our previous report
[10] novel Streptomyces sp. AP-123 isolated from marine
region showed strong antifungal activity against Trichophyton rubrum and Epidermophyton floccosum, and the
extracellular antibiotics were identified as polyketide.
The compound recovered from S. violaceorubidus
SCA-1 exhibited comparatively good activity against
HEP2 and Mcf7 cell lines with an IC50 value of 12.5 and
3.12 μg mL. It did not show toxicity to the normal cells
therefore it could be used in the treatment of cancer. Reports claimed that the compounds isolated from Deep Sea
sediments at different Pacific stations exhibited activity
against murine lymphoma P388 and human leukemia K562
cell lines and the aqueous extracts of Streptomyces sp [18].
T5 and Streptomyces sp. AS8 showed cytotoxic activity
against HEP2, BSR and P815 cell lines. The assessment of
cytotoxicity is very important and a crucial step in the development of bioactive metabolite as an antimicrobial lead
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EFFECTS OF INTERCROPPING ON
MICROBIAL COMMUNITY FUNCTION AND DIVERSITY
IN CONTINUOUS WATERMELON CROPPING SOIL
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Shuangxi Li1, Juanqin Zhang1, Jinqing Wang1, Qiyong He1 and Weiguang Lv1,*
1

Eco-environmental Protection Institute of Shanghai Academy of Agricultural Science, Shanghai, China
2
College of Life Science, Ludong University, Yantai, China

ABSTRACT
Based on pot experiments in greenhouse, microbial
community function and diversity of continuous watermelon
cropping soil were detected by Biolog Eco-plates and Polymerase Chain Reaction-Denaturing Gradient Gel Electrophoresis (PCR-DGGE) under the conditions of intercropping with scallions, celery and garlic, exploring the feasibility of alleviating watermelon cropping obstacles. The results
of Biolog Eco-plates analysis suggested: watermelon intercropping with scallions in continuous cropping soil (T3) had
significantly higher efficiency of carboxylic acids, amino acids, polymers and amines utilization than other treatmentsmonocropping in non-continuous cropping soil (T1), monocropping in continuous cropping soil (T2), intercropping
with celery (T4) and garlic (T5) in continuous cropping soil.
PCA showed that intercropping with scallions and celery
had similar microbial functions with non-continuous cropping treatment. Soil microbial community diversity and
structure were determined by DGGE profiles. Shannon–
Wiener diversity index ( H  ) and homogeneous degrees index ( E  ) of intercropping with scallions were significantly
higher than other treatments, and intercropping with scallions was highly similar with non-continuous cropping soil
about microbial community structure. Overall, intercropping
could be an effective way in improving watermelon cropping obstacles, and the effects were most pronounced in the
watermelon-scallions intercropping system.
KEYWORDS: Watermelon; Cropping obstacles; Intercropping;
PCR-DGGE; Biolog Eco-plates

1. INTRODUCTION
Continuous watermelon (Citrullus lanatus) cropping is
usually subjected to destroy the soil micro-ecological environment, causing changes in microbial structure and reduction of the number of soil microorganisms [1]. A large
* Corresponding author

number of pathogenic bacteria multiply and continue to accumulate in the soil, and ultimately exacerbate the occurrence of disease, leading to a serious obstacle cropping [2].
It is important to find effective methods to alleviate and
control continuous cropping obstacle of watermelon.
Intercropping, the practice of growing two or more
crops in the same growing season, is the application of ecology principle and also an efficient use of natural resources
[3]. It has been shown that compared to monoculture, intercropping systems could enhance soil nutrient contents
(such as N, P), soil enzyme activities and crop yield. The
yield and soil microbial diversity in the systems of cucumber intercropping with onion or garlic increase [4]. Ghosh
PK reported that intercropping between sorghum and soybean could increase the soil nitrate reductase and dehydrogenase activity, at the same time enhancing the carbon content of soil microorganism [5]. Watermelon intercropping
with aerobic rice restrained the spore production of
Fusarium, and alleviated Fusarium wilt in soil [6].
Microorganism is an important part of the soil ecosystem, and the conversion of soil nutrient cycling and plant
nutrient absorption are closely related. Studies showed that
the microbial community structure and metabolic capabilities could reveal the soil quality conditions [7]. The stable
ecosystems were often found in the high microbial diversity conditions, and the bigger soil microbial diversity
could bring higher disease suppression [8]. The microbial
contribution to soil C storage and nutrient supply is directly
related to microbial community dynamics and productive
metabolic feature [9].
However, plant species differ substantially in microbial community functional diversity [10]. Therefore it is of
important significance to take the research on the effect of
watermelon intercropping with different crops on microbial community structure and function. In this study, watermelon was intercropping with garlic (Allium sativum L),
scallions (Allium ascalonicum) and celery (Libanotis
seseloides) in greenhouse, respectively. PCR-DGGE and
Biolog Eco-plates analysis were conducted to determine
the microbial structure and metabolic capacity in watermelon cropping soil. The purpose of this study is to provide
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a theoretical basis for alleviating watermelon cropping obstacles through intercropping.
2. MATERIAL AND METHODS

incubated at 25°C, and optical density (OD) at 590 nm was
recorded with a plate reader every 24 h.
The average well color development (AWCD) is one
of the effective indexes to represent the microbial usage of
carbon source, was determined as follows:
AWCD （Ci  R）/ n

2.1 Experimental design

The pot experiments were conducted in the greenhouse
located in Zhuanghang Experimental Station of Shanghai
Academy of Agricultural science (121°39′N, 30°89′E). The
experiment was designed with five treatments: watermelon
monocropping in non-continuous cropping soil (T1), watermelon monocropping in continuous cropping soil (T2), watermelon intercropping with scallions (T3), celery (T4) and
garlic (T5) in continuous cropping soil. The continuous cropping soil was from continuous cropping watermelon field in
a greenhouse of Zhuanghang Experimental Station, and
some chemical characteristics of which were as follows:
organic matter content, 21.2 g·kg-1; TN, 1.67 g·kg-1; Olsen
P, 62.1 mg·kg-1; available K, 74.2 mg·kg-1 and pH, 7.64. The
non-continuous cropping soil was from the outside of the
same greenhouse, and its chemical characteristics were as
follows: organic matter content, 16.8 g·kg-1; TN, 1.04 g·kg-1;
Olsen P, 39.9 mg·kg-1; available K, 58.1 mg·kg-1 and pH,
7.50. Texture of the both soil were sandy loam.
All pots were arranged in random block design, and
there were ten replicates for each treatment. Every pot was
36cm × 28cm in diameter and high. Watermelon seedlings
were transplanted with three leaves on March 12th, 2013,
and three seedlings were planted in monocropping treatments per pot and two seedlings in the intercropping treatments. Scallions, celery and garlic were sowed on both
sides of watermelon 40 days before watermelon seedlings
transplanted. After their emergences, three seedlings at the
same growth were retained on each side. All treatments received 1 g urea and 0.15 kg organic fertilizer (N: P: K=21:
18: 26, organic matter content, 30.6%) per 1 kg soil, and
the rates were usually used in this area.

Ci represents the optical density value at 590 nm of
each well, R is the value of the control wells, and n is the
number of carbon source species in the microplate (n=31).
The principal component analysis (PCA) was performed by SPSS (version 13.0).
2.4 PCR-DGGE analysis

DNA was extracted and purified from 1.0 g soil using
the FastDNA® Spin Kit for Soil (MP Biomedicals) according to the manufacturer’s instructions. The DNA extracted
was PCR-amplified with two primers of GC-338f and 518r
[11]. For PCR, 50 μl reaction volumes were used, and the
reaction applied landing strategy [12]. The PCR condition
was 4 min initial denaturation at 95 , then cycled 20 times
with the following temperature profile: 95 for 60s, annealing at 65 decreasing 0.5 every step of the cycle for
45s, and elongation at 72 for 45s; then another 20 cycles:
at 94 for 60s, at 65 for 45s, and at 72 for 45s, with a
final elongation at 72 for 10 min. Denaturing Gradient Gel
Electrophoresis (DGGE) was performed using with 8%
(w/v) acrylamide gels, which contains 30% to 60% ureaformamide denaturing gradient. Amplified mixture (50 μl)
was subjected to a constant voltage of 70V for 12 h at 60 °C
in 1× TAE buffer (pH = 8.0) with DcodeTM Universal Mutation Detection system (Bio-Rad). After electrophoresis,
the gels were stained for 40 min by SyBR green I.
Banding patterns of DGGE gels were digitized with
Quantity One Software (Bio-Rad, USA). Shannon–Wiener
diversity index ( H  ) and homogeneous degrees index ( E  )
were calculated from DGGE band data as follows:
s

H   （Ni/N)ln(Ni /N)

2.2 Soil sampling

Soil samples (5-20cm) were collected 10 d and 75 d
after transplanting for Biolog Eco-plates analysis, respectively. The soil samples taken randomly from ten replicates
of each treatment were mixed evenly, resulting in five separate samples. After watermelon harvest (Jun 8th, 2013),
soil samples were collected for PCR-DGGE analysis according the method described before. All the samples were
immediately frozen and stored at -80 until analysis.
2.3 Microbial functional diversity measurement

The physiological profiles of the soil microbial community were determined by Biolog Eco-plates (BIOLOG, Hayward, CA). Fresh soil (equivalent to 10.0 g dry soil) of each
sample was added into 90 ml sterile 0.85% NaCl solution
in 150ml flask using sterile pipettes, shaken at 200 rpm for
30 min. Serially diluted 10−3 solution was used as an inoculums to inoculate Biolog-Eco microplate. The plates were

i 1

E   H  ln S
S represents the richness or total number of bands; Ni
is the intensity accounted for by the ith band, N =ΣNi.
2.5 Statistical analysis

All statistical analyses were performed with SPSS
(version 13.0) and Origin 8.0. Differences with values of
*P < 0.05 (Paired-Samples T Test) were considered to be
statistically significant.
3. RESULTS AND DISCUSSION
3.1 Community level physiological profile (CLPP) analysis

CLPP analysis was carried out by Biolog Eco-plates.
31 unique carbon substrates of Biolog Eco-plates were cat-
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FIGURE1 - Use efficiency of 6 kinds of carbon sources in Biolog Eco-plate of different treatments 10d after planting. The samples were collected
10 days after watermelon transplanting. T1-watermelon monocropping in non-continuous cropping soil, T2-monocropping in continuous cropping soil, intercropping with T3-scallions, T4-celery and T5-garlic in continuous cropping soil. The average well color development (AWCD)
of five treatments was determined by Biolog Eco-plates. Dates in the figure are Mean ± SE； Different letters represent the significant difference
at P<0.05.

FIGURE 2 - Use efficiency of 6 kinds of carbon sources in Biolog Eco-plate of different treatments 75d after planting. The samples were
collected 75 days after watermelon transplanting. T1-watermelon monocropping in non-continuous cropping soil, T2-monocropping in continuous cropping soil, intercropping with T3-scallions, T4-celery and T5-garlic in continuous cropping soil. The average well color development
(AWCD) of five treatments was determined by Biolog Eco-plates. Dates in the figure are Mean ± SE；Different letters represent the significant
difference at P<0.05.
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egorized into six carbon sources: carbohydrates (10), carboxylic acids (7), amino acids (6), polymers (4), phenolic compounds (2) and amines (2) [13]. Use efficiency of 6 kinds of
carbon sources 10d after planting (Figure1) showed that there
were significant differences in carbon use efficiency among
the five treatments. In general, carbohydrates, carboxylic
acids, amino acids were utilized more than polymers, phenolic compounds and amines, except for T5, which had a
higher polymers and phenolic compounds use efficiency,
but a lower carbohydrates use efficiency. The results of use
efficiency of carbon sources after 75d planting (Figure 2)
showed that carboxylic acids, amino acids, polymers and
amines were utilized most by T3, and T5 had utilized carbohydrates, polymers and phenolic compounds lower than
other treatments.
CLPP analysis has performed by various studies to differentiate microbial carbon utilization caused by different
practices [14, 15]. From the results of Figure 1, we could
know there were no clear pattern between monoculture and
intercropping about 6 kinds of carbon use efficiency, but
significant differences were established in the samples of
75d after planting betweenT3 and other treatments for carbon use efficiency, which meant intercropping with scallions could significantly enhance microbial functionality of
watermelon continuous cropping soil.
Principal component analysis (PCA) was conducted to
find out the differences among 5 treatments in carbon metabolic functionality. PCA of samples of 10d after planting
(Figure 3) showed a significant discrimination in the soil
bacterial diversity associated with different treatments. The
first and second principal component (PC1 and PC2) ex

FIGURE 3 - PCA of use efficiency of carbon sources of different
treatments 10d after planting. Based on the results of Biolog Ecoplates, the principal component analysis (PCA) was performed to find
out the differences among five treatments in carbon metabolic functionality 10 days after watermelon transplanting. T1-watermelon
monocropping in non-continuous cropping soil, T2-monocropping in
continuous cropping soil, intercropping with T3-scallions, T4-celery
and T5-garlic in continuous cropping soil.

FIGURE 4 - PCA of use efficiency of carbon sources of different
treatments 75d after planting. Based on the results of Biolog Ecoplates, the principal component analysis (PCA) was performed to find
out the differences among five treatments in carbon metabolic functionality 75 days after watermelon transplanting. T1-watermelon
monocropping in non-continuous cropping soil, T2-monocropping in
continuous cropping soil, intercropping with T3-scallions, T4-celery
and T5-garlic in continuous cropping soil.

plained 55.447% and 31.786% of the variance, respectively. T5 was separated by PC2 from other treatments, and
T3 was separated by PC1 from T1, T2 and T4. T1 plots
were closer to T2 plots. The PCA results of samples from
75d (Figure 4) were different from 10d. PC1 and PC2 explained 65.452% and 20.959% of the variance in the data.
T2 was separated by PC2 from other treatments, and T5
was separated by PC1 from T1, T3 and T4, which plots
were close to each other.
The separation of monoculture and intercropping samples in Figure 3 could be explained by root exudates. T3
and T5 were separated by PC1 and T4 was separated by
PC2 from two monoculture treatments. The reason was because plant roots could secrete special compounds into the
soil, providing more nutrients for microbial and plants
growth [16]. Similarly, plots of three intercropping treatments were not close to each other either in the PCA of 10d
after planting. T2 was separated from other 4 treatments in
the PCA of 75d after planting because of the harmful effects on soil microbial caused by continuous cropping [17].
Plots of T1, T3 and T4 gathered in the fourth quadrant,
which meant intercropping with scallions or celery could
help continuous cropping soil recover to original condition.
3.2 Diversity analysis of DGGE banding patterns

DGGE analysis was carried out to determine the change
of soil microbial diversity by intercropping (Figure 5). During conditions optimizing, DGGE profiles of five samples
were highly reproducible, and one random sample was selected to run DGGE. To compare DGGE patterns, Shannon–
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Wiener diversity index ( H  ) and homogeneous degrees index ( E  ) were determined for comparisons of all
profiles (Table 1). The results showed that there were significantly differences (P< 0.05) in Shannon–Wiener diversity index ( H  ) among the 5 treatments. H  under T3 was
significantly higher than the other treatments, but not every
intercropping treatment could improved H  . H  under
T5 and T2 were significantly lower than the other 3 treatments. homogeneous degrees index ( E  ) under T2 was
significantly lower than the others, while there were no significantly differences among T1 and intercropping treatments, which meant intercropping could enhance E  to
the level of non- continuous cropping soil, maintaining soil
microbial environments balanced.
TABLE 1 Shannon–Wiener diversity index ( H  ) and homogeneous
degrees index( E  ) influenced by different treatments

FIGURE 5 - DGGE profiles of 16S rDNA fragments amplified
from DNA extracted under different treatment. DGGE profiles of
surface soil samples of five treatments were collected 75 days after
watermelon transplanting. T1-watermelon monocropping in noncontinuous cropping soil, T2-monocropping in continuous cropping
soil, intercropping with T3-scallions, T4-celery and T5-garlic in continuous cropping soil. Amplified products were separated on a gradient gel of 30%-70% denaturant.

Treatment
H
E
T1
2.50±0.12a
0.68±0.03a
T2
2.36±0.11b
0.57±0.02b
T3
2.62±0.16c
0.71±0.02a
T4
2.55±0.09a
0.73±0.05a
T5
2.31±0.12b
0.66±0.04a
Note: Date in the table are Mean ± SE；Different letters represent the
significant difference at P<0.05

Unweighted pair group method with mathematical averages (UPGMA) was used to create a dendrogram describing pattern similarities (Figure 6). The cluster analysis revealed great resemblance (85%) between the samples in
T1and T3. T4 had higher resemblance (84%) with T1 and

FIGURE 6 - Cluster analysis of UPGMA of banding patterns generated from PCR-DGGE. UPGMA tree were made with Quantity One Software, representing the genetic similarity of the microbial community profiles obtained by PCR-DGGE. T1-watermelon monocropping in noncontinuous cropping soil, T2-monocropping in continuous cropping soil, intercropping with T3-scallions, T4-celery and T5-garlic in continuous
cropping soil.
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T3 than T5 (80%), T2 had the lowest resemblance (77%)
with other samples, which showed that the order of ability
to change microbial community of continuous cropping
soil was T3> T4 > T5.
Watermelon is very vulnerable in continuous cropping
soil, and continuous cropping obstacles are easy to arise
because of the degradation of ecosystems functions [18].
Functionary and sustainability of soil ecosystem is largely
decided by microbial diversity, which has become an indicator of soil situation [19]. Intercropping could change soil
microbial community because plant can exert a highly effective impact into soil [20]. However, plant roots have
their own special exudates, which could stimulate soil microbial community differently [21]. In the present study,
scallions, celery and garlic were common vegetable in experimental area, and intercropping with watermelon is easy
to achieve. Biolog Eco-plates and PCR-DGGE were applied to investigate the effects of intercropping with three
vegetables on microbial functionary and diversity of watermelon continuous cropping soil, and similar results were
obtained that the effects of intercropping on microbial
community were most pronounced in the watermelon-scallions system.

4. CONCLUSIONS
The results showed that intercropping was an effective
way to alleviate watermelon continuous cropping obstacles, which could enhance soil carbon use efficiency and
microbial diversity. Different vegetables had exerted various effects. Watermelon intercropping with scallions had a
better impact on the soil systems than celery and garlic.
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ABSTRACT
The processes and pH effects on adsorption and desorption of doxycycline (DC) in Wushantu soil, a typical soil
in the TaiHu lake area, China, were investigated by batch
balance experiments. The results showed that linear model
equations were optimal in describing the DC adsorption process in the soil, and the calculated Kd and KOC from the equations were relatively high, with values of 301.95 L kg-1 and
14242.92 L kg-1, respectively, which displayed little mobility and a leaching rate of DC existed in the soil. And the
hysteresis of DC desorption in the soil was assessed by a
single adsorption-desorption test, the hysteresis index obtained from the test was 2.57, indicating a significant lag in
desorption process. Moreover, DC adsorption on the soil
was favored in low pH condition, while inhibited in high
pH condition with a relative low adsorption capacity. Analysis of the relationship between the DC cation fraction and
DC adsorption capacity in low pH showed that a strong
correlation occurred between the cation fraction and partitioning coefficient, demonstrating that DC cations can significantly enhance the total amount of adsorbed DC. So a
conclusion was given that DC could not affect the quality
of the drinking water sources in the TaiHu lake area.

detected worldwide in many kinds of environmental samples [5], especially those sampled around farms and aquaculture environments [6]. The frequent occurrence of those
cumulated antibiotics in the environments could induce an
irreversible adversity by directly threatening to ecosystem
function [7-9], evolving strong resistance of bacteria to the
encountered residual antibiotic drugs, inducing antibiotic
resistance genes (ARGs) and spreading in environments
[10-13] and eventually endangering the human’s health
through the food chain [14,15].
The discharged antibiotics were mainly remained in
soil and water environments, while these drug residues
were more stable against degradation in the depths of the
soil [13,16], implying that soil was an important pool of
antibiotics residues. Moreover, these antibiotics residues in
soil could reenter aqueous environment, and the fate and
bioavailability of antibiotics were primarily controlled by
their adsorption behavior in soil. So it is instructive to investigate the sorption and desorption behavior of antibiotics for risk assessment and contamination control in environments [17].

KEYWORDS:
doxycycline; Wushantu soil; sorption and desorption; pH

1. INTRODUCTION
Antibiotics are contributed extensively to preventing
and controlling diseases [1]. It has been reported that over
50% antibiotics are consumed in agricultural husbandry
and aquaculture [2, 3]. Considerable amounts of administrated antibiotics and antibiotic metabolites through animal
excretion or direct discharge are daily introduced into various environments, including surface waters and soils [4].
Consequently, increasing antibiotics residues levels were
* Corresponding author

FIGURE 1 - The structure of doxycycline (DC)

Doxycycline (DC, the structure of the chemical was
shown in Figure 1) is an important tetracycline antibiotic
applied in agricultural husbandry and aquaculture [18],
which was popularly used in livestock farming and aquaculture at Chinese Taihu Lake area [19]. In the region, large
amounts of wastes that potentially included DC were received from agricultural non-point sources, municipal sewage and aquaculture, considering that DC cannot be com-
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pletely removed by waste water treatment plant (WWTP)
[20], and the sorption is a main behavior of organic pollutants in environment [21]. So in this study, Wushantu soil
from China’s Taihu lake area was selected as a typical region for investigating DC adsorption-desorption characteristics to elucidate the fate and transportation of this antibiotic, as a result of which, it will provide important background data in ecological risk assessment of DC contamination.
2. MATERIALS AND METHODS
2.1 Materials

Wushantu soils were collected from 1–15 cm ground
soil in Changshu city, Jiangsu Province, China. The soil
samples were dried, filtered through a 0.25-mm sieve and
then mixed. The main properties of the soil samples including soil fraction and soil organic carbon, which can dominantly affect the adsorption process [22-24], are shown in
Table 1.
2.2 Agents and measurement techniques

DC was purchased from Aldrich. All other chemical
agents used in this experiment were of analytical-grade purity. HPLC (Agilent 1200) with C18 reverse column was employed for DC measurement. The antibiotic was measured at
351 nm using the external standard method. The HPLC operation conditions were 1 ml·min-1 flow rate, 30oC temperature, and acetonitrile/water (V/V=80/20, pH=2) was used as
the mobile phase.
2.3 Adsorption of DC on Wushantu soil

Wushantu soil samples of the same mass (0.10 g)
were placed in a series of glass centrifugal tubes. DC and
0.01 mol/L KCl solutions were added into the tube with
the total volume maintained at 25 ml. The DC concentrations in each tube were 2.5, 5, 10, 15, 20, and 25 mg·L-1,
respectively. Previous sorption dynamic experiment showed
that DC sorption on the soil would reach equilibrium in one
and half hour at 180 r min-1; consequently, the tubes for the
sorption experiment were shaken at 25oC for 2 hours (180 r
min-1) in a dark horizontal oscillation box to avoid photolysis
of DC. After centrifugation at 4000 r·min-1 for 12 minutes,
the supernatants were collected for DC measurement.
2.4 Desorption of DC on Wushantu soil

The procedure was as described in the section 2.3, except the DC concentrations in the tubes were 5, 10, 15, 20,
30, and 40 mg L-1. After supernatant extraction, water and

KCl solution were re-added to the tubes to a total volume
of 25 mL. The tubes were re-shaken for 2 hours and centrifuged. Both of the supernatants collected from the adsorption and desorption steps were used for DC measurement.
2.5 Effects of pH on DC adsorption

The Wushantu soil, DC, KCl, and 0.08 mol·L-1
phosphate buffer solutions were added to glass centrifugal tubes. The pH of the suspension was adjusted with
0.1 mol·L-1 HCl and 0.1 mol·L-1 NaOH solutions. The
concentration of KCl in the suspension was maintained at
0.01 mol·L-1 and the DC concentrations in each of the tubes
were 10, 15, 20, 30, and 40 mg·L-1. The concentration of
DC in the liquid phase was measured after 2 hours of shaking and subsequent centrifugation.
2.6 Statistical analysis

The amounts of DC adsorption and desorption were
assessed by the subtraction method, in addition, the adsorption and desorption isotherm were achieved using origin
7.5. All data were expressed as average ± standard deviation.
3. RESULTS AND DISCUSSION
3.1 DC adsorption in Wushantu soil

Binding of DC to the soil constituents involves a continuum of reactive sites, including weak physical forces
(van der Waals forces) and electrostatic outer-sphere complexes [25]. The results of assessment of DC adsorption in
Wushantu soil were illustrated in Figure 2, which the linear
equation (equation 1) could well describe the DC adsorption process (R2 = 0.9868),
q = Kd Ce

(1)
-1

where, q (mg kg ) is the amount of DC adsorbed on
the soil, and Ce (mg L-1) is the concentration of DC in the
suspension at equilibrium. Kd is the partitioning coefficient, and the Kd value for DC sorption on Wushantu soil
in the study is calculated as 301.95 L kg-1 according to the
equation (1). Furthermore, the soil organic carbon-water
partitioning coefficient Koc of DC on Wushantu soil also
can be resultedly obtained by equation (2)
Koc= Kd/foc

(2)

where foc is the organic carbon content in the Wushantu
soil as listed in Table 1. The Koc calculated by equations 1
and 2 is remarkably large with the value of 14242.92 L kg-1,
indicating that DC has limited mobility in the soil and is

TABLE 1 - Fundamental properties of the soil tested
Tested soil

pH
(H2O)

Organic carbon
/g·kg-1

CEC
/cmol·kg-1

Soil particle size distribution /%
> 0.2 mm
0.2–0.002 mm

< 0.002 mm

Wushantu

6.9

21.2

21.5

25.1

9.1
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readily absorbed and fixed on the soil particles. Kreuzig et
al. [26] have the opinion that chemical pollutants with Kd
values smaller than 2 are likely leached out to cause
groundwater contamination. However, the Kd value of DC
obtained in this study is much greater than 2, which indicates that DC is stable in the Wushantu soil around Taihu
Lake region, and poses little hazardous risk by diffusion to
groundwater.
3.2 DC desorption in Wushantu soil

The desorption process of DC on Wushantu soils is illustrated in Figure 2. The profile could be fitted by a linear
equation (R2=0.9678). The Kd value in this desorption process is 1078.78 L·kg-1, which is larger than the adsorption
Kd value obtained from equation (1). It has been reported
in literature that hysteresis occurred for some organic compounds when they were desorbed from soil particles [27].
Huang et al. [27] had suggested using the hysteresis index
to determine the extent of this phenomenon and the hysteresis index (HI) was defined as below:

q q
qs
d

Hysteresis Index (HI) =

s
T ,Ce

(3)

Here, qd and qs are the amounts of DC adsorbed on the
soil in a single adsorption-desorption cycle [28]. T and Ce
are specific temperature and DC concentration at equilibrium. When HI equals 0 or a negative value, desorption is
not delayed. Hysteresis only occurs when HI is greater than
0. Equation (4) is obtained by substituting equation (1) into
equation (3).
HI =

K dd  K ds
K ds

(4)

Here, Kds and Kdd represent the Kd values obtained
from the adsorption and desorption isotherms. The HI
value calculated in equation (4) for DC was 2.57 at 25
(in Table 2), which indicated a significant delay in the DC
desorption process. This might be attributed to the organic
matter which induced a strong bond between DC and organic matter in the soil, resulting in a delay for DC to escape from the organics [29]. In addition, remarkably, hysteresis was also found to result from the sorption characteristic of DC, which was of a high Koc value in Wushantu
soil, subsequently, the strong adsorption of DC on the soil
mitigated DC desorption process and consequently induced the hysteresis of DC[30].

6000
5000

q / mg Kg-1
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FIGURE 2 - Sorption and desorption isotherms of DC in Wushantu
soil (linear model)
3.3 Effects of pH on DC adsorption in Wushantu soil

The soil pH was an important environmental factor
which affected DC adsorption process [17]. Adsorption
isotherms under five different pH conditions are shown in
Figure 3. As could be seen, the isotherm tends to be flat at
high pH (pH ≥ 7) and high equilibrium concentrations of
DC (≥ 20 mg kg-1), which showed Langmuir isotherm characteristics. In contrast, the adsorption process had the characteristics of Freundlich isotherm at low pH conditions,
with a higher amount of DC absorbed on soil than that at
high pH conditions [31]. As shown in Figure 1, DC is an
amphiphilic molecule, possessing three pKa values of 3.5,
7.7 and 9.5. Thus, the DC molecules in the solution primarily protonate to DC+ cations at low pH and deprotonate to
DC- anions at high pH. On the other hand, the soil particles
have negative surface charges and will sorb less DC- anions
to soil [32]. Consequently, the DC adsorption rate was favored because of the attraction between the DC cations and
soil particles. On the contrary, repulsion between DC species and soil particles became significant as pH rose, and
as a result, the adsorption rate decreased with a low DC
sorption efficiency on soil.
In order to further quantitatively determine the effects
of pH on DC adsorption, the partitioning coefficient Kd′ at
each pH condition was calculated by taking the average of
the Kd values obtained from each set of the pH experiment
[33]. The profile of Kd′ and pH is shown in Figure 4, from
which, it could be seen that Kd′ decreased as pH increased
and eventually became relatively constant. In addition, ter
Laak et al. [34] had discovered that the profile of Kd′ and

301.95±8.36

Linear desorption model
R

2

0.9868

Kd/L •kg

16

Ce / mg L

TABLE 2 - Linear model parameters of isotherm and the hysteresis index
Linear sorption model

12
-1

-1

1078.78±113.65

3297

R

2

0.9678

Hysteresis Index
(HI)
2.57
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with the fraction of DC+ cations according the fitted linear
model (R2 = 0.9637), as shown in Fig.5, which indicated
that the presence of DC+ cations favored the DC adsorption
behavior on the soil.
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FIGURE 3 - Sorption isotherms of DC at different solution pH in
Wushantu soil
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The DC adsorption process in Wushantu soil can be
described by a linear equation model. In this mode, the
strong adsorption of DC on Wushantu soil caused remarkable hysteresis in the desorption process. The high DC absorption value of Kd and Koc on Wushantu soil particles and
remarkable hysteresis in the desorption process indicated
that DC might pose little risk to groundwater and other water source area by leaching or runoff in Taihu Lake region.
At the same time, soil pH condition could strongly affect
the DC adsorption behavior in the Wushantu soil. The adsorption capacity of DC decreases as pH rose. Consistently,
the Kd value under the pH condition showed the same
trend. Furthermore, a positive correlation was observed between the fraction of DC+ cations and Kd, indicating that
the presence of DC+ cations significantly favored DC adsorption. In conclusion, keeping acid condition might be a
proper approach to control the diffused dispersion of this
tetracycline antibiotic drug in the environment.
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ABSTRACT
Periodic mesoporous heterogenous organometallic
Rh(I) catalyst (Rh(I)-PMO(Et)) was synthesized by surfactant-directed co-condensation of Rh(I) organometallicbridged silanes and ethyl-bridged silanes. The as-prepared
catalyst could catalyze effectively water-medium 1,4-conjugated reaction between phenylboronic acid and N,N-dimethylacrylamide. Compared with the Rh(I)-PMO(Et)-G
synthesized by the grafting method, Rh(I)-PMO(Et)-2 catalyst showed the high dispersion of Rh(I) catalytic active
sites and the reduced diffusion limit. Meanwhile, the ethyl
fragments embedded in the pore walls could enhance surface hydrophobicity, which further promoted the adsorption of organic molecules, leading to the enhanced activity.
Besides, the Rh(I)-PMO(Et)-2 could be used repetitively,
showing a good potential in industrial applications.
KEYWORDS: Co-condensation, Periodic mesoporous organometallic Rh(I), Heterogeneous catalysts, Immobilization, Water-medium, 1,4-Conjugated reaction

1. INTRODUCTION
Organometallic catalysts have been widely used in organic syntheses and in homogeneous catalysis. Among
these, Wilkinson’s catalyst, Rh(PPh3)3Cl, represents a typical
example. It has been employed in water-medium organic
reactions, which could diminish environmental pollution
from organic solvents [1]. In spite of the high activity and
selectivity, the homogeneous Rh(PPh3)3Cl catalysts usually show disadvantages in separation and recycling uses,
which eventually add cost and even cause environmental
pollution from heavy metallic ions [2]. The immobilization
of homogeneous catalysts on solid supports can combine
the most interesting properties of homogeneous and heterogeneous catalysts. In the immobilized catalysts, the active
species is forming part of a solid, so it can be easily separated
* Corresponding author

from the reaction media. Moreover, the possibility of recovery and reuse are key properties of heterogeneous catalysts and constitute essential perspective for green chemistry, involving both ecologic and economic considerations
[3, 4].
Up to now, several types of materials have been used as
supports for the immobilization of homogeneous organo-metallic catalysts. Silica and the family of related mesoporous
materials MCM-41 and SBA-15 have been employed [5, 6].
Other supports used are zeolites, clays, aluminate, etc. [7-9].
Among of these, the periodic mesoporous organosilicas
(PMOs) with organic fragments embedded in the silica walls
are the most often studied organic-inorganic hybrid silicas
because of the well-defined ordered mesoporous structure
and the uniform distribution of organic groups in the pore
walls, which promoted the diffusion and adsorption of organic molecules on the catalysts, especially in aqueous medium [10, 11]. The grafting method is usually used to immobilize the organometallic catalysts on the mesoporous
silica support. However, by the grafting method, the organometallic and organic group inevitably caused blockage of
mesoporous channels, leading to the reduced catalytic efficiency due to the diffusion limit. Moreover, they would
easily suffer from leaching during liquid phase reactions,
leading to a poor durability [11]. Herein, we reported a general strategy to design periodic mesoporous organometallic
catalysts with organometals and organic groups as the integral part of the pore walls by surfactant-directed co-condensation between the 1,2-bis(triethoxysilyl)ethane (BTEE)
and Rh(I) organometallic silane. Its catalytic performance
was evaluated in water-medium 1,4-conjugated reaction
between phenylboronic acid and N,N-dimethylacrylamide,
which showed both high activity and strong durability.
2. MATERIALS AND METHODS
2.1 Catalyst preparation

Firstly, a Rh(I) organometallic silane [Rh((CH3CH2
O)3 SiCH2CH2Ph2P)3Cl] was synthesized in a dry and oxygenfree argon atmosphere using Schlenk techniques [12]. In a
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typical run of synthesis, 1.8 mL of 2-(diphenylphosphino)ethyltriethoxysilane [(CH3CH2O)3SiCH2CH2Ph2P] was added
slowly into 10 mL of anhydrous toluene containing 0.34 g
of [Rh(COD)Cl]2. After the solution was stirred for 24 h at
25 oC, the toluene was evaporated and the viscous residue
was dissolved in 25 mL of anhydrous hexane. After cooling to -20 oC, dark red oil was obtained and dried at 60 oC
under vacuum. According to ICP analysis and 1H NMR
(CD2Cl2) analysis: 0.77 (m, 6 H, SiCH2), 1.2 (m, 27 H,
CH3), 2.6 (m, 6 H, CH2P), 3.5 (m, 18 H, OCH2), 7.1-7.4,
7.7-7.9 (3 m, 30 H, ArH). The complex formula was determined as Rh[(CH3CH2O)3SiCH2CH2Ph2P]3Cl.
The periodic mesoporous organorhodium(I) silica, denoted as Rh(I)-PMO(Et), was prepared by co-condensation
method. In a typical synthesis, 0.50 g of poly(ethylene oxide)-b-poly(propyleneoxide)-b-poly(ethylene oxide) (P123)
and 1.5 g of KCl were dissolved in 16 g of 0.5 M HCl solution with stirring at 40 oC. After complete dissolution,
a certain amount of bis(triethoxysilyl)ethane (BTEE)
and 1.0 mL tetrahydrofuran (THF) containing certain
amount of Rh[(CH3CH2O)3SiCH2CH2Ph2P]3Cl. were added
into the solution, followed by stirring at 40 oC for 24 h and
aged at 100 oC for another 24 h. The molar ratio of Si:
P123: KCl: HCl: H2O was 1.0: 0.034: 7.8: 2.43: 415, where
Si referred to the total silicon source. The solid product was
filtrated and dried under vacuum for 24 h. Finally, the surfactants and other organic substances were extracted and washed
away by refluxing in ethanol solution at 80 oC for 24 h. The
Rh(I) loading was adjusted by changing the amount of
Rh[(CH3CH2O)3SiCH2CH2Ph2P]3Cl. in the initial mixture,
corresponding to Rh(I)-PMO(Et)-1, Rh(I)-PMO(Et)-2 and
Rh(I)-PMO(Et)-3. According to ICP analysis, the real Rh(I)
loadings in these three catalysts were determined as 0.019
mmol/g, 0.041 mmol/g and 0.057 mmol/g, respectively (see
Table 1).
For comparison, the Rh(I)-PMO(Et)-G was also prepared by traditional grafting method, where G refers to grafting method. Briefly, 0.50 g of P123, 1.6 mL of BTEE and
0.31 mL (CH3CH2O)3SiCH2CH2Ph2P were mixed in 16 mL
0.50 M HCl. After stirring for 24 h at 40 oC, the mixture was
transferred into an autoclave for 24 h at 100 oC. The solid
product, denoted as PPh2-PMO(Et), was collected and extracted in ethanol solution at 80 oC for 24 h to remove P123
and other organic residues. Then, 1.0 g PPh2-PMO(Et)was
added into 10 mL of dry toluene solution containing desired amount of Rh(PPh3)3Cl, where the molar ratio between PPh2-PMO(Et) and Rh(PPh3)3Cl was 1.0: 1.0, and
which were then stirred for 24 h at room temperature.

The solid product was dried at 80 oC under vacuum, followed by Soxhlet-extraction with CH2Cl2 for another 24 h
to remove physisorbed Rh(I) species on the support. The
Rh(I) loading was 0.038 mmol/g determined by ICP analysis.
2.2 Characterization

Low-angle X-ray powder diffraction (XRD) patterns
were obtained on a Rigaku D/maxr B diffractometer with
CuKa. N2 adsorption-desorption isotherms were measured
at -196 oC on a Quantachrome NOVA 4000e analyzer,
from which the specific surface area (SBET) was calculated by
applying Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) model on the adsorption
branches, respectively. Meanwhile, the average pore diameter (DP) and total pore volume (VP) were calculated from the
adsorption isotherms using Barrett-Joyner-Halenda (BJH)
model. Surface morphologies and porous structures were observed through a transmission electron microscopy
(TEM, JEOL JEM2011). The surface electronic states were
analyzed by X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PHI 5000C). All the binding energy (BE) values
were calibrated by using the standard BE value of contaminant carbon (C1S = 284.6 eV) as a reference.
2.3 Activity test

The 1,4-conjugate addition reaction (SCHEME 1) was
used as a probe to evaluate the catalytic performances, which
was conducted in a 10 mL round-bottomed flask at 80 oC
under vigorous stirring. In a typical run of the reaction, 1.2
mmol of phenylboronic acid, 0.20 mmol of N,N-dimethylacrylamide, 1.0 mL toluene, 4.0 mL H2O, n-decane as an
internal standard and a catalyst containing 0.014 mmol of
Rh(I) were mixed in the flask and allowed to react for 6 h.
After stirring for 6 h, the products were extracted by acetic
ether, followed by analysis on a gas chromatograph (SHIMADZU, GC-17A) equipped with a JWDB-5, 95% dimethyl 1-(5%)-diphenylpolysiloxane column and a FID detector. The reproducibility was checked by repeating each
result at least three times and is found to be within (±5%).
In order to determine the catalyst durability, the catalyst was allowed to centrifuge after each run of reactions
and the clear supernatant liquid was decanted slowly. The
catalyst was washed thoroughly with distilled water and
ethanol, followed by drying at 80 °C under vacuum condition. Fresh reactants and solvent were then charged to
round bottom flask together with the recovered catalyst to
carry out the next run reaction.

OH

O

B
OH
+

O
N

Rh(I)@PMO(Et)

N

Toluene-H2O, 80 oC

SCHEME 1 - The 1,4-conjugate addition reaction between phenylboronic acid and N,N-dimethylacryl amide.
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3. RESULTS AND DISCUSSIONS
(a)

29

Si CP MAS NMR

3.1 Structural characteristics

The FT-IR spectra of Rh(I)-PMO(Et)-2 (FIGURE 1)
displayed absorbance peaks around 1282 cm-1 indicative of
the bending vibration of the C-H bond in bridged CH2CH2
. Meanwhile, the absorbance bands at 1069 and 1152 cm-1
could be assigned to the νSi-O and νSi-C vibrations, respectively [13]. The Rh(I)-PMO(Et)-2 also displayed three additional absorption peaks at 2983, 2894, and 1444 cm-1
characteristic of the νC-H asymmetric and symmetric vibrations from CH2-CH2 groups connecting with PPh2-gropus
and the νP-C vibration from the PPh2-gropus [13]. These results demonstrated the successful incorporation of the Rh(I)
organometallic complexes into the network of PMO(Et) support, which could be further confirmed by solid NMR spectra.
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FIGURE 1 - FTIR spectrum of Rh(I)-PMO(Et)-2 sample.
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The presence of the organic moieties in the walls of the
material was established (FIGURE 2a) revealed that the
Rh(I)-PMO(Et)-2 displayed three peaks down-field corresponding to T1 (δ = -65 ppm) , T2 (δ = - 73 ppm) and T3 (δ
= - 77 ppm), where Tm = RSi(OSi)m-(OH)3-m, m = 1 ~ 3.
No Qn peaks were observed, where Qn = Si(OSi)n-(OH)4-n,
n = 2 ~ 4, indicating that all the Si species were covalently
bonded with carbon atoms [14]. According to the 13C CPMAS NMR spectrum (FIGURE 2b), the Rh(I)-PMO(Et)
displayed a strong peak around 2.7 ppm indicative of the C
atoms in the bridged ethyl group in the framework [15].
Meanwhile, other two peaks around 15 and 33 ppm could
be assigned to two C atoms in the -CH2-CH2- group connecting with the PPh2-group. A peak around 135 ppm could
be attributable to the C atoms in the benzene ring (Ph). A
weak peak around 58 ppm was assigned to the C atoms in
the C2H5O-group connecting with silicon due to the incomplete hydrolysis [16]. Other peaks denoted by asterisks
were attributed to spinning sidebands, as verified by changing rotating speeds [17]. In addition, the 31P CP MAS NMR
spectrum (FIGURE 2c) showed a single signal at 38 ppm,
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FIGURE 2 - NMR spectra of Rh(I)-PMO(Et)-2 sample.
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corresponding to P atom in the PPh2-groups. The other
peaks could be assigned to rotation side bands since their
positions changed with the spinning speed. These results
clearly demonstrated the integral incorporation of both the
Rh(I) organometallic and the CH3CH2- group into the silica
framework.
As shown in FIGURE 3, all the Rh species in either the
Rh(I)-PMO(Et)-2 or the Rh(PPh3)3Cl sample was present
in +1 oxidation state [18]. The binding energy of the Rh(I)
in the Rh(I)-PMO(Et)-2 was 0.3 eV lower than that in the
Rh(PPh3)3Cl. The negative shift of binding energy could be
attributed to the stronger electron donation ability of the P
atom in the PPh2-ligand than that in the PPh3-ligand. This
could be easily understood by considering the conjugation
Π system between P and Ph, which could dilute the electron density on the P atom. Thus, the P atom in the PPh3ligand exhibited lower electron density than that in the
PPh2-CH2-CH2-ligand because of the bigger conjugation Π
system, which reduced its electron-donation ability compared to the P atom in the PPh2-ligand.

typical IV type N2 adsorption-desorption isotherms with a
H1-type hysteresis loop indicative of the mesoporous structure [20]. Some structural parameters including surface
area (SBET), pore diameter (DP) and pore volume (VP) were
summarized in Table 1. As shown Table 1, For the Rh(I)PMO(Et) series catalysts with different loadings of Rh, the
pore diameter (DP) very little decreased with the increase of
the Rh(I) loading, which could be due to the Rh(I) organometallic complexes mainly embedded in the pore walls, and
had little influence on the pore channels. However, the Rh(I)
organometallic complexes in the Rh(I)-PMO(Et)-G were
mainly anchored the pore surface, which partially blocked
the pore channels, leading to an abrupt decrease in DP.

307.9 eV

Rh(I)-PMO(Et)-1
Rh(I)-PMO(Et)-2
Rh(I)-PMO(Et)-3

Rh(PPh3)3Cl

307.6 eV

B
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FIGURE 4 - Low-angle XRD patterns of different samples.
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A

FIGURE 3 - XPS spectrum ofRh(I)-PMO(Et)-2 and Rh(PPh3)3Cl
samples.

The low-angle XRD patterns (FIGURE 4) revealed
that all the samples prepared by either co-condensation or
grafting method displayed an intense diffraction around
2θ= 0.80o, indicating the ordered 2D p6mm hexagonal mesoporous structures, and two additional weak peaks at
higher 2θ values corresponding to (110) and (220) diffractions suggesting the ordered mesoporous structure [19],
which could be further confirmed by TEM images (FIGURE 5b). The Rh(I)-PMO(Et)-G exhibited much lower
peak intensity than the Rh(I)-PMO(Et)-2 with the similar
Rh(I) loadings, suggesting that the immobilization of Rh(I)
organometallic catalyst by grafting method disturbed the
ordering degree of mesoporous structure. The positive shift
of peak position demonstrated the increase of wall thickness
since the Rh(I) organometallic complexes were mainly anchored on the pore surface in the Rh(I)-PMO(Et)-G rather
than embedded in the pore walls. Meanwhile, FIGURE 5
further revealed that the Rh(I)-PMO(Et)-2 sample exhibited

0.2

0.4

0.6

0.8

P/P0
FIGURE 5 - N2 adsorption-desorption isotherms (a) and TEM (b) of
Rh(I)-PMO(Et)-2 sample.
3.2 Catalytic performances

Table 1 summarized the catalytic parameters of various catalysts in 1,4-conjugate addition reaction between
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TABLE 1 - Structural parameters and catalytic performances of different catalysts of different catalystsa
VP
DP
Rh loading
Conv.
Select.
Yield
SBET
(m2/g)
(nm)
(mmol/g)
(%)
(%)
(%)
(cm3/g)
Rh(PPh3)3Cl
/
/
/
/
91
90
82
Rh(I)-PMO(Et) -G
432
0.45
4.2
0.038
84
87
73
Rh(I)-PMO(Et)-1
543
0.82
6.6
0.019
89
90
80
Rh(I)-PMO(Et)-2
511
0.79
6.3
0.041
93
88
82
Rh(I)-PMO(Et)-3
489
0.76
6.3
0.057
83
88
73
a
Reaction conditions: 1.2 mmol of phenylboronic acid, 0.20 mmol of N,N-dimethylacrylamide, 1.0 mL of toluene, 4.0 mL of water and a catalyst
containing 0.014 mmol of Rh(I) and 0.10 mL of n-decane as an internal standard, 80 oC, 6 h.
Catalyst

test the reusability of the catalyst Rh(I)-PMO(Et)-2. After
the completion of the reaction, the catalyst was separated
by filtration, washed several times with ethanol, dried and
reused in a next run with a fresh reaction mixture under the
same experiment conditions. As shown in FIGURE 6, the
Rh(I)-PMO(Et)-2 catalyst only showed a slight decrease of
yield after five cycles while significant deactivation of the
Rh(I)-PMO(Et)-G catalyst was observed after the fifth cycle. The excellent durability of the Rh(I)-PMO(Et)-2 catalyst
could be attributed to the strong interaction of the Rh(I) organometallic complex with the organosilica support, which

Catalytic efficiency (%)
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60
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Yield

Rh(I)-PMO(Et)-2
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a

0
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5

Recycling number

80

Catalytic efficiency (%)

phenylboronic acid and N,N-dimethylacrylamide conducted in aqueous media. As revealed in Table 1, The
Rh(I)-PMO(Et)-2 catalyst exhibited much higher activity
and selectivity than the Rh(I)-PMO(Et)-G with the similar
Rh(I) loadings. This could be mainly attributed to the
higher SBET and larger DP which facilitated the diffusion
and adsorption of reactant molecules. For the Rh(I)PMO(Et) series catalysts with different loadings of Rh, the
activity first increased and then decreased with the increase
in Rh(I) loading while the selectivity remained almost unchanged. The Rh(I)-PMO(Et)-1 catalyst with very low
Rh(I) loading (0.019 mmol/g) exhibited poor activity due
to the relatively long distance between the neighboring
Rh(I) active sites. Taking into account that reaction needed
two kinds of molecules adsorbed on the neighboring Rh(I)
active sites, the big space between the neighboring Rh(I)
active sites would diminish their synergetic effect [21].
Meanwhile, the Rh(I)-PMO(Et)-3 with very high Rh(I)
loading (0.057 mmol/g) also showed poor activity. On one
hand, this could be due to the steric hindrance that retarded
the diffusion and even the adsorption of organic molecules
on the Rh(I) active sites. On the other hand, the higher SBET
and larger DP of Rh(I)-PMO(Et)-2 promoted the dispersity
of active sites, which increased the catalytic performance
of Rh(I)-PMO(Et)-2. The Rh(I)-PMO(Et)-2 with 0.041
mmol/g of the Rh(I) loading was determined as an optimum catalyst, which exhibited equivalent catalytic efficiencies with the corresponding Rh(PPh3)3Cl homogeneous catalyst.
To make sure whether the Rh(I) anchored on the support or the Rh(I) dissolved in solution was the real catalyst
responsible for the 1,4-conjugate addition reaction between
phenylboronic acid and N,N-dimethylacrylamide. The following procedure, proposed by Sheldon et al [22], was carried out. After reaction for 4 h with the conversion exceeding 45%, the solid catalyst was filtered out and the liquid
solution was allowed to react for another 6 h under identical reaction conditions. No significant change in either the
N,N-dimethylacrylamide conversion or the yield of product was observed confirming that the active species were
not the dissolved Rh(I) leached from Rh(I)-PMO(Et). And
Rh(I) species in the solution was not also detected by ICP.
These results could assure that the Rh(I)-PMO(Et)-2 catalyst is heterogeneous. Therefore, it was reasonable to suggest that the present catalysis is heterogeneous in nature.
The 1,4-conjugate addition reaction between phenylboronic acid and N,N-dimethylacrylamide was employed to
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FIGURE 6 -Reusability of Rh(I)-PMO(Et)-2 (a) and Rh(I)-PMO(Et)G (b) in the 1,4-conjugate addition reaction.
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FIGURE 7 - XRD pattern and TEM image (inserted)of Rh(I)-PMO(Et)-2 sample after being reused for five times.

could effectively inhibit the Rh(I) leaching. Accordingto the
ICP analysis, Rh(I) species of Rh(I)-PMO(Et)-2 in the solution (less than 0.5 ppm) was less than that of the Rh(I)PMO(Et)-G (3 ppm) owing to the strong chemical interaction of the Rh organometallic complex with the support.
And there are some physical adsorbed Rh(I) species in the
Rh(I)-PMO(Et)-G. In addition, the Rh(I)-PMO(Et)-2 also
exhibited strong hydrothermal stability. As shown in FIGURE 7, the XRD pattern and TEM image clearly demonstrated that the Rh(I)-PMO(Et)-2 remained well defined ordered mesoporous structure after being reused for five
times.
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ABSTRACT

In this study, extracellular polymeric substances of A.
flos-aquae (EPS-A) were investigated in order to explore
their effect on human epidermoid carcinoma (A431 cells)
and thus provided information about potential risk of EPSA for human health. A431 cells were treated with varying
concentrations of EPS-A, the results showed that EPS-A
inhibited A431 cells growth in a dose- and time-dependent
manner, made the collapse of mitochondrial membrane potential, changed the antioxidant enzymes activities and finally induced A431 cells apoptosis. Apoptotic bodies were
also found. Taken together, it could be concluded that EPSA represented risk for human health and that nutrient-rich
freshwaters should be regularly monitored for the presence
of EPS-A. This study also provided an important contribution to the field of ecotoxicology of A. flos-aquae blooms.

KEYWORDS: extracellular polymeric substances, Aphanizomenon flos-aquae bloom, human epidermoid carcinoma cells,
apoptosis, antioxidant enzymes

1. INTRODUCTION
Aphanizomenon flos-aquae is a filamentous and heterocystous cyanobacterium. As one of the dominant species,
A. flos-aquae is common in nutrient-rich freshwater cyanobacteria blooms [1,2]. The occurrence of A. flos-aquae
blooms in eutrophic freshwaters have increased in both intensity and extensity in many countries [3-5]. A. flos-aquae
bloom could damage the water quality, cause acute deterioration of aquatic ecosystem, and sequentially endanger hu
* Corresponding author

man health [6]. Over the past 15 years, blooms dominated by
A. flos-aquae have occurred almost every year in Dianchi
Lake, Yunnan Province of China [3,7]. Therefore the problem
has received much attention from both scientists and the
public in China. A. flos-aquae has many physiological and
ecological distinctive features, it develops remarkable
survival strategies and often forms blooms. When A. flosaquae blooms break out, they are capable of producing a
variety of toxins, including paralytic shellfish poisons and
extracellular polymeric substances (EPS), which are secreted into the surrounding environment [3, 9, 10]. As to A.
flos-aquae in Dianchi Lake, the study of Zhang et al. [9]
showed that aphantoxin exposure could increase the potential danger to human health and environmental safety. But
there is little information that report on EPS-A in Dianchi
Lake, therefore, insights into EPS-A are essential to deepen
the understanding of the factors influencing human health.
EPS are high- molecular-weight sugar polymers, most
EPS are linear heteropolysaccharides consisting of three or
four different monosaccharides arranged in groups of 10 or
less to form repeating units, many EPS with novel chemical
compositions, properties and structures have been found to
have potential applications in many fields such as adhesives,
textiles, pharmaceuticals and medicine for anti-cancer, food
additives, etc [11, 12]. A large number of the research showed
that algae EPS have remarkable anti-aging, antivirus, antitumor, resistance to radiation, antithrombotic, anti-endothelial
cell damage, anticoagulant, fall hematic fat, fall blood sugar,
and regulating immune activity functions [13-17].
EPS-A could penetrate the human body through dermal
contact or ingestion of contaminated water during recreational
activities [18-20]. Our goal in the current study was to explore the effect of EPS-A on human epidermoid carcinoma
(A431 cells) and thus provide information about potential
risk of EPS-A for human health. By investigating the
changes of the proliferation, the ultrastructure, the mitochondrial membrane potential and the antioxidant enzymes activities, it could be concluded that EPS-A represent a risk for
human health and that nutrient-rich freshwaters should be
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regularly monitored for the presence of EPS-A. This study
also provided an important contribution to the field of ecotoxicology of A. flos-aquae blooms.

5% CO2 at 37 °C. At 85% confluence, the cells were harvested by using 0.25% trypsin and were subcultured into
75-cm2 flasks according to experiments. Fresh conditioned
medium was added every 3 days, and subcultures were digested every 7 or 8 days with 0.25% trypsin.

2. MATERIALS AND METHODS
2.5 Growth inhibition assays
2.1 Reagents

Human epidermoid carcinoma (A431) cell line was
purchased from Wuhan University Type Culture Collection.
Fetal bovine serum (FBS) and methylthiazolyldiphenyl-tetrazolium bromide (MTT) were purchased from Gibco
(USA). Dulbecco's Modified Eagle's Medium (DMEM) and
rhodamine 123 (Rh123) were purchased from Wuhan
Boshide Biological Company (China). All other chemicals,
unless indicated otherwise, were of the highest grade available from commercial sources.
2.2 Culture of A. flos-aquae

A strain of A. flos-aquae, isolated from Lake Dianchi
in China, was obtained from the Freshwater Algae Culture
Collection of Institute of Hydrobiology (FACHB), Chinese
Academy of Sciences. The methods described in Zhang
[3,19] were used with minor modifications. A. flos-aquae
were first cultured in 50 mL sterilized BG11 medium for
30 days, all cultures were grown at (25±1) °C with a 12 h
light/12 h dark cycle under a photon irradiance of 40μmol
photons/(m2·sec) provided by daylight fluorescent lamps.
A. flos-aquae media were thoroughly shaken 2-3 times
daily to prevent mat formation, then they were diluted into
1 L sterilized BG11 medium and cultured under the same conditions for further 30 days. Large-scale culture was performed
by diluting stock cultures (1 L) into 10 L sterile BG11 medium
(cell concentration~1×104cells/mL). The culture media were
harvested after 100 days.
2.3 Extraction and purification of EPS-A

Methods described by Hu [21] were used with minor
modifications. The culture media were centrifuged to separate A. flos-aquae from the suspension. Firstly the culture
media were concentrated by rotary evaporation (Hei-VAP
Advantage (HL), Germany), then the concentrated media
were directly put onto a DEAE-Sepharose fast flow column.
The column was first eluted with distilled water. The distilled water elution (the neutral part) was then eluted with
1.0 M NaCl to collect the acidic I polymers (the weak acid
part), followed by 2.0 M NaCl to get the acidic II polymers
(the acid part). All EPS-A were dialyzed successively
against running tap water and distilled water in a Spectrapor
dialysis tube, and finally dried by vacuum freezing dryer
(Vis- LGJ-18C, China). The neutral part was major components of EPS-A, therefore, the neutral part was applied in
our experiment.
2.4 Cell culture

A431 cells were cultured in DMEM supplemented
with 10% FBS and 100 U/mL penicillin-streptomycin at

A431 cells were seeded at a density of 1 × l05 cells/well
in 96-well culture plates. After an overnight attachment period, the cells were treated with varying concentrations of
0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4 mg/mL EPS-A. Control wells
consisted of cells incubated with PBS. When treated for 24,
48, 72 and 96 h, the cells were incubated with 20 μl MTT
(5 mg/mL). Then placed for 4 h at 37 °C, the supernatant was
removed, and 150 μl dimethyl sulfoxide (DMSO) were added.
As the blue crystals were dissolved in DMSO, the plates were
kept on a shaker for 10 min at room temperature. The optical
density was detected at a 570 nm wavelength using a multiwell microplate reader (Bio-Rad, USA). The experiments
were carried out in triplicate.
2.6 Assessment of mitochondrial membrane potential

Mitochondrial membrane potential was measured
with flow cytometry (FCM). A431 cells were treated with
3.15 mg/mL EPS-A for 24, 48 and 72 h. Controls and the
EPS-A groups were harvested using 0.25% trypsin, washed
with 0.01 M PBS (pH7.4), counted and adjusted to 1×
106 cells/mL. Then the cell suspension was centrifuged
(1,000 rpm) for 5 min at room temperature. The cells were
fixed in 70% ethanol and stained with 1 mM Rh123 for
30 min and were analyzed at 488 nm wavelength (FACSCalibur, America).
2.7 Transmission electron microscopy (TEM)

To study A431 cells apoptosis induced by EPS-A, the
EPS-A groups were treated with varying concentrations of
1, 2, 3.15 mg/mL EPS-A for 48 h. Controls were prefixed
with 2.5% w/v glutaralglutaraldehyde for 2 h, rinsed three
times in 0.1 M phosphate buffered saline (PBS, pH 7.4),
and postfixed for 2 h in 1% w/v osmium tetroxide at-4 °C.
The fixed cells were dehydrated with a series of increasing
concentrations of ethanol until they were totally dehydrated
in absolute ethanol. The cells were detached with propylene
oxide and were then infiltrated with Spurr’s embedding medium, sections were cut using a diamond knife on an ultramicrotome and stained with uranyl acetate and lead citrate.
Observations were made using transmission electron microscopy (JEM-1230, Japan).
2.8 Assessment of superoxide dismutase (SOD), catalase
(CAT) and peroxidase (POD) activities

The antioxidant activity was also estimated by measuring
SOD, CAT and POD activities. Incubated with 3.15 mg/ mL
EPS-A for 24, 48, 72 and 96 h, controls were also run under
identical conditions. The measurement of A431 cells SOD activity was performed according to Misra and Fridovich
method [12], 0.05 M PBS 1.5 mL (pH 7.0), 13 mM Met
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0.3 mL, 75 µM NBT 0.3 mL, 10 µM 0.3 mL, EDTA-Na2
0.3 mL and enzyme extract 0.05 mL. The absorbance at
480 nm was measured with a spectrophotometer (Vis-722,
China) for 150 s.
CAT activity assay was based on the method described
by Cakmak and Marschner [22], with slight modification.
The evaluation of CAT activity was performed by mixing
0.05 M PBS 1.5 mL (pH 7.0), 0.01 mM H2O2 1 mL with
0.5 mL enzyme liquid. The decomposition rate of the substrate H 2O 2 was monitored spectrophotometrically
(Vis-722, China) at 240 nm for 30 s.
POD activity was determined by measuring the absorbance changes at 470 nm at 25 ºC by the method of Aebi
[23]. The reaction mixture consisted of 0.05 M PBS 3 mL pH
6.0, 0.01 M H2O2 1 mL, 0.05 mM guaiacol 0.95 mL and
enzyme liquid 0.05 mL.
Protein content was determined spectrophotometrically following the methods described previouslyy [24]. It
was used to calculate the activities of the three enzymes
and expressed as U/mg protein. Protein concentrations of
enzymatic extracts were quantified using the Coomassie
Brilliant Blue G-250 method using bovine serum albumin
as the standard. All of these experiments were carried out
in triplicate.
2.9 Statistical analysis

Data are presented as the mean±standard deviation. Ttest was applied to compare CAT, POD and SOD activities
between the treated cells and controls. All the statistical

analyses were conducted with SPSS 17.0 (SPSS software
Inc. USA). Value of p <0.05 was considered significant.
3. RESULTS
3.1 The growth inhibitory effect of EPS-A on A431 cells

EPS-A time- and dose- dependently inhibited A431 cell
proliferation at doses ranging from 0.5 to 4 mg/mL for 24 to
96 h (Figure 1), the maximum inhibition rate of the treated
cells was 39%, 62%, 71% and 84%, the IC50 was 3.15 mg/mL.
Therefore, we chose 3.15 mg/mL EPS-A as a dose in the following experiments.
3.2 Changes of mitochondrial membrane potential

A431 cells treated with 3.15 mg/mL EPS-A for 24, 48
and 72 h (Figure 2), the fluorescence intensity showed a
significant reduction, which reflected the collapse of mitochondrial membrane potential. It revealed that EPS-A induced mitochondrial dysfunction in the A431 cells.
3.3 EPS-A effects on the ultrastructure of A431 cells

The ultrastructure of the control group was normal,
cell nuclei were visible, chromatin distribution more uniform, abundant organelles, cell membrane and nuclear
membrane integrity (Figure 3A). When A431 cells were
treated with EPS-A (1 and 2 mg/mL), nuclear fragmentation (or membrane rupture), chromosome condensation
and cell shrinkage (Figure 3B and Figure 3C) were observed. When treated with 3.15 mg/mL EPS-A, apoptotic
bodies were also found (Figure 3D).

FIGURE 1 - Inhibitory effect of extracellular polymeric substances from Aphanizomenon flos-aquae (EPS-A) on the growth of A431 cells. A431
cells were treated with PBS and EPS-A (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4 mg/mL) for 24, 48, 72 and 96 h, and cells viability was measured by MTT
assay. The data was expressed as means ± SD.
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FIGURE 2 - Effect of extracellular polymeric substances of Aphanizomenon flos-aquae (EPS-A) on the mitochondrial membrane potential in
A431 cells. A431 cells were treated with 3.15mg/mL EPS-A for 24 h (B), 48 h (D) and 72 h (F), the controls for 24 h (A), 48 h (C) and 72 h (E),
changes of mitochondrial membrane potential of A431cells stained with Rhodamine123 were detected by flow cytometry.

FIGURE 3 - Transmission electron microscopy of ultrastructural changes in A431 cells treated with varying concentrations of extracellular
polymeric substances from Aphanizomenon flos-aquae (EPS-A) for 48 h. (A) Controls cells showed normal morphology. (B) Cells treated with
1mg/mL EPS-A showed loss of membrane integrity. (C) Cells treated with 2mg/mL EPS-A showed severe chromosome condensation and cell
shrinkage. (D) Cells treated with 3.15 mg/mL EPS-A showed apoptotic-like body, bar = 1 micron.
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FIGURE 4 - SOD activities in A431 cells treated with 3.15mg/mL Extracellular Polymeric Substances of Aphanizomenon flos-aquae (EPS-A)
for 24, 48, 72 and 96 h. All data are indicated as mean ± SD. *p < 0.05, compared to controls.

FIGURE 5 - CAT activities in A431 cells treated with 3.15mg/mL Extracellular Polymeric Substances of Aphanizomenon flos-aquae (EPS-A)
for 24, 48, 72 and 96h. All data are indicated as mean ± SD. *p < 0.05, compared to controls.
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3.4 The influence of the antioxidant system of A431 cells
3.4.1 SOD activity in A431 cells

SOD activity was normal in controls. Compared to
controls, SOD activities increased significantly at 48 h and
the maximum SOD activity was 48 h in the EPS-A groups.
SOD value of the EPS-A groups was always higher than
that of controls from 24 to 96 h (Figure 4).
3.4.2 CAT activity in A431 cells

CAT activity was normal in controls. Compared to
controls, CAT activity increased significantly from 24 to
48 h, the maximum CAT activity occurred at 48 h in the
EPS-A groups. On the contrary, CAT activity decreased
from 72 to 96 h in the EPS-A groups (Figure 5).
3.4.3 POD activity in A431 cells

POD activity was normal in controls. Compared to
controls, POD activity increased significantly from 24 to
48 h and the maximum POD activity was at 48 h in the
EPS-A groups, on the contrary, POD activity decreased
from 72 to 96 h in the EPS-A groups (Figure 6).
4. DISCUSSION

In recent years, blooms of A.flos-aquae have increased
in the world. A. flos-aquae have a high potential to form seasonal blooms in some freshwater ecosystems [4]. These

bloom-forming genera persist for several months because
of their physiological and metabolic advantages over other
phytoplankton [25]. In a general way, the algae excrete extracellular polymeric substances (EPS) as an envelope
(capsule) around the plasma membrane. The functions of
the capsule include ion exchange, storage, mechanical dehydration, and contaminant protection [26,27]. The excessive proliferation and development of cyanobacterial
blooms are an important problem in freshwaters due to the
related ecological problem [28]. Therefore, in order to provide an important contribution to the field of ecotoxicology
of A. flos-aquae blooms, the effect of EPS on human health
was investigated.
In the preliminary study, we demonstrated that EPS-A
exhibited effects on A431 cells in a dose- and time-dependent manner by the inhibition of the cell proliferation. EPSA could arrest the cell cycle, inhibit cell DNA synthesis,
refrain cell to transform from S to M phase, thus slowing
down the process of cell cycle [29,30], in the end, hold the
proliferation, which is similar to previous studies [31].
Mitochondria are involved in various cell signaling
pathways, and act as major checkpoints of apoptotic regulation [32]. Mitochondrial membrane potential (MMP) is
essential for the electron transfer chain to maintain the proton gradient across the mitochondria membrane, the pore
of membrane changed, then the transfer membrane potential decreased to regulate cell apoptosis. Once MMP

FIGURE 6 - POD activities in A431 cells treated with 3.15 mg/mL Extracellular Polymeric Substances of Aphanizomenon flos-aquae (EPS-A)
for 24, 48, 72 and 96 h. All data are indicated as mean ± SD. *p < 0.05, compared to controls.
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is dissipative, apoptosis is irreversible. Our study presented
a very obvious time-dependent MMP decrease when the
cells were treated with EPS-A. That was, the distribution
of the fluorescence peak moved from high to low, EPS-A
induced MMP collapse in A431 cells. MMP collapse was
the necessary condition of the cell apoptosis. Following
MMP collapse, the apoptosis of A431 cell took place, and
this procedure was irreversible [33]. Since the apoptosis induced by EPS-A is accompanied by the collapse of mitochondrial MMP, it indicated that EPS-A might induce cytotoxicity through the depletion of the MMP and subsequently trigger apoptosis by activation of the mitochondrial
pathway.

made the collapse of mitochondrial membrane potential,
changed the antioxidant enzymes activities and finally induced A431 cells apoptosis. With the dose increasing, the
toxicity became stronger. It could be concluded that EPSA represented risk for human health and that nutrient-rich
freshwaters should be regularly monitored for the presence
of EPS-A. Based on these results, this study also provided
an important contribution to the field of ecotoxicology of
A. flos-aquae blooms.

It is well known that morphological change is an important characteristic of apoptosis. In our study, the ultrastructure of controls and the treated cells were observed under TEM. For the apoptotic cell, membrane rupture could
damage the cell membrane, leading to altered membrane
permeability [34]. This could cause an imbalance between
the rate of synthesis of substances in the A431 cells and the
rate of their release into the systemic circulation [35]. Therefore, our results indicated that EPS - A influenced the ultrastructure of A431 cell directly, made cell metabolism disorder, caused DNA molecules to damage and ultimately induced A431 cells apoptosis.
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INFLUENCE OF UNDERSOWN CATCH CROPS
ON MINERAL NITROGEN CONTENT DETERMINED
IN THE SOIL PROFILE IN AUTUMN AND SPRING IN
CONVENTIONAL AND ORGANIC FARMING SYSTEMS
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ABSTRACT

1. INTRODUCTION

The aim of the research was to determine the influence
of undersown catch crops ploughed down in the autumn
and left till spring in the form of mulch on mineral nitrogen
content in the soil profile determined in autumn and spring
in conventional and organic farming systems.
The field experiments were conducted at the Zawady
Experimental Farm owned by the Siedlce University of
Natural Sciences and Humanities. The following treatments were examined: factor 1 – undersown catch crop:
control (no undersown catch crop cultivation), undersown
catch crop – biomass ploughed down in autumn (white
melilot, white melilot + westerwold ryegrass, westerwold
ryegrass), undersown catch crop with its biomass used as a
spring-incorporated mulch (white melilot, white melilot +
westerwold ryegrass, westerwold ryegrass); factor 2 –
farming system: conventional and organic. Ammonium
and nitrate nitrogen contents were determined in two soil
layers (0-30 and 31-60 cm) twice, i.e. in autumn and spring.
The results showed that the highest soil concentrations of
ammonium and nitrate ions were determined in control and
in plots where white melilot had been spring-incorporated.
In autumn, the highest soil content of mineral nitrogen
was recorded in the control plot without undresown catch
cropping in both production systems (integrated and organic). The highest soil contents of mineral nitrogen were
recorded in conventional and organic plots where white
melilot had been autumn-incorporated.

KEYWORDS: ammonium ion, nitrate ion, undersown catch crop,
mulch, farming system

* Corresponding author

An assessment of mineral nitrogen content in soil has
been assumed to be an indicator of environmental risk due
to an excess concentration of nitrogen in the soil. Catch
crops are used as “accumulators” of the nutrients unused
by the plants proceeding in the rotation. Leaching of nutrients into ground waters from plant-covered or mulched
soils is much lower compared with “fallow without plant
or their residues cover” [1-5]. Suggestions are also made to
leave catch crops on the soil surface as mulch over the winter months [3, 6, 7]. There is still a paucity of experimental
data on the topic, however. As a result, a need arises to
continue studies to determine the effect of undersown catch
crops, which are either autumn-incorporated or left as
mulch till spring, on mineral nitrogen contents determined
in the soil profile in autumn and spring in the conventional
and organic farming system.

2. MATERIALS AND METHODS

Field studies were conducted in the years 2005-2008
at the Zawady Experimental Farm owned by the Siedlce
University of Natural Sciences and Humanities. The field
experiment was set up on Stagnic Luvisol whose surface
levels were made up of loamy sand. The water holding capacity was 30%. The pH in KCI of the topsoil ranged between 6.4 and 6.5 and the soil contained 0.689-0.691 g kg-1
Ntot, including 4.45-4.47 mg kg-1 N-NH4 and 7.25-7.27 mg
kg-1 N-NO3, and the following available forms: P, K and Mg
at the respective amounts of: 50.6-50.7, 112.9-113.0, and
53.9-54.1 mg kg-1 [8]. The experiment was established as a
split-blocks design with three replicates. The following
treatments were examined: factor 1 – undersown catch crop:
control (no undersown catch crop cultivation), undersown
catch crop – biomass ploughed down in autumn (white melilot Melilotus albus 26 kg ha-1, white melilot Melilotus albus
+ westerwold ryegrass Lolium multiflorum 13 + 10 kg ha-1,
westerwold ryegrass Lolium multiflorum 20 kg ha-1), under-
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sown catch crop with its biomass used as a spring-incorporated mulch (white melilot Melilotus albus 26 kg ha-1, white
melilot Melilotus albus + westerwold ryegrass Lolium multiflorum 13 + 10 kg ha-1, westerwold ryegrass Lolium multiflorum 20 kg ha-1); factor 2 – farming system: conventional and organic.
Spring triticale grown for grain was undersown with
the aforementioned catch crops. Prior to the experiment
set-up, mineral fertilisers were applied in the conventional
farming system at the following rates: 60 kg N, 39.6 kg P
and 99.6 kg K per 1 ha. In the organic system, instead of
mineral fertilisation, farmyard manure was applied at the
rate of 30 t per ha-1 taking into consideration the fertilising
needs of potato which was to follow the undersown catch
crops. Both spring triticale and undersown catch crops
were planted in early April. Spring triticale was harvested
in early August.
After the harvest of spring triticale nitrogen fertilisation was applied into the plots under westerwold ryegrass
at the rate of 60 kg N ha-1, and under the mixture of white
melilot and westerwold ryegrass at the rate of 30 kg N ha-1.
The control was tilled (to maintain “fallow without plant or
their residues cover” soil) from the harvest of spring triticale to late autumn. Soil samples were collected from two
soil layers (0-30 and 31-60 cm) twice, that is in autumn
(late October) and the next spring (early April). The ammonium and nitrate nitrogen contents were determined by
colorimetric method [8]. All the characteristics studied
were subjected to split-block variance analysis. When
sources of variation were declared significant by analysis
of variance, Tukey’s test was used to separate means.
Weather conditions during the study years are presented in Table 1. They were the most conducive to the
cultivation of undersown catch crops in 2007, being poorer
in 2005 and the worst in 2006. Precipitation during autumn
and winter months was the lowest in 2005/2006 followed
by 2007/2008 and 2006/2007.

3. RESULTS AND DISCUSSION

Mineral nitrogen content determined in the soil profile
in autumn was significantly different due to the experimental factors and their interaction (Tables 2 and 3). The
interaction indicates that under both the farming systems
mineral nitrogen content in the soil was the lowest in the
control where no undersown catch crops had been grown,
which agrees with findings reported by Fotyma [9] as well
as Nowakowski and Krűger [4] who have demonstrated
that the soil content of nitrogen may increase in autumn
when plant cease to grow due to declined uptake of nitrogen and mineralisation of organic nitrogen. In the present
study, cultivation of undersown catch crops, particularly
non-leguminous westerwold ryegrass, reduced soil content
of mineral nitrogen. Also cultivation of a mixture of white
melilot and westerwold ryegrass and of white melilot alone
resulted in significantly lower soil contents of ammonium
ions compared with the control. However, nitrate ion content in the soil where a mixture of white melilot and westerwold ryegrass had been incorporated was similar to the
level determined in westerwold ryegrass-incorporated plots.
The content was significantly higher after white melilot but
lower compared with the control. A decline in the soil content of mineral nitrogen in late autumn due to the cultivation of the undersown catch crops was evident although
clearly lower that that reported by foreign authors [10-12].
It can be explained by the fact that under intensive agricultural conditions, nitrogen reserve remaining in the soil is
high, hence a greater impact of the catch crop. In the present study, more soil nitrogen was determined for conventional rather than organic farming. Studies by Halberg et
al. [13], Weff et al. [14] and Jończyk [15] demonstrated
that nitrogen excess and lower efficiency of nitrogen use
are noted in the conventional farming system.
In the study presented here, an analysis of mineral nitrogen content in two soil layers revealed that nitrogen concentration was higher in the topsoil versus subsoil, which

TABLE 1 - The weather conditions over the study period according to the Meteorological Station in Zawady
Months
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII

2005
0.4
-4.0
-0.7
8.7
13.0
15.9
20.2
17.5
15.0
8.5
2.7
-0.9

2006
-7.7
-4.7
-1.7
8.4
13.6
17.2
22.3
18.0
15.4
9.9
5.0
3.2

Temperature, oC
2007
2008
Means for 1951-2000
2.6
-0.4
-1.7
-2.4
2.1
-0.9
6.3
3.1
2.7
8.6
9.1
8.2
14.6
12.7
14.2
18.2
17.4
17.6
18.9
18.4
19.7
18.9
18.5
19.1
13.1
12.2
12.9
7.8
9.5
8.0
0.8
4.3
2.6
-0.3
0.6
-2.1
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2005
13.2
13.2
11.7
12.3
64.7
44.1
86.5
45.4
15.8
0.0
13.8
32.9

2006
0.6
8.1
6.7
29.8
39.6
24.0
16.2
227.6
20.9
22.0
22.3
10.6

2007
86.4
31.8
23.6
21.2
59.1
59.0
70.2
31.1
67.6
16.3
28.3
12.4

Rainfall, mm
2008
Average sum for 1951-2000
34.4
15.7
10.4
14.0
35.0
20.4
28.2
37.4
85.6
47.1
49.0
48.1
69.8
65.5
75.4
43.5
63.4
47.3
1.6
29.0
11.2
23.4
20.2
17.6
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TABLE 2 - Soil N-NH4+ content determined in autumn, mg kg-1 d.m. soil (means for 2005-2007)
Farming system
Conventional
Organic
Undersown catch crop
The layer of soil, cm
0-30
31-60
0-30
31-60
Control
4.86d
2.43c
3.93d
1.85c
White melilot
2.21c
1.45b
2.01c
1.23b
White melilot + westerwold ryegrass
1.78b
1.31a
1.53b
1.12a
Westerwold ryegrass
1.32a
1.15a
1.03a
0.99a
White melilot – mulch
2.19c
1.44b
1.99c
1.21b
White melilot + westerwold ryegrass – mulch
1.79b
1.32a
1.54b
1.11a
Westerwold ryegrass – mulch
1.34a
1.16a
1.05a
0.98a
Means
2.21B
1.47B
1.87A
1.21A
Means in rows followed by the same letters did not differ significantly at p=0.05

Means

0-30
4.40D
2.11C
1.66B
1.18A
2.09C
1.67B
1.20A
2.04

31-60
2.14C
1.34B
1.22B
1.07A
1.33B
1.22B
1.07A
1.34

TABLE 3 - Soil N-NO3- content determined in autumn, mg kg-1 d.m. soil (means for 2005-2007)
Farming system
Conventional
Organic
Undersown catch crop
The layer of soil, cm
0-30
31-60
0-30
31-60
Control
7.26d
4.83c
6.29c
3.92c
White melilot
4.89c
2.41b
4.21b
2.00b
White melilot + westerwold ryegrass
4.21b
2.15a
3.61b
1.63a
Westerwold ryegrass
3.50a
1.85a
2.99a
1.24a
White melilot – mulch
4.88c
2.39b
4.18b
1.97b
White melilot + westerwod ryegrass – mulch
4.20b
2.14a
3.62b
1.62a
Westerwold ryegrass – mulch
3.51a
1.87a
3.03a
1.26a
Means
4.64B
2.52B
3.85A
1.95A
Means in rows followed by the same letters did not differ significantly at p=0.05

is similar to the reports by Kuś and Jończyk [2]. Similarly
to works by Mazur et al. [16] as well as Trawczyński [17],
in the current study higher nitrate versus ammonium ion
contents were found in both soil layers. In autumn, the concentration of both the ions was the highest in the control
topsoil and subsoil. Cultivation of undersown catch crops
significantly reduced N-NH4+ and N-NO3- contents compared with their concentrations in both the control soil layers. The highest ammonium and nitrate contents were determined in both the soil layers after westerwold ryegrass,
which agrees with reports by Breland [18] and Płaza [19].
Statistical analysis demonstrated a significant effect of
the experimental factors and their interaction on mineral
nitrogen content determined in the soil profile in spring
(Tables 4 and 5). The significant interaction indicates that,
under conventional and organic farming conditions, cultivation of undersown catch crops, excluding westerwolds
ryegrass left as mulch on the soil surface until spring in the
conventional system, significantly increased mineral nitrogen content in the topsoil, the increase being the greatest
after an incorporation of white melilot. This positive effect,
lying in stimulation of organic nitrogen mineralisation processes in the soil, is called the ‘priming effect’ [16, 20, 21].

Means

0-30
6.78E
4.55D
3.91B
3.25A
4.53C
3.41A
3.27A
4.24

31-60
4.38D
2.21C
1.89B
1.55A
2.18C
1.88B
1.57A
2.24

Mineral nitrogen content was significantly lower in the soil
with spring-incorporated white melilot mulch, and with a
winter-incorporated mixture of white melilot and westerwold ryegrass. The soil content of mineral nitrogen in plots
where a mixture of white melilot and westerwold ryegrass
had remained as mulch on the soil surface until spring was
significantly lower although higher than the content determined in plots where westerwold ryegrass mulch had been
spring-incorporated. According to Kuś and Jończyk [2]
Nowakowski and Krűger [4] as well as Sanju and Singh
[21], the biomass of catch crop overwintering on the soil
surface decomposes more slowly than plough-incorporated
biomass. This solution was applied in the study discussed
here and it was found to pose less risk of soil nitrogen loss
during the autumn and winter months. The lowest mineral
nitrogen content in the topsoil was determined in the control and in conventional plots where westerwold ryegrass
mulch had been spring-incorporated. Comparison of mineral nitrogen amount under both the farming systems revealed higher ammonium rather than nitrate ion contents in
the conventional system, which is similar to the reports by
Helberg et al. [13] and Jończyk [15].
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TABLE 4 - Soil N-NH4+ content determined in spring, mg kg-1 d.m. soil (means for 2006-2008)
Farming system
Conventional
Organic
Undersown catch crop
The layer of soil, cm
0-30
31-60
0-30
31-60
Control
5.44a
3.95d
4.30a
2.71e
White melilot
7.24d
2.88c
6.68e
2.40d
White melilot + westerwold ryegrass
6.57c
2.54b
6.23d
2.24c
Westerwold ryegrass
5.87b
2.18a
5.74b
2.05c
White melilot – mulch
6.56c
2.35b
6.15d
2.01c
White melilot + westerwod ryegrass – mulch
6.15b
2.24a
5.82c
1.71b
Westerwold ryegrass – mulch
5.71a
2.09a
5.45b
1.37a
Means
6.22B
2.60B
5.77A
2.07A
Means in rows followed by the same letters did not differ significantly at p=0.05

Means

0-30
4.87A
6.96F
6.40E
5.81C
6.36D
5.99C
5.58B
6.00

31-60
3.33F
2.64E
2.39D
2.12B
2.18C
1.98B
1.73A
2.34

TABLE 5 - Soil N-NO3- content determined in spring, mg kg-1 d.m. soil (means for 2006-2008)
Undersown catch crop

Farming system
Conventional
Organic
The layer of soil, cm
0-30
31-60
0-30
31-60
Control
8.90a
6.89f
7.79a
5.82f
White melilot
19.41d
5.87e
17.33e
3.72e
White melilot + westerwold ryegrass
16.69c
4.90d
14.88d
3.36d
Westerwold ryegrass
13.94b
3.88b
12.38c
2.97c
White melilot – mulch
15.24c
4.21c
14.89d
3.11c
White melilot + westerwod ryegrass – mulch
13.83b
3.62b
12.59c
2.64b
Westerwold ryegrass – mulch
12.38b
2.97a
10.25b
2.13a
Means
14.34B
4.62B
12.87A
3.39A
Means in rows followed by the same letters did not differ significantly at p=0.05

Analysis of soil content of mineral nitrogen forms
demonstrated that both in spring and autumn the concentration of nitrate ions was higher than the concentration of
ammonium ions, which agrees with results reported by
Mőler and Stinner [20] as well as Mazur et al. [16]. In the
present study, mineral nitrogen content in the subsoil was
the highest in the control and the lowest in plots where
westerwold ryegrass mulch had been incorporated in the
spring. N-NH4+ ion content was the lowest in conventional
plots where westerwold ryegrass had been autumn-incorporated and a mixture of white melilot and westerwold
ryegrass overwintering on the soil surface had been springincorporated. It should be stressed that the issue of r nitrogen loss from soil by means of cultivating catch crops in
the conventional and organic farming system has been increasingly important.

Means

0-30
8.35A
18.37E
15.79D
13.16C
15.07D
13.21C
11.32B
13.61

31-60
6.36G
4.80F
4.13E
3.43C
3.66D
3.13B
2.55A
4.01

The soil mineral nitrogen contents determined in autumn and spring were significantly higher in the conventional versus organic farming system.
The highest soil content of mineral nitrogen in the conventional and organic farming system was determined after
white melilot had been autumn-incorporated.
The topsoil was characterised by higher ammonium
and nitrate nitrogen contents compared with the subsoil.
The authors have declared no conflict of interest.
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ABSTRACT

This study aims to examine the dispersion of atmospheric particles with an aerodynamic diameter of less than
10 μm (PM10) emitted from a new oil refinery proposed by
the Newfoundland and Labrador Refining Corporation
(NLRC) at a proposed location in Newfoundland and Labrador, Canada using the CALPUFF modeling system. Penn
State/NCAR Mesoscale Model (MM5) data for the full
year of 2012 was used with CALMET to model the meteorological wind field of the domain. CALPUFF was used
to model the dispersion effects of PM10 emitted from the
refinery. CALPOST was used to summarize the hourly,
daily, and monthly simulation results and produce monthly
average contour plots of the plume trajectory of PM10. The
highest 2012 average hourly, daily and monthly concentrations occurred respectively on June 21, December 3 and the
month of July. On the contrary, the highest average hourly,
daily and monthly concentrations were found to be the lowest out of all months at respectively March 29, October 27
and the three months of March, April and October. The
maximum 2012 average daily concentration was found to
be well below the maximum allowed PM10 concentration
as defined by both the Newfoundland and Labrador Air
Pollution Control Regulations and Ambient Air Quality
Standard.
KEYWORDS:
Particulate matter; PM10; CALPUFF; MM5; Canada.

1. INTRODUCTION

Particulate matter (PM) describes the tiny airborne liquid
and/or solid particles. They come in a wide variety of physical and chemical compositions, shapes, and sizes. PM can be
directly emitted from a source, such as wind-blown dust, the
burning of fuels (U.S. EPA, http://www.epa.gov/airtrends/
aqtrnd95/ pm10.html) and power plants, or formed due to the
reaction of gaseous pollutants in the atmosphere, such as
SO2 and NOX (California Environmental Protection Agency,
* Corresponding author

http://www.arb.ca.gov/research/aaqs/pm/pm.htm). Depending on its origin, PM can be composed of a mixture of substances such as dust, metal, soot, soil and sulphate. PM10
(particles with a size of 10 μm or less) and PM2.5 (particles
with a size of 2.5 μm or less) concentrations are strictly
monitored due to their ability to cause adverse health effects. Due to their small size, these particles can easily
enter into the lower parts of the human respiratory system, potentially causing or worsening heart and lung diseases, asthma symptoms, and acute and chronic bronchitis. Prolonged or high exposures to PM can also cause
increased hospitalization, premature death (U.S. EPA,
http://www.epa.gov/airtrends/aqtrnd95/pm10.html), and
cancer. The groups of people most susceptible to adverse
health effect from PM exposures are infants and children,
the elderly, and people with asthma, influenza, and heart and
lung disease (California Environmental Protection Agency,
http://www.arb.ca.gov/research/aaqs/pm/pm.htm).
Air quality models can be used to investigate the impacts of transport and meteorological conditions on air
quality at specific areas. Mathematically, they describe the
pollution transport, the dispersion, and the related processes in the atmosphere. Recently, various air quality
models have been used to predict the PM10 concentrations
in the atmosphere. CALPUFF, non-steady-state Gaussian
puff dispersion model, is a widely used as a model for real
world situations. Because of the robustness and accuracy
of its simulation, it has been used by many researchers to
simulate and predict the levels of PM10 in the atmosphere.
Amnuaylojaroen and Kreasuwun [1] used CALPUFF, coupled with WRF, to model the dispersion of PM10 and PM2.5
and the relative contributions of fine and coarser fractions
(PM2.5 and PM10-2.5 respectively) due to the March 2007
forest fires in the Chiang Mai basin of Thailand. Levy et al.
[2] used meteorological data with the CALPUFF modeling
system to model the impacts of PM and particle precursors
emitted from a sample of nine power plants in Illinois,
United States. These impacts were used to evaluate the
general trends, sensitivity of the model and influence that
major atmospheric modeling assumptions have on conclusions related to human health. Yetilmezsoy and AbdulWahab [3] used a prognostic fuzzy-logic model to estimate
PM10 concentrations in the busy residential area of Khaldiya
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in Kuwait. Pollutant concentrations for methane, carbon
monoxide and ozone were used in this approach along with
7 input variables, of which relative humidity, solar radiation and wind speed and direction are key meteorological
parameters. Ghannam and El-Fadel [4] used CALPUFF
coupled with MM5 data to examine the relative contributions that each stack, in an industrial complex containing
multiple stacks, has on the concentrations of CO, NO2 and
PM10 at a ground-level urban coastal area in eastern Mediterranean. Grassi et al. [5] preformed a sensitivity analysis
on CALPUFF to determine the impacts that different input
options have on the analysis of pollution outbreaks in Pisa,
Italy.
As a result of the potential adverse health and environmental risks that could arise due to high PM10 emissions,
PM10 was chosen as the modeled species for this study. The
main objective of this study is to examine the dispersion
effects of PM10 emitted for the year of 2012, from a new
oil refinery proposed by NLRC, to determine its suitability
to be built in the proposed location in Newfoundland and
Labrador, Canada. To accomplish this, CALPUFF dispersion modeling software was utilized, considering factors
such as local topography, wind, weather, and emission rates.
2. MATERIALS AND METHODS
2.1 Study Area

Newfoundland and Labrador is Canada’s easternmost
province. Together, Newfoundland and Labrador encompasses a land area of 370,510.76 km2 and a fairly small population of 514,536 as of 2011. The island of Newfoundland
has a mild climate, with temperatures in the summer averaging 16 °C and temperatures in the winter averaging 0 °C
(Statistics Canada, https://www12.statcan.gc.ca/census-recensement/2011/as-sa/fogs-spg/Facts-pr-eng.cfm?Lang=
eng&GK=PR&GC=10).
Newfoundland and Labrador is notable for its energy
sector, which contributes to 19.6% of the provincial Gross
Domestic Product (GDP). It has 3 offshore oil fields responsible for producing a considerable amount of Canada’s
conventional oil. Advantageously, Newfoundland and Labrador is also situated close to both large oil supplies and markets in Europe and along North America’s east coast. This
has contributed greatly to the growth and success of the
province’s energy industry (Newfoundland and Labrador refining Corporation, http://www.nlrefining.com/project.php).
In 2006, the Newfoundland and Labrador Refining
Corporation (NLRC) proposed the construction of a new
oil refinery (Newfoundland and Labrador refining Corporation, http://www.nlrefining.com/project.php) at Southern
Head, in between Come By Chance and North Harbour, at
the head of Placentia Bay in Newfoundland and Labrador,
Canada. This proposed refinery was designed to manage vessels which are larger than 25,000 dead weight tonnes (DWT)
and anticipated to initially decommission 300,000 barrels
per day (bpd) of crude oil, which would eventually further

increase to 600,000 bpd. It would receive crude oil and then
export the refined products as well as the by-products of
coke and sulphur. This refinery was designed to have an
area of about 5 km2 and two access roads to the site, from
Come By Chance from the northeast direction and from
North Harbour from the northwest direction (SNCLavalin, http://www.ceaa.gc.ca/050/documents_staticpost/
pdfs/ 24638E.pdf). Coincidently, an existing refinery called
North Atlantic Refining already resides southwest of the
proposed construction area, near Arnold’s Cove and Come
By Chance, and is producing 105,000 bpd of oil refinery
(Newfoundland and Labrador refining Corporation,
http://www.nlrefining.com/project.php). A map of the region of Newfoundland and Labrador that was proposed as
a study area for the refinery can be found at http://altiusminerals.com/projects/nlrc (Altius Minerals Corporation).
This map was obtained from NLRC’s feasibility study and
encompasses both the proposed location of the new refinery and the location of North Atlantic Refining).
2.2 Emission Data

The refinery proposed by NLRC consists of 29 stacks.
Of these 29 stacks, 1 stack emits only SO2 as a contaminant, 24 stacks emit SO2, NOX, CO, PM10 and PM2.5 as contaminants, and the remaining four stacks emit none of these
contaminants. Due to the potential of PM10 particles to
cause serious adverse health effects to humans, this study
particularly focuses on the PM10 emissions that could arise
from this proposed refinery. PM10 emission data for the 24
stacks were obtained from the Air Quality Component Study
prepared by SNC-Lavalin Environment for NLRC and can
be seen in Table 1 (SNC-Lavalin, http:// www.env.gov.nl.ca/
env/env_assessment/projects/Y2008/1301/1301_air_quality_component_study_final_part_1.pdf). This table contains information about the source identification number,
source name, service, stack number, x-coordinate, y-coordinate, stack height, base elevation, stack diameter, exit velocity, stack temperature, building wake and PM10 emission rate for all 29 stacks of the proposed refinery.
2.3 Application of CALPUFF Modeling System

The CALPUFF modeling system developed by the Atmospheric Studies Group has been approved by the U.S. Environmental Protection Agency. It is a un-steady-state meteorological and air quality modeling system for case-by-case
pollutant dispersion modeling. In this study, the CALPUFF
modeling system (CALPro Plus version 6.9.10.25.2007)
running on a Pentium (Intel® Core™, Processor 3.2 GHz,
4.0 GB of RAM, 32-bit operating system) was used for simulation of the dispersion of PM10. The CALPUFF system
has the ability to predict long range wind flow and dispersion changes in areas of complex terrain, including those
located in a coastal region with land-sea interface. This
modeling system uses 3D meteorological fields to simulate
pollution transportation, transformation and removal as a result of time and space-varying effects on the meteorological
conditions of the area (ASG, http://www.src.com/calpuff/
calpuff1.htm). This modeling system consists of the follow-
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TABLE 1 - Stack information for the proposed oil refinery.
Source ID Source name
No.

Service

Stack No.

x-coord.
(m)

y-coord.
(m)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Recycle Gas Heater 1
Product Frac Fd Heater 1
Recycle Gas Heater 2
Product Frac Fd Heater 2
Combined Feed Heater
Rx Charge Heater
Stripper reboiler
Charge Heater
Stripper reboiler
Stripper reboiler
Rx 2 Charge Heater
Crude Heater
Vac Heater
Steam Boiler 1
Steam Boiler 2
Steam Boiler 3
Reformer
Reformer
Charge Heater 3
Vent Stack
Incinerator
Coke Heater 1
Coke Heater 2
Coke Heater 3
Acid Gas Flare
High Pressure Flare
Low Pressure Flare
Ship
Ship

STCK 1
STCK 2
STCK 3
STCK 4
STCK 5
STCK 6
STCK 7
STCK 8
STCK 9
STCK 10
STCK 11
GRP3
GRP3
GRP2
GRP2
GRP2
STCK 17
STCK 18
STCK 19
STCK 20
STCK 21
GRP1
GRP1
GRP1
FLACID
FLHP
FLLP
VLCC
HANDY

0.00
0.00
68.52
68.52
127.38
176.60
176.60
217.13
217.13
217.13
275.99
378.28
378.28
467.06
467.06
467.06
54.04
91.68
161.16
161.16
277.92
495.05
495.05
495.05
275.99

0.00
15.44
2.90
15.44
23.16
12.55
33.78
18.34
33.78
51.15
40.53
0.00
0.00
30.88
30.88
30.88
196.86
196.86
201.69
201.69
173.70
252.83
252.83
252.83
221.95

1655.94
1517.95

160.00
160.00

Hydro Ccracker
Hydro cracker
Hydro cracker
Hydro cracker
Diesel HTU
Karo HTU
Karo HTU
Naphtha HTU
Naphtha HTU
Naphtha HTU
Coker naphtha HTU
Crude
Crude
Utility
Utility
Utility
H2 plant
H2 plant
CCR
CCR
TGTTO
Delayed coker
Delayed coker
Delayed coker
Acid gas flare
High pressure flare
Low pressure flare
VLCC unloading
Handymax loading

ing processing packages: pre-processing, simulation modeling, and post-processing. Figure 1 illustrates a flowchart
for the CALPUFF modeling steps. Table 1 lists the meteorological and geophysical information for the model inputs of the domain. This information is entered into a common file that is shared amongst all modules in the system
prior to running the pre-processors. Within the pre-processor package, only the processors used to analyze geophysical
data was used for this study. Land use, terrain and coastline
data files for the domain of study were acquired from
the Atmospheric Studies Group at TRC website (ASG,
www.src.com/datasets/datasets_main.html) and processed using the Ctgproc, Terrel, and Makegeo processors within the
geophysical pre-processor. Figure 2 shows a map of the terrain of the domain of study created after running the geophysical processing package. There are three main components of the CALPUFF modeling system: CALMET, CALPUFF and CALPOST. CALMET and CALPUFF are the
two simulation modeling processors that respectively utilize
the post-processors PRTMET and CALPOST. CALMET is
a model that generates diagnostic meteorological fields by
developing hourly temperature and wind fields on a 3D gridded domain. Other than the pre-processed geophysical data,
this model requires at least one of either observational data
or a prognostic meteorological model. Prognostic models
may sometimes be a more desirable option due to its ability
to better represent regional flows and sea breeze, slope and
valley circulations. Prognostic models, such as MM4,
MM5 and WRF, can be inputted into CALMET in three
ways: a replacement for initial guess wind field, a replacement for Step 1 wind field, or as observations [6]. For this
study, MM5 data of the domain was obtained from NLRC
for the year of 2012. The prognostic MM5 model, or a Fifth
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Stack
height
(m)
45
45
45
45
45
45
45
45
45
45
45
75
75
75
75
75
45
45
45
45
45
75
75
75
80
80
80
45
30

Base
Stack dia.
elevation
(m)
(m)
30
1.60
30
1.96
30
1.60
30
1.96
30
1.16
30
0.78
30
1.47
30
1.14
30
1.53
30
2.12
30
0.89
30
3.44
30
3.44
30
4.52
30
4.52
30
4.52
30
2.47
30
2.47
30
3.62
30
0.00
30
4.01
30
4.42
30
4.42
30
4.42
30
30
30
0
1.49
0
0.54

Exit
velocity
(m/s)
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Stack
temp.
(k)
473
473
473
473
473
473
473
473
473
473
473
473
473
473
473
473
473
473
473

Building
wake

923
473
473
473

No
No
No
No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
Yes
Yes
Yes

15
10

473
473

Yes
Yes

PM10
emission rate
(g/s)
0.085
1.351
0.085
1.351
0.045
0.020
0.071
0.043
0.078
0.148
0.026
4.775
4.775
7.216
7.216
7.216
0.202
0.202
0.435
0.393
0.393
0.393

1.185
0.076

Start

Geophysical Data:

Meteorological data:

Terrain and
Land Space Data

Surface and
Upper Air Data

.

.

Run CALMET

Wind and
Turbulence Data

Run CALPUFF

Dispersion

Plots: Wind,
Concentration…

End

FIGURE 1 - Flow chart for the modeling steps of CALPUFF.
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TABLE 2 - Model input information for the meteorological domains of interest.
Parameter
Projection
LCC latitude of origin
LCC longitude of origin
Latitude 1
Latitude 2
False easting
False northing
Continent/ocean
Geoid-ellipsoid
Region
DATUM code
X (Easting)
Y (Northing)
Number of X grid cells
Number of Y grid cells
Grid spacing
Number of vertical layers
Cell face heights (m)
Base time zone

Information
Lambert Conformal Conic (LCC)
47.810161 ºN
54.052975 ºW
20 ºN
60 ºN
0.0
0.0
GLOBAL
World Geodetic System (WGS-84: WGS 84)
WGS-84
WGS-84
-40 km
-30 km
80
70
1 km
9
0, 20, 50, 100, 150, 200, 300, 500, 1000, 2000
UTC -03:30

FIGURE 2 - Terrain map of the domain of study in Newfoundland and Labrador, Canada.

Generation Penn State/NCAR Mesoscale Model, is a 3D
numerical meteorological model. It has non-hydrostatic dynamics, 4D data assimilation abilities, and can simulate a wide
range of meteorological phenomena (ASG, http://src.com/
mm5/MM5_Main_Page.html). Along with the geophysical
processor output of GEO.DAT, the MM5.DAT file was inputted into CALMET as a replacement for the initial guess

wind field. This allowed CALMET to interpolate the MM5’s
coarse grid scale data to a fine-scale grid. The original initial
guess field will then be adjusted for the slope flows and terrain kinematic and blocking effects before a Step 1 wind
field is produced [6]. This generated the CALMET output file
of CALMET.DAT, which was post-processed using PRTMET to produce wind field velocity vectors. CALPUFF is a
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non-steady-state air dispersion Lagrangian Gaussian puff
model. It is used to simulate the dispersion and transformation of multiple species in multiple vertical layers of the
domain of study. It uses CALMET.DAT as a meteorological
input to take into account the spatial and temporal variations of the domain. CALPUFF also requires emission data
and can accommodate time-varying emissions as well as
emissions from various types of sources, including point,
line, area, volume and boundary sources [7]. The emission
data obtained for the 24 stacks that emit PM10 were assumed to be point sources and were formatted into an
EMISS.DAT file that could be inputted into CALPUFF.
This file, along with CALMET.DAT, was then processed
using CALPUFF into a CALPUFF.DAT. CALPOST was
then used to post-process the CALPUFF.DAT file to summarize the simulation results and produce contour plots of
the plume trajectory of PM10.
3. RESULTS AND DISCUSSION

For the purpose of this paper, simulation results were
obtained of the top 50 highest average PM10 concentrations
of the year and of the highest average PM10 concentration
in each month of the year for the duration periods of 1 hour,
24 hours and 1 month. Monthly contour plots of the average plume trajectory of PM10 were also produced for the
year of 2012. Table 3 lists the top 20 highest average hourly
concentrations simulated within the domain for the year
2012. It contains information on the data’s rank position,
concentration, Julian calendar day, Gregorian calendar
day, start time, receptor and coordinates. From this table it
can be observed that all 20 of the highest average hourly
concentrations in this year occur in one of six months.
These are the spring, summer, and fall months of April,
May, June, September, October, and November. In partic-

ular, the two highest average hourly concentrations of
34.707 and 34.208 μg/m3 occurred respectively on June 21
and October 19. The highest average hourly concentration
in June occurred at 01h00 and at a location 2.5 km east and
7.5 km north of the source, while the second highest average hourly concentration in October occurred at 10h00 and
at a location 4.5 km east and 1.5 km north of the source.
These two months are also the months in which the most
top 20 average hourly concentrations occur, with 6 and 5
of these top 20 concentrations occurring at different receptors in the months of June and October respectively. It can
also be noted that while the highest average hourly concentration occurs on June 21, there is only one other concentration in the top 20 that also occurs this same date. With a
concentration of 23.272 μg/m3 and occurring also at 01h00,
it is the 18th highest average hourly concentration of the
year and it occurs at a location 3.5 km east and 10.5 km
north of the source. However, there are three concentrations within the top 20 that occur at different receptors on
June 9, which have rank positions of 7, 9 and 16 and respective concentrations of 27.688, 27.026 and 23.856
μg/m3. Table 4 lists the highest average hourly concentration for each month of the year in 2012. It contains information on the Julian and Gregorian calendar day and coordinates at which these concentrations occur. From this table it can be observed that April, June and October are the
only months with a highest average hourly concentration
over 30 μg/m3. On the other hand, the highest average
hourly concentration of 14.7 μg/m3 in March is the lowest
out of all months. It occurs on March 29 and at a location
1.5 km east and north of the source. It is also the only highest average hourly concentration that is less than 15 μg/m3.
Table 5 lists the top 20 highest average daily concentrations simulated within the domain for the year 2012. It
contains information on the data’s rank position, concen-

TABLE 3 - List of the top 20 average hourly concentrations in 2012.
Rank position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Concentration (μg/m3)
34.707
34.208
32.016
31.571
29.412
28.262
27.688
27.453
27.026
26.740
26.358
26.045
25.649
25.069
24.046
23.856
23.728
23.272
23.240
23.191

Julian calendar day
173
293
115
115
293
247
161
178
161
151
307
115
293
293
293
161
247
173
116
134

Gregorian calendar day
21-June
19-October
24-April
24-April
19-October
3-September
9-June
26-June
9-June
30-May
2-November
24-April
19-October
19-October
19-October
9-June
3-September
21-June
25-April
13-May
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Start time
0100
1000
0100
0100
0900
2000
0700
0700
0800
0800
2000
0100
2200
0900
2200
0800
2000
0100
0500
0800

Receptor
43, 38
45, 32
45, 32
44, 32
43, 31
26, 34
43, 31
42, 32
44, 31
40, 31
43, 38
46, 32
43, 34
44, 32
43, 35
43, 31
25, 34
44, 41
45, 32
32, 28

Coordinates (km)
2.500, 7.500
4.500, 1.500
4.500, 1.500
3.500, 1.500
2.500, 0.500
-14.500, 3.500
2.500, 0.500
1.500, 1.500
3.500, 0.500
-0.500, 0.500
2.500, 7.500
5.500, 1.500
2.500, 3.500
3.500, 1.500
2.500, 4.500
2.500, 0.500
-15.500, 3.500
3.500, 10.500
4.500, 1.500
-8.500, -2.500
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TABLE 4 - List of the highest average hourly concentration in each month of the year for 2012.
Month
1
2
3
4
5
6
7
8
9
10
11
12

Highest concentration (μg/m3)
19.2
20.7
14.7
32.0
26.7
34.7
19.8
16.5
28.3
34.2
26.4
16.8

Julian calendar day
15
55
89
115
151
173
189
214
247
293
307
337

Gregorian calendar day
15-January
24-February
29-March
24-April
30-May
21-June
7-July
1-August
3-September
19-October
2-November
2-Devember

Coordinates (km)
9.5, -4.5
0.5, 1.5
1.5, 1.5
4.5, 1.5
-0.5, 0.5
2.5, 7.5
-0.5, 0.5
-0.5, 1.5
-14.5, 3.5
4.5, 1.5
2.5, 7.5
5.5, 9.5

TABLE 5 - List of the top 20 average daily concentrations in 2012.
Rank position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Concentration (μg/m3)
5.3381
5.2721
5.1011
5.0479
4.8524
4.6942
4.4687
4.2928
4.2457
4.2379
4.2291
4.1690
4.1291
4.1069
3.9918
3.9800
3.9191
3.8972
3.8351
3.8289

Julian calendar day
338
348
57
348
348
348
354
338
165
57
338
57
347
348
338
218
348
354
165
348

Gregorian calendar day
3-December
13-December
26-February
13-December
13-December
13-December
19-December
3-December
13-June
26-February
3-December
26-February
12-December
13-December
3-December
5-August
13-December
19-December
13-June
13-December

tration, Julian calendar day, Gregorian calendar day, start
time, receptor and coordinates. From this table it can be
observed that all 20 of the highest average daily concentrations in this year occur in one of four months. These are the
winter and summer months of February, June, August, and
December. In particular, both of the two highest average
daily concentrations of 5.3381 and 5.2721 μg/m3 occurred
in December, only 10 days apart from each other on the 3rd
and 13th of December respectively. The highest average
daily concentration occurred at a location 2.5 km east and
6.5 km north of the source, while the second highest average daily concentration occurred at a different receptor located 5.5 km east and 0.5 km north of the source. Fourteen
of the top 20 average daily concentrations are found to occur in December. Other than the highest average daily concentration, three other of the top 20 concentrations also occur on December 3. These all occur at different receptors
and have rank positions of 8, 11 and 15 and respective concentrations of 4.2928, 4.2291 and 3.9918 μg/m3. However,

Receptor
43, 37
46, 31
47, 32
47, 31
45, 31
48, 31
37, 30
44, 39
42, 33
48, 32
44, 38
46, 32
47, 32
49, 31
43, 36
39, 31
44, 31
36, 30
43, 34
50, 31

Coordinates (km)
2.500, 6.500
5.500, 0.500
6.500, 1.500
6.500, 0.500
4.500, 0.500
7.500, 0.500
-3.500, -0.500
3.500, 8.500
1.500, 2.500
7.500, 1.500
3.500, 7.500
5.500, 1.500
6.500, 1.500
8.500, 0.500
2.500, 5.500
-1.500, 0.500
3.500, 0.500
-4.500, -0.500
2.500, 3.500
9.500, 0.500

there are six concentrations within the top 20 that also occur on the same day as the second highest average daily
concentration, on December 13. These concentrations have
rank positions of 4, 5, 6, 14, 17 and 20 and respective concentrations of 5.0479, 4.8524, 4.6942, 4.1069, 3.9191 and
3.8289 μg/m3. This shows that although the highest average daily concentration does not occur on December 13,
over one-third of the top 20 and three out the top 5 average
daily concentrations of the year occur on this date at different locations of the domain. Table 6 lists the highest average daily concentration for each month of the year in 2012.
It contains information on the Julian and Gregorian calendar day and coordinates at which these concentrations occur. From this table it can be observed that February and
December are the only months with a highest average daily
concentration over 5 μg/m3. On the contrary, the highest
average daily concentration of 3.0 μg/m3 in October is the
lowest out of all months. It occurs on October 27 and at a
location 0.5 km west and 4.5 km south of the source.
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Table 7 lists the highest average monthly concentration for each month of the year in 2012. It contains information on the Julian and Gregorian calendar day and coordinates at which these concentrations occur. From this table it can be observed that June and July are the only
months with a highest average monthly concentration over
1 μg/m3. The highest average monthly concentration of 1.1
μg/m3 in July is the highest out of all months, while the
highest average monthly concentration of 1.0 μg/m3 in June
is the second highest. Although these two concentrations
occur in different months, they both occur at the same location of 1.5 km east and 2.5 km north of the source. On
the other hand, the highest average monthly concentration
in the months of March, April and October are all the same,
0.4 μg/m3, which is the lowest out of all months. For March
and April, this concentration occurs at the same location of
4.5 km east and 2.5 km north of the source. For October,
this concentration occurs slightly further away at a location
6.5 km east and 1.5 km north of the source. Figure 3 shows
the contour plot of the average plume trajectory of PM10
for the month of June 2012. From this plot it can be observed that in June, the PM10 plume trajectories are dispersing outwards from the source is all directions. There is little
dispersion of PM10 to the northwest and southeast directions of the source and concentrations are low. Instead,
PM10 is seen to disperse mainly in the northeast and south-

west directions of the source, with the most heavily dispersed region being nearby the source in the north to northeast direction. Figure 4 shows the contour plot of the average plume trajectory of PM10 for the month of July 2012.
From this plot, it can be seen that in July, there are very
small and minor dispersions of PM10 in the northwest,
southwest and southeast directions of the source. Concentrations of PM10 in these regions are very low. Conversely,
large concentrations of PM10 are seen to heavily disperse
northeast of the source, with the most heavily dispersed region being just slightly northeast of the source. Notably, a
few of the hourly and daily average concentration of PM10
in the month of June are among the top 20 hourly and daily
average concentrations in the entire year of 2012, whereas
none of the hourly or daily average concentrations in the
month of July are among the top 20. This shows that although the PM10 concentrations in June may be higher, the
meteorological conditions of the month and land cause
PM10 concentrations to accumulate much more heavily in
July compared to June, such that the highest monthly average concentration became higher in July. This is supported by comparing the most heavily dispersed regions
for June and July in Figures 3 and 4 respectively. It can
be seen that in July, the accumulation of PM10 is much
higher and is concentrated within a much smaller region
than in June.

FIGURE 4 - Average monthly contour plot of the PM10 plume trajectories in June 2012.
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FIGURE 5 - Average monthly contour plot of the PM10 plume trajectories in July 2012.

TABLE 6 - List of the highest average daily concentration in each month of the year for 2012.
Month
1
2
3
4
5
6
7
8
9
10
11
12

Highest concentration (μg/m3)
3.6
5.1
3.5
3.6
3.5
4.2
3.8
4.0
3.7
3.0
3.3
5.3

Julian calendar day
3
57
70
100
123
165
207
218
257
301
313
338

Gregorian calendar day
3-January
26-February
10-March
9-April
2-May
13-June
25-July
5-August
13-September
27-October
8-November
3-Devember

Coordinates (km)
4.5, 2.5
6.5, 1.5
1.5, 2.5
-3.5, -2.5
1.5, -4.5
1.5, 2.5
2.5, 3.5
-1.5, 0.5
2.5, 3.5
-0.5, -4.5
1.5, 3.5
2.5, 6.5

TABLE 7 - List of the highest average monthly concentration in each month of the year for 2012.
Month
1
2
3
4
5
6
7
8
9
10
11
12

Highest concentration (μg/m3)
0.5
0.5
0.4
0.4
0.6
1.0
1.1
0.5
0.7
0.4
0.5
0.6
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Coordinates (km)
4.5, 2.5
2.5, 3.5
4.5, 2.5
4.5, 2.5
4.5, 2.5
1.5, 2.5
1.5, 2.5
-3.5, -1.5
1.5, 2.5
6.5, 1.5
2.5, 2.5
5.5, 0.5
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According to both the Newfoundland and Labrador
Air Pollution Control Regulations and Ambient Air Quality Standard, the maximum allowed PM10 concentration
over a period of 24 hours is 50 µg/m3. When comparing the
maximum daily average concentration simulated in the domain of study with the mentioned ambient air standards, it
is observed that the refinery’s maximum PM10 concentration of 5.3 µg/m3 is well below the maximum limit in the
mentioned
standards
(Newfoundland
Labrador,
http://www.env.gov.nl.ca/env/publications/env_protection/2011_air_quality_annual_report.pdf).
4. CONCLUSIONS

April, June and October are the only months which
have a highest average hourly concentration over 30 μg/m3.
The highest average hourly concentration in March is the lowest out of all months, the only one less than 15 μg/m3. The
highest 2012 average daily concentration of 5.3381 μg/m3 occurred on December 3. February and December are the only
months which have a highest average daily concentration
over 5 μg/m3. The highest average daily concentration of
3.0 μg/m3 on October 27 is the lowest out of all months and
occurs at a location 0.5 km west and 4.5 km south of the
source. June and July are the only months which have a
highest average monthly concentration over 1 μg/m3. The
highest 2012 average monthly concentration of 1.1 μg/m3
occurred in July at a location 1.5 km east and 2.5 km north
of the source. The highest average monthly concentration
of 0.4 μg/m3 in the months of March, April and October are
the lowest out of all months. The maximum 2012 daily average concentration simulated in this study of 5.3 μg/m3 is
well below the maximum allowed PM10 concentration of
50 μg/m3 as approved by both the Newfoundland and Labrador Air Pollution Control Regulations and Ambient Air
Quality Standard.
This study uses PM10 emission data for a proposed oil
refinery. However, there is already an existing refinery located very close to the proposed. The simulated PM10 concentrations predicted for the year of 2012 are fairly low but
they only involve emissions for the proposed refinery. It is
necessary to take both refineries into account in order to
properly determine the quantity, time, and locations of concentration accumulations. Thus, it is recommended that
CALPUFF be run using PM10 emission data for both the
existing and proposed oil refineries. Using the results simulated from this combined data, it can be more clearly seen
whether the proposed location for the new oil refinery is a
good choice. It is also recommended that this study be run
for the other pollutants, such as PM2.5, SO2, NOX, ozone,
and nonmethane hydrocarbons.
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PHOTOCHEMICAL PRODUCTION OF
HYDROXYL RADICALS IN SUSPENSION OF MICROALGAE
Junwei Zhang*, Panpan Jiang, Li Ma and Xiaoqing Dong
The Key Laboratory of Food Colloids and Biotechnology, Ministry of Education,
School of Chemical and Material Engineering, Jiangnan University, Wuxi 214122, China

ABSTRACT

In this work, the photochemical production of hydroxyl radicals (·OH) in suspension of microalgae was
studied. Results indicated that algae could induce the photochemical production of ·OH under UV irradiation, and the
production amount of ·OH increased with increasing concentration of algae. The production of ·OH induced by algae was strongly pH-dependent, and the suitable pH value
for ·OH production in suspension of algae was 6-7. Moreover, the production amount of ·OH followed an increasing
trend with temperature increasing from 15 to 35 ºC. The
production amount of ·OH was greatly enhanced by increasing the irradiation intensity. The algae treated with
heat were not benefit to production of ·OH. Finally, the
possible production pathways of ·OH in suspension of algae were also summarized after analyzing the experimental
results and the corresponding references, and the pigments
and the dissolved organic matter could initiate the production of excited state of substance which resulted in the production of ·OH via a series of photochemical reactions involving participation of O2 and H+.
KEYWORDS:
Hydroxyl radicals, photochemical production, algae, pathway

1. INTRODUCTION

Interest in the photochemical production of highly reactive hydroxyl radicals (·OH) is growing in terms of degradation of organic pollutants. Algae are an important type
of microorganisms, which contain chlorophyll and other
accessory pigments and are ubiquitous in surface water [13]. The photosynthetic apparatus of algae absorbing light
can carry out the metabolism and lead to the secretion of
organic substances (such as carboxylic acids, carbohydrates, etc.) [4, 5], and some of secretions are photosensitive and can produce H2O2 through a series of photochemical reactions [6]. Meanwhile, the chlorophyll and some accessory pigments irradiated by certain wavelength light can
produce H2O2, which can result in the photochemical
production of ·OH [7], and then OH can oxidize organic
* Corresponding author

molecules quickly and non-selectively and mineralize
them to carbon dioxide and water owing to its high oxidation potential [8]. Thus, algae can set up a photochemical
system with H2O2 produced in situ to restore the polluted
water.
Due to the photochemical production of ·OH for algae,
the development of photochemical degradation of organic
pollutants with algae has an important theoretical meaning
and practical value. Over the past two decades, numerous
studies have provided unequivocal evidence that the organic pollutants can be gradually degraded in suspension
of algae with light irradiation. Wang et al. [9] reported the
photodegradation of aniline could be accelerated with algae. Ge et al. [10] and Peng et al. [11] observed that microalgae could promote photodegradation of endocrine disputers. Zhang et al. [5] studied photodegradation of norfloxacin in suspension of algae, finding that degradation
rate of norfloxacin could be induced by algae [5]. Zepp et
al. [12] studied the influence of algae on photolysis rates
of chemicals in water, indicating that algae could accelerate the sunlight-induced transformation of nonionic organic chemicals [12]. Increasing efforts on the exploration
of photodegradation of organic pollutant in suspension of
algae have been performed, however understanding of
H2O2 or ·OH production under different conditions still remains interesting but yet challenging.
Some studies have been performed on the production
of H2O2 in suspension of algae. Zepp et al. [13] studied the
rate of decomposition and photochemical production of
H2O2 by algae, finding that algae had an important influence on the environmental concentration of H2O2, and the
exposure of algae solution to light resulted in the buildup
of H2O2 [13]. Liu et al. [14] reported that the photochemical production of ·OH could be induced in the algal solution and (or not) Fe3+ under a high-pressure mercury lamp,
and the photochemical production of H2O2 in the algae solution with Fe3+ was greater than that in the algae solution
without Fe3+ [14]. Li et al. [7] studied the effect of metal
pollution and macronutrient enrichment on the production
of ·OH in seawater by algae, finding that the production
rate of H2O2 could be enhanced by adding some metals to
the algal solution [7]. Moreover, Rontani et al. [15] indicated that the photochemical production of H2O2 in the algae solution was light-dependent. Collén et al. [16] studied
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measurements of active oxygen production in brown algae
using 2ʹ,7ʹ-dichlorohydrofluorescein diacetate.
As mentioned above, the photodegradation of organic
pollutants induced by algae have been carried out by some
researchers, and some studies have been performed on the
production of H2O2 in suspension of algae. Meanwhile, we
also found that algae could induce the photo-degradations
of organic pollutants (e.g. norfloxacin [5], sufadiazine [17],
and ciprofloxacin [18]) under UV irradiation in our previous work. This study on photochemical production of ·OH
in suspension of algae under UV irradiation is a part of our
recent study. In this work, the photochemical production
rate of ·OH in suspension of algae was studied with a low
irradiation light source since it could be very close to the
natural environment. The effects of algal concentrations,
pH and temperature as well as irradiation intensity were
explored. The possible photochemical production pathways of ·OH were suggested based on measurements of
concentrations of ·OH and other references. Benzene was
used as a probe to determine the production of ·OH in suspension of algae, and the effect of reactions between algae
and ·OH was ignored due to the complex reaction of reactive oxygen species [19]. The determined value of ·OH was
regarded as the net photochemical production value which
could be regarded as an index of oxidation capacity of organic pollutants by ·OH [14].
2. MATERIALS AND METHODS
2.1. Materials

Chlorella vulgaris (CV) and Microcystis aeruginosa
(MA) were used in the experiments and purchased from Wuhan Hydrobiology Institute (China). The axenic culture mediums were carefully prepared according to the published
papers [4, 7, 9], and algae were grown in the illumination
incubator at 25 °C. Algae were taken for use after being
washed by ascorbic acid when algae were growing in the logarithmic growth phase. Algae counting (cell/L) were carefully
performed with an adjustable microscope, and different concentrations of algae were obtained by diluting the washed
algae with the deionized water.
2.2. Procedures

All experiments were carried out in a cylindrical reactor
(250 ml capacity, 7 cm diameter, 30 cm length) with a 20 or
36 W medium pressure mercury lamp at the wavelength of
365 nm (λmax). The harvested algae and benzene (0.8 mmol)
were added into the reactor, and pH value of solution was
adjusted by adding diluted hydrochloric acid or sodium hydroxide solution. Reaction solution containing algae and benzene was continually mixed with a magnetic stirrer as well as
bubbling air. Temperature was maintained with water circulation. The cylindrical reactor containing reaction solution
was kept in dark before irradiation. At intervals, the samples
were withdrawn and centrifuged at 4000 rpm for 30 min, and
the supernatant was harvested, and then the quantum yield of
·OH was determined by HPLC analysis.

2.3. Analysis

The production amounts of phenol from reaction of
benzene and ·OH were detected by HPLC with a LC spectrophotometer at 280 nm [8, 14]. The mobile phase consisted of a 40/60 ratio of aqueous phase to methyl alcohol
(v/v) with a flow rate of 1 ml/min. The standard solutions
of phenol were prepared to calculate the HPLC determination of phenol concentrations produced from oxidation of
benzene added to suspension of algae.
3. RESULTS AND DISCUSSION
3.1. Preliminary studies

The photochemical production of ·OH under different
conditions was studied, and the results are presented in Fig. 1.
No ·OH could be detected in suspension of algae under
dark conditions, indicating that ·OH could not be produced
in suspension of algae without light irradiation. Moreover,
the production amount of ·OH in the natural light was approximately zero, which indicated that the photodegradation
of organic compound induced by algae with natural light
should be a long time in the environmental water. However,
large amounts of ·OH could be produced with UV irradiation in suspension of algae, within short time. The production amounts of ·OH were about 7.25 and 5.86 μmol/L for
CV and MA after 60 min of UV irradiation, respectively.
This phenomenon indicates that the suspension of algae irradiated by the certain wavelength of light could produce
·OH, and the production amount of ·OH can be enhanced
by prolonging the reaction time. Moreover, the production
amount of ·OH in suspension of CV was higher than that
in suspension of MA, which could arise from differences
in the physiological structure for algae.
8
7
6

·OH (μmol/L)
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FIGURE 1 –Photochemical production of ·OH under different conditions (CV 5×107 cells/L, MA 5×107 cells/L, pH 6, temperature 25 ºC,
light source 22W).

The photochemical production of ·OH induced by algae probably has three ways. Firstly, algae contain chlorophyll and other accessory pigments, and both of them can
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absorb the certain wavelength light to produce hydrate
electrons (e-aq), and the hydrate hole (h+aq). The hydrate
electron can react with O2 to form the negative oxygen ion
(O2-), and then the H2O2 could be finally produced via a
series of reactions with negative oxygen ions (O2-) [7, 20].
Secondly, the photosynthetic apparatus of algae absorbing
light carry out the metabolism and lead to the secretion of
polar organics (such as carboxylic acids, amino acids, etc),
and some secretions are photosensitive (such as citric acid,
humic acid, etc) and may generate H2O2 under UV irradiation through a series of photochemical reactions [4, 9, 21].
Finally, the exfoliation cell wall of algae with the photosensitive compound enters into the water, which may be one
source of H2O2 production in suspension of algae. All H2O2
formed in these different ways can produce ·OH under UV
irradiation.

duced by the photosensitive compound must increase.
However, over-high concentrations of algae may result in
lower light transparency, and the overall light interception
of algae in suspension must be influenced.
14

CV:
5×109 cell/L
5×107 cell/L
5×105 cell/L

12
10

·OH (μmol/L)
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There were different quantities of algae in the water
environment, and thus it is very important to study the role
in the photochemical production of ·OH. The experiments
were performed at the algae concentration range of 5×105
to 5×109 cells/L. As shown in Fig. 2, the production amount
of ·OH increased with increasing algae concentration. The
production amounts of ·OH were about 3.92 and 10.62
μmol/L at algae concentration levels of 5×105 and 5×109
cells/L for CV after 30 min of reaction. Moreover, the production amounts of ·OH were about 5.56 and 13.97 μmol/L
at algae concentration levels of 5×105 and 5×109 cells/L for
CV after 60 min of reaction. Deng et al. [6] indicated that
the algae cell could give off dissolved organic matter during the course of irradiation, and a higher algae concentration resulted in a faster photochemical production of free
electrons and smaller dissolved organic matter, and the dissolved organic matter (such as humic and fulvic acids)
could serve as photo-sensitizer [6]. Ge et al. [10] indicated
that the reactive oxygen species formed in the photocatalytic process were the main contributors to photodegradation of organics, and higher algae concentrations could enhance the amounts of reactive oxygen species [10]. Li et al.
[7] indicated the photo-bleached dissolved organic matter
was a main source for production of ·OH in seawater. The
amount of dissolved organic matter would be increased
with increasing concentrations of algae, and the algae cell
could light-induce production of hydrogen peroxide [7].
The production amount change of ·OH in suspension
of MA was similar to that in suspension of CV. The production amounts of ·OH were about 4.03 and 6.95 μmol/L
at algae concentration levels of 5×105 and 5×109 cells/L after 60 min of reaction, respectively. The effect of algae
concentration on the production amount of ·OH could arise
from two reasons. Firstly, the amount of chlorophyll and
the other accessory pigments in the algae cell increase with
enhancing algae concentration, and then the production
amount of ·OH must be enhanced in the photochemical reaction. Secondly, the polar secretion and the amount of exfoliation cell wall for algae may increase with increasing
the algae concentration, and then the amount of ·OH pro-
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FIGURE 2 -Effect of algal concentration on the photochemical production of ·OH (pH 6, temperature 25 ºC, light source 22W).

Additionally, the difference in production amounts of
·OH has some association with the physiological structure
of two algae. The contents of chlorophyll and the carotenoid pigment for CV are about 7-30 μg/(×108 cells) and 415 μg/(×108 cells) respectively, however the contents of
chlorophyll and the carotenoid pigment for CV are about
6-20 μg/(×108 cells) and 4-6 μg/(×108 cells), respectively
[22, 23]. Furthermore, the amount of photosensitive compound secreted by CV may be higher than those by MA.
3.3. Effect of pH

The polluted surface water may have different pH values. Thus it is important to study the role of pH in the photochemical production of ·OH. The experiments were conducted at a pH range from 5 to 8, and the results are illustrated in Fig. 3. The production amount of ·OH was significantly influenced by pH value for CV, the production
amount of ·OH firstly increased, and then decreased with
pH ranging from 5 to 8, and the production amount of ·OH
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was higher at pH 7. After 60 min of irradiation, the production amounts of ·OH were 3.97 and 4.07 μmol/L at
pH 5 for CV and MA, however the production amounts
of ·OH approached to 7.25 and 5.98 μmol/L at pH 6 for
CV and MA, respectively, and the production amount of
·OH increased by a small margin at pH 6, indicating that
the weaker acid solution has an advantage of ·OH production for algae. The ·OH production’s dependence on pH in
suspension of algae may mainly result from two reasons.
Firstly, the photo-metabolism of algae may slow down in
strong acidic solution, the photochemical reaction rate for
the chlorophyll and some pigments in the algae cell also
decrease, and then the photochemical production of ·OH
will be influenced by the reduction of metabolism as well
as the decrease of photochemical reaction rate. Secondly,
the strong acidic solution has a disadvantage for algal survival, and the photosensitive compound will decrease with
death of algae.
CV:

8

pH 5
pH 6
pH 7
pH 8

·OH (μmol/L)

6

·OH approached to 8.19 and 6.29 μmol/L at pH 7 after
60 min irradiation. Moreover, the production amounts of
·OH were 5.44 and 3.47 μmol/L for CV and MA at pH 8
after 60 min of irradiation, and the production amount of
·OH at pH 8 was less than that at pH 6 or pH 7, indicating
that the weak basic solution is disadvantageous for ·OH
production. This phenomenon could arise from that the
production of ·OH was initiated by pigments and the photosensitive compound needs the participation of H+, and
the low concentration of H+ may be disadvantageous for
the formation of ·OH in suspensions of algae. Thus, the optimal pH value for ·OH production in suspension of algae
is 6-7, which can be used as the suitable pH value in the
photocatalytic degradation of organic pollutants.
3.4. Effect of temperature

The change of water temperature has an effect on the
physiological activity of algae, which could also affect the
photochemical production of ·OH. Thus, it is very important to study the effect of temperature on the production
of ·OH. As can be seen from Fig. 4, the production amount
of ·OH followed an increasing trend with temperature increasing from 15 to 35 ºC, and it appeared to be little dif-
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FIGURE 3 -Effect of pH on the photochemical production of ·OH
(CV 5×107 cells/L, MA 5×107 cells/L, temperature 25 ºC, light source
22 W).

Furthermore, the production amount of ·OH at pH 7
was higher than that at pH 6. The production amounts of
·OH were 6.49 and 5.64 μmol/L for CV and MA at pH 7
after 30 min of irradiation, and the production amounts of
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FIGURE 4 -Effect of temperature on the photochemical production
of ·OH (CV 5×107 cells/L, MA 5×107 cells/L, pH 6, light source 22 W).
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The trend in production amounts of ·OH in suspension
of MA was similar to that in suspensions of CV under different irradiation intensities. The production amounts of
·OH were 5.64 and 5.86 μmol/L in suspension of MA with
22 W light source after 30 and 60 min of irradiation, and
the production amounts of·OH were 6.33 and 9.38 μmol/L
in suspensions of CV with 36 W light source after 30 and
60 min irradiation. The production amount of ·OH in suspension of CV was higher than that in suspension of MA,
which could arise from differences in physiological structure, chlorophyll and pigment contents.
CV:

10

22 W
36 W
8

·OH (μmol/L)

ferent between the production amount of ·OH at 25 and that
at 35 ºC. The production amounts of ·OH in suspension of
CV were 3.93, 6.17 and 6.93 μmol/L at 15, 25 and 35 ºC
after 30 min irradiation, and the production amounts of
·OH in suspension of CV were 3.93, 7.25 and 7.76 μmol/L
at 15, 25 and 35 ºC after 60 min irradiation. Moreover, the
production amount of ·OH firstly increased and then
reached a level with prolonging irradiation time. This could
arise from that the phenol formed in suspension of algae
may be photochemically degraded, and the part of algae
may have died in the later stage of photochemical reaction
under UV irradiation. However, the production amount of
·OH generally shows an increasing tendency in the experimental range.
The trend in the production amount of ·OH in suspension of MA was similar to that in suspension of CV. The
production amounts of ·OH in suspension of MA were
2.82, 5.64 and 6.46 μmol/L at 15, 25 and 35 ºC after 30 min
of irradiation, and the production amounts of ·OH in suspension of MA were 3.52, 5.86 and 7.28 μmol/L at 15, 25
and 35 ºC after 60 min irradiation. The effect of temperature on the production amount of ·OH may have two reasons. Firstly, lower temperature causes the decreases of
proliferation rate and secretion of algae, which may
weaken the metabolism activity of algae, and then the
amount of photosensitive compounds must decrease in suspension of algae. Deng et al. [4, 6] indicated that the dissolved organic matter, like humic and fulvic acids, had a
certain photosensitivity and could produce the excited state
of active substances irradiated by UV light. Liu et al. [20]
reported that humic and fulvic acids were photo-sensitizers
and could accelerate the photodegradation of α-ethynylestradiol. Secondly, higher temperature which easily results in
the death of algae cell and the decay of some pigments,
which may influence the production amount of ·OH in suspension. However, the organic substances of cytoderm and
cytolymph enter into the suspension after the death of algae,
and a part of organic substances may exhibit high photosensitivity. Thus, the smaller increase of production amount
of ·OH at 35 ºC may arise from the combination effect of
both increase of photosensitive substance and decay of
some pigments.
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FIGURE 5 - Effect of irradiation intensity on photochemical production amount of ·OH (CV 5×107 cells/L, MA 5×107 cells/L, pH 6,
temperature 25 ºC).
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3.5. Effect of irradiation intensity

As shown in Fig. 5, the production amounts of ·OH
were 6.17 and 8.07 μmol/L in suspension of CV with 22 W
light resource after 30 and 60 min of irradiation, and the
production amounts of ·OH were 7.25 and 10.05 μmol/L in
suspension of CV with a 36 W light resource, indicating
that the increase of irradiation intensity could enhance the
production amount of ·OH. More excited state of active
substances, such as Chl -+, H3Cit + and RO2, could be produced with increasing irradiation intensity, and the production amount of ·OH will finally be affected. Moreover, the
metabolism will increase rapidly with the increase of irradiation intensity, which can enhance the amount of organic
compounds secreted by algae, and thus, it provides more
photosensitive substances.
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FIGURE 6 - Effect of algae treated with heat on photochemical production of ·OH (CV 5×107 cells/L, MA 5×107 cells/L, pH 6, temperature 25 ºC, light source 22 W).

3.6. Effect of algae treated with heat

In order to analyze the effect of the photosynthetic apparatus of algae on the photochemical production of ·OH,
the algae treated with heat at 60 ºC for 15 min were used in
the experiment. As shown in Fig. 6, the production amount
of·OH was significantly influenced in suspension of
treated algae. After 30 min irradiation, the production
amounts of ·OH were 6.17 and 3.36 µmol/L for CV and
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treated CV, and the production amounts of ·OH were 5.64
and 1.11 µmol/L for MA and treated MA. However, the
production amounts of ·OH only had 3.56 and 3.04 µmol/L
for treated CV and treated MA, after 60 min irradiation,
respectively. This phenomenon indicates that the killed algae affect the photochemical production amount of ·OH
and may arise from two reasons. Firstly, most of the algae
may have died after 60 ºC heat treatment, and then, the photosynthetic apparatus of algae will be significantly affected, thus the production amount of organic substances
secreted by algae (such as carboxylic acids, carbohydrates)
should be greatly reduced, and the amounts of photosensitive substances and H2O2 production will be dramatically
decreased. Secondly, the chlorophyll and the accessory
pigments, as important substances in the algal cells, will be
influenced by increasing temperature of solution, thus the
amount of H2O2 produced by the chlorophyll and the accessory pigments must decrease. However, the dead algae
treated by high temperature will produce dissolved organic
matter (DOM), which may contain the photosensitive substances to produce H2O2 with UV irradiation. The results
in Fig. 5 also indicate that the production amount of ·OH
with treated CV and treated MA gradually increased with
prolonging reaction time, and was lower than that with CV
and MA. Peng et al. [11] indicated that the algal cells were
denatured by heat and decomposed to produce some colored complex organic molecules (humic and fulvic acids),
which are photosensitizers and lead to indirect bisphenol A
photooxidative reaction [11]. Thus, the trend of ·OH production for treated CV and treated MA in Fig. 6 should be
the combination effect.
3.7. Production pathway of ·OH

Algae can generate some smaller molecular weight organic substances, such as dissolved organic matter (DOM)
through the secretion and cell fragment. DOM may carry a
huge variety of functional groups, the majority of which are
carboxylic groups and phenolic hydroxyl groups, and some
of DOM can serve as the photo-sensitizer to induce the
generation of hydroxyl radicals [5, 9, 14]. Meanwhile, algae cells contain the chlorophyll and the other accessory

pigments, which can absorb the light to produce the hydrate
electrons, and the hydrate electrons can induce the production of hydroxyl radicals via a series of photochemical reactions involving participation of O2 and H+. Similar aspects of hydroxyl radicals induced by algae are available in
the research literature. Liu et al. [19] and Peng et al. [11]
reported that the chlorophyll could produce the active oxygen under UV irradiation. Zuo et al. [24] noted that the
DOM could serve as photo-sensitizer to induce the generation of active oxygen. Li et al [7] indicated that some metals could promote the production of H2O2 in suspension of
algae. Thus, the possible production pathways of ·OH in
suspension of algae were summarized after analyzing the
above experimental results and corresponding references
(Fig.7). Since the final production of active free radicals is
the ·OH in the photochemical reaction, the key intermediates are O2-, HO2·/O2-·and H2O2. Absorption of photons by
chlorophyll (pigment) or DOM initiates the production of
excited states of substances under UV irradiation. The reaction of hydrate electrons (e-aq) with O2 results in the formation of O2-, the reaction of O2- with H+ leads to HO2, and
then H2O2 is the product of HO2·/O2-dismutation. Meanwhile, the simultaneous and rapid formation of H2O2 under
UV irradiation leads to the production of ·OH. The same
mechanism may also act in natural water because algae are
commonly present in natural aquatic environments.
4. CONCLUSION

A detailed study on the photochemical production of
·OH in suspension of algae was performed. It was demonstrated that the production amount of ·OH induced by algae
was higher than that in the other conditions. The production
amount of ·OH increased with increasing concentration of
algae, and the production of ·OH induced by algae was
strongly pH-dependent; the suitable pHvalue for ·OH production in suspension of algae was 6-7. Moreover, the temperature had a notable effect on the production amount of
·OH in suspension of algae, and the production amount of
·OH followed an increasing

FIGURE 7 – Photochemical production pathway of ·OH in suspension of algae.
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trend with temperature increasing from 15 to 35 ºC. The
production amount of ·OH was greatly enhanced by increasing the irradiation intensity. The photosynthetic apparatus and the pigment of algae treated by heat might have
been destroyed, and therefore, the algae treated with heat
were not benefit to the production amount of ·OH in suspension. Finally, the production of ·OH induced by algae
with UV irradiation can be attributed to the fact, that both
pigments and DOM as photo-sensitizers to produce the excited state of active substances, and then, the ·OH was produced via a series of photochemical reactions involving
participation of O2 and H+. This research will be helpful for
understanding photochemical production of ·OH in natural
aquatic environments containing algae.
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Foundation of China (21307042, 21307002), the Natural Science Foundation of Jiangsu Province (BK20130124) and the
Fundamental Research Funds for the Central Universities
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EFFECTS OF AZOXYSTROBIN ON
SOIL MICRO-ORGANISMS AND ENZYMATIC ACTIVITIES
Feng Hua Wang, Lu Sheng Zhu*, Dong Dong Lv, Peng Peng Guo, Jun Wang and Jin Hua Wang
College of Resources and Environment, Shandong Agricultural University, Key Laboratory of Agricultural Environment in Universities of
Shandong, National Engineering Laboratory for Efficient Utilization of Soil and Fertilizer Resources, 61 Daizong Road, Taian 271018, China

ABSTRACT

Azoxystrobin belongs to a kind of new strobilurin fungicides and its widely application to soils has become a
common practice. However, little is known about the effect
of azoxystrobin on soil microbial population and enzymatic activities. The impacts of azoxystrobin on cultivable
soil microbial population, enzymatic activities and soil respiration were investigated under laboratory conditions. The
fungicide was applied in 0.1, 1.0 and 10.0 mg kg-1 dry soil
during the incubation period. For all treatments, microbial
properties in soil were measured on days 7, 14, 21 and 28.
The results showed that azoxystrobin applications reduced
soil viable microbial numbers, soil respiration, and dehydrogenase and protease activities. However, the fungicide
had no significantly adverse effect on urease activity.
Azoxystrobin had strong positive effects on catalase in initial 21 days, but at the end of the experiment, catalase was
recovered close to that of the control. Among the four enzymes, dehydrogenase was most sensitive to azoxystrobin.
The authors suggest that azoxystrobin had an adverse effect
on soil microorganisms.

Effects of azoxystrobin on soil micro-organisms
and enzymatic activity remain poorly understood [3, 4].
Azoxystrobin had an inhibiting effect on mycorrhizal activity
[3], and its application could significantly decrease total phylloplane yeast population [5]. Azoxystrobin disturbed soil
fungal community structure but had no obvious effects on
the bacterial community under light/dark conditions [6].
However, Bending et al. [7] persisted that azoxystrobin did
not significantly affect the whole soil fungal community,
but slightly inhibited dehydrogenase activity.
Although effects of azoxystrobin on soil dehydrogenase
activity have been investigated [7], impacts of azoxystrobin
on urease, protease and catalase, important in the matter cycling of soil, and soil respiration remains unknown. The objectives of this study are to investigate the response of microbial population and soil respiration to azoxystrobin, as
well as the effects of azoxystrobin on soil enzymatic activities including dehydrogenase, urease, catalase and protease.
2. MATERIALS AND METHODS
2.1 Chemicals and reagents

KEYWORDS: azoxystrobin, soil viable microbial population, soil
enzyme, soil respiration

1. INTRODUCTION

Azoxystrobin, ((methyl (E)-2-{2-[6-(2-cyanophenoxy)
pyrimidin-4-yloxy] phenyl}-3-methoxyacrylate), is a new
class of highly effective and broad-spectrum strobilurin fungicides. It appeared on the market in 1996. In 2009, sales of
azoxystrobin were $ 910 million [1]. Azoxystrobin is known
for antifungal activity against the four major classes of pathogenic fungi - ascomycetes, basidiomycetes, oomycetes and
imperfect fungi, which can induce diseases, such as rust,
black rot, scab, downy mildew and rice blast disease, etc. So,
azoxystrobin has been used in various kinds of crops, such
as cereal grains, fruits, beans, vegetables, turf and ornamental plants [2]. Azoxystrobin has succeeded in controlling
powdery mildew and downy mildew in China currently.
* Corresponding author

Azoxystrobin (99% purity) was obtained from Dr. Ehrenstorfer (Germany). All other chemicals and solvents
used in the experiments were of analytical grade and purchased from Sigma Chemical Co. (USA) and Shanghai
Sangon Biological Engineering Technology and Service.
2.2 Soil

Soil used in this study, that had not been previously
applied with azoxystrobin for the last 5 years, was collected
from 0-20 cm of farms in Shandong Agricultural University, located in Taian, China. Soil samples were air-dried,
mixed thoroughly, sieved (2 mm mesh) and stored at 4 ºC
in the dark. Physical and chemical properties of the soil are
presented in Table 1.
2.3 Experimental design

Prior to azoxystrobin application, the soils were maintained at 25 °C for 72 h for activation. The recommended
field dose of azoxystrobin was 5 mg kg-1 [8]. Also, Howell
et al. [9] investigated effects on bacterial, fungal and nematode community structure and diversity with 1.0, 5.0, 10.0
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TABLE 1 - Physico-chemical properties of the soil used in the experiment.

Soil type

Organic
matter
(g·kg−1)

Available
nitrogen
(mg·kg−1)

Available
phosphorus
(mg·kg-1)

Available
potassium
(mg·kg-1)

pH

Clay
(<2μm)
(﹪)

Sand
(>50μm)
(﹪)

Silt
(50-2μm)
(﹪)

Maximal
water holding
capacity (%)

Brown
soil
(loam)

13.91

93.41

35.24

73.12

6.93

14.62

59.26

26.12

18.51

and 25.0 mg kg-1 soil of azoxystrobin. So, soil samples
were treated with azoxystrobin solution (in acetone) to give
a final concentration of 0.1 (1/50 times of the recommended field dose), 1.0 (1/5 times of the recommended
field dose) and 10.0 (double of the recommended field
dose) mg kg-1 dry soil, respectively. An equal volume of
pure acetone was added to non-azoxystrobin soils used for
controls (CK). All samples were run in triplicates. Pesticide-treated soils and control soils were thoroughly mixed
to assure homogeneous fungicide distribution, and then,
kept for 2 h to allow evaporation of acetone. Soil water
content was adjusted to 60% water holding capacity
(WHC). Findings of Wang et al. [10] showed that the concentration of azoxystrobin decreased from 9.01 mg kg-1 to
less than 0.01 mg kg-1 in ginseng fields in Beijing and Jilin
after 45 days of field trials. So, in the present study, soil
samples were incubated in the dark at 25±1 ºC for 28 days.
During the incubation, water content was held constantly
by addition of distilled water every 2 days. There were two
groups of soil samples. One of soil samples was taken after
7, 14, 21 and 28 days of incubation to determine soil respiration separately. The other soil samples were used to
measure all enzymatic activities and soil microbial population.
2.4 Analytical determinations
2.4.1 Enumeration of soil microbial population

Soil microbial populations were measured by soil dilution plate technique [11]. Three specific media were prepared to culture each micro-organism. Luria–Bertani (LB)
medium [12-14], Potato-Dextrose Agar (PDA, Difco) [15]
and Gauze's medium No. 1 [16] were used to culture bacteria, fungi and actinomycete colonies. 10.00 g sample from
each replicate of every treatment was placed in an Erlenmeyer
flask (250 ml) containing sterile water (90.00 ml), shaken for
20 min at 250 rpm, and stationed for 5 min. Serial dilutions
were then prepared for plate counts. 10-4 of soil suspension
was used for bacteria, 10-2 for fungi and 10-4 for actinomycetes. The agar plates were inoculated with 0.10 ml of soil
suspension and incubated at 30 °C for 36 h for bacteria, 48 h
for fungi, and 5 days for actinomycetes. Analyses were performed in three replicates.
2.4.2 Determination of soil respiration

Soil respirations were measured according to the content of CO2 absorbed by NaOH solution [17]. 50.00 g soil
sample was weighed into a 100-ml glass bottle and 1.00 g
glucose was put into the soil sample, and the water content

of soil sample was adjusted to 60% of WHC. Then, the glass
bottle was put into the 2500 ml respirometer, with another
serum vial containing 35.00 ml 1 mol L-1 NaOH in the respirometer. The above soils were incubated at 25±1 °C, CO2
produced was absorbed by NaOH, and NaOH solutions
were titrated by HCl solution (0.2 M). The respiration was
expressed as mg CO2 g-1 dry soil·h-1.
2.4.3 Determination of soil enzymatic activities

Soil dehydrogenase activity was determined following
the method of Kong et al. [18]. 5.00 g of soil samples, 2.00 ml
of 1% 2,3,5-triphenyltetrazolium chloride and 2.00 ml of
distilled water were placed into conical flasks and inoculated at 37 °C for 6 h. Afterwards, 5.00 ml of methanol was
introduced into conical flasks and swirled for 1 min. The soil
suspensions were filtered through glass funnels plugged
with absorbent cotton. The filtrates were diluted with methanol to a 25-ml volume, and the intensity of the reddish color
was measured at 485 nm by a spectrophotometer. Results
were expressed as mg TPF·kg-1dry soil.
Soil urease activity was determined by the method of
Kong et al. [18]. 10.00 g of soil samples and 2.00 ml of toluene were placed in 100-ml volumetric flasks and mixed for
15 min. Urea (10.00 ml, 10%) and citrate buffer (20.00 ml, pH
= 6.7) were added to the volumetric flasks, followed by incubation at 38 °C for 3 h. After incubation, distilled water
(38 °C) was added and oscillated thoroughly. The soil suspensions were filtered and filtrates (1.00 ml) were removed into
50-ml volumetric flasks; then, sodium phenolate (4.00 ml,
1.35 M), distilled water (10.00 ml) and sodium hypochlorite
(3.00 ml, active chlorine 0.9%) were applied to the filtrates,
producing blue color by reaction with ammonium. The intensity of blue color was measured at 578 nm by a spectrophotometer. Soil urease activity was expressed as µg
NH4+·g-1 dry soil.
Catalase activity was determined by titration with potassium permanganate [11]. Distilled water (40.00 ml) and
H2O2 solution (5.00 ml of 0.3%) were added to soil samples
(2.00 g aliquots) and mixed thoroughly and shaken for 30 min
on a rotary mixer at 120 rpm. The suspensions were supplemented with H2SO4 (5.00 ml, 1.5 M) and filtered. The residual
H2O2 in the filtrate (25.00 ml) was titrated with KMnO4
(0.02 M). The analysis results were expressed as ml of 0.02 M
KMnO4·g-1dry soil.
Soil protease activity was measured based on colorimetric determination of tyrosine at 680 nm [11]. A 100-ml
conical flask containing 25.00 ml casein substrate solution
was incubated at 30 °C; then, 5.00 g soil sample and 1 ml
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toluene were added to the flask and incubated at 30 °C for
48 h, to which protein precipitant (25.00 ml 10% trichloroacetic acid) was added, and then, the mixtures were placed
for 30 min and filtered after they precipitated. Na2CO3 solution (5.00 ml, 0.55 M) and Folin reagent (1.00 ml, 1:3)
were applied to 2.00 ml filtrate and immediately oscillated.
After 30 min of incubation at 30 °C, the absorbance of the
extracted tyrosine was measured. Results were expressed
as tyrosine mg·g-1 soil.
2.5 Statistical analysis

SPSS software (Standard Version 17.0, SPSS Inc.) was
used to analyze the data. One-way analysis of variance
(ANOVA) was performed to assess statistically significant
differences between the mean values by the least significant difference test. The difference was considered as significant with p<0.05.

3. RESULTS AND DISCUSSION
3.1 Influence of azoxystrobin on soil microbial population

Soil bacterial, fungal and actinomycete populations significantly decreased with increasing concentrations of
azoxystrobin (Fig. 1). Statistical results indicated that there
were obvious differences (p<0.05) among treatments of different concentrations of azoxystrobin. At the end of the incubation period, microbial population decreased by 37.356.8% for bacteria, 15.2-44.7% for fungi, and 14.3-39.3%
for actinomycetes, respectively. However, among treatments
of the same concentration of azoxystrobin, statistical analysis
showed no significant differences (p>0.05) with prolonged
incubation time. The trend in decreased numbers of soil cultivable micro-organisms indicated that azoxystrobin has an
inhibition effect on soil microbial populations.
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FIGURE 1 - Effects of azoxystrobin on the numbers of bacteria (a), fungi (b) and actinomycete (c) in soil. Error bars represent the standard
deviation (S.D). Different letters above the bars indicate significant differences compared to the controls at p<0.05 level.
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FIGURE 2 - Effects of azoxystrobin on soil respiration. Error bars represent the standard deviation (S.D). Different letters above the bars
indicate significant differences compared to the controls at p<0.05 level.

The adverse effect of azoxystrobin on soil cultivable
bacteria is in agreement with that of metalaxyl [19], penconazole [20], and butachlor [21]. However, our work is
not consistent with that of Monkiedje et al. [19], Sukul et
al. [22] and Cycoń et al. [23]. High concentrations of
mefenoxam significantly increased the bacterial population
[19]. Melataxyl had a significant stimulatory effect on bacterial and actinomycetes population but a significant inhibitory effect on fungal population [22]. Similarly, higher
dosages of mancozeb and dimethomorph significantly increased the total number of viable bacteria but decreased
the number of fungi during the incubation period [23]. The
effects of fungicides on soil microbial population depend
on the structures of fungicides [20], the doses of fungicides
used [23], and the types of soils [7], etc. So relationships
between different fungicides and various groups of soil micro-organisms are not easily predicted [20]. Azoxystrobin
kills plant pathogens by inhibiting the mitochondrial respiration resulting from disrupting the production of ATP
[24].Thus, some soil micro-organisms may be killed because of suppressed respiration. So, only those more adaptable micro-organisms could survive. Similar to Riah et al.
[25], azoxystrobin may have toxicity on soil-culturable microbial population.
3.2 The effect of azoxystrobin on soil respiration

Soil respiration was reduced in azoxystrobin-treated
soil samples compared with the controls. Also, soil respiration intensity decreased considerably with increasing concentrations of azoxystrobin and prolonged time (Fig. 2). Statistic analysis showed that there were significant differences
(p<0.05) among the treatments of different azoxystrobin
concentrations, except between 0.1 mg kg-1 treatment and
control at 7 days, and between 1.0 and 10.0 mg kg-1 treatments at 7 and 14 days. After day 28, soil respiration decreased by 12.3, 38 and 57.2% in treatments with 0.1, 1.0,
and 10.0 mg kg-1dry soil. In general, azoxystrobin had a
significantly inhibiting effect on soil respiration.

Soil respiration is often used to indicate soil microbial
metabolic activity. So, it is an important indicator for environmental impact assessment. Soil respiration is also important to global climate change and carbon cycling [26].
In our study, soil respiration was decreased by azoxystrobin,
the adverse effect was also observed in benomyl, captan,
chlorothalonil [27-29] and tebuconazole-treated soils [30],
but there were no statistical differences among treatments
of different tebuconazole concentrations [30]. However,
the stimulation of soil respiration was obviously observed
in mancozeb-treated soils [31]. Similarly, pyrimorph application stimulated soil respiration in the first 14 days, followed by stable soil respiration. Also, pyrimorph could not
post any adverse threat to soil respiration in the long-term
[32]. According to the mechanism of action of azoxystrobin
[24], soil respiration of non-target micro-organisms were
also inhibited, which resulted in decreased soil respiration
activity.
3.3 Effects of azoxystrobin on soil enzymatic activities
3.3.1 Dehydrogenase activity

Dehydrogenase activity showed a significant decrease
(p<0.05) with addition of azoxystrobin to soils (Fig. 3), and
significantly decreased with the increasing concentrations
of azoxystrobin during the incubation period. Statistical
analysis indicated that significant differences (p<0.05)
between treatments studied were observed, except for treatments of 1.0 and 10.0 mg kg-1 azoxystrobin at 14 and
21 days. At the end of the experiment, dehydrogenase activity decreased by 55, 72 and 85% compared with the control, respectively. In conclusion, azoxystrobin had an obviously adverse impact on soil dehydrogenase activity.
Dehydrogenase activity is thought to be an indicator of
general microbial activity in soils; so, it has been chosen to
measure the side effects of agricultural chemicals on soil
micro-organisms [33, 34]. Bending et al. [7] found that
azoxystrobin did not affect dehydrogenase activity in soils
with high organic matter contents/biomass, but significantly
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FIGURE 3 - Effects of azoxystrobin on dehydrogenase activity in soil. Error bars represent the standard deviation (S.D). Different letters above the bars indicate significant differences compared to the controls at p<0.05 level.

microbial cells, and it reflects the physiological state of
micro-organisms, and is also related to microbial respiration; so, decreased dehydrogenase activity induced by
azoxystrobin may be linked with the death of micro-organisms that were sensitive to the pollutant and depressed soil
respiration [33, 38]. Among the enzymatic activities studied, dehydrogenase activity was the most sensitive to
azoxystrobin [13].

inhibited dehydrogenase activity in soils with low organic
matter/biomass. But after 2 months, dehydrogenase activities in azoxystrobin treatments were recovered to the same
level as that in the controls, but not in chlorothalonil treatments. Our results are in agreement with those of mefenoxam
and metalaxyl [19], benomyl, captan [27], carbendazim
[35], and mancozeb and dimethomorph [23]. However, a
non-significant increase of dehydrogenase activity in prochloraz treatments [36], an initial increase and then a decrease in metalaxyl [37] and pyrimorph treatments [32],
and no significant stimulatory or inhibitory effects caused
by tebuconazole [30] were observed. Different responses
of dehydrogenase activity to fungicides in different soils
depend on microbial community structure and the degree
to which soil communities were exposed to the fungicides
(differences in soil properties [7]). Dehydrogenase belongs
to a group of intracellular enzymes occurring in all living
ck

0.1 mg kg⁻¹

3.3.2 Urease activity

Responses of the urease activities to different treatments
(Fig. 4) were not in agreement with those of dehydrogenase
activities. Addition of azoxystrobin had no obvious impact
on the urease activity, except for the treatment of 1.0 mg kg-1
of fungicide at 14 days, where a significant decrease
(p<0.05) was observed compared to the control. That is,
azoxystrobin had no obvious effect on soil urease activity.
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FIGURE 4 - Effects of azoxystrobin on urease activity in soil. Error bars represent the standard deviation (S.D). Different letters above the
bars indicate significant differences compared to the controls at p<0.05 level.
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strongly bonded to soil organic matters and mineral particles, and hence, it is prevented from degradation and denaturation [23]. So urease activity may be more stable and
resistant to ecological stress.

ck

3.3.3 Catalase activity

Values obtained from catalase activity indicated variable behaviour of azoxystrobin over the experimental period
(Fig. 5). Catalase activity increased significantly after addition of azoxystrobin to the soil, and no significant differences (p>0.05) were observed among treatments, but at
28 days of incubation, the activity of catalase recovered to
control levels, suggesting that azoxystrobin stimulated catalase activity only in short-term.

0.1 mg kg⁻¹

3.00

-1

Activity of catalase(0.02 M KMnO4 mL g dry

It is important to investigate effects of azoxystrobin on
urease activity, because this enzyme is a key component in
nitrogen cycles in soils and an extracellular enzyme responsible for hydrolysis of urea to ammonium. Prochloraz
[36], carbendazim [39] and benomyl and captan [27] had a
stimulating effect on soil urease activity. On the contrary,
Sukul [37] observed a continuous gradual decrease of urease
activity. Cycoń et al. [23] and Muñoz-Leoz et al. [30] reported a significant decline in urease activity in soils treated
with mancozeb, dimethomorph and tebuconazole. Pyrimorph
had no apparent impact at the lowest dose (0.5 mg·kg-1), but
posed a stimulation effect on urease activity in doses from
5.0 to 150.0 mg·kg-1 in the first 60 days, followed by an inhibition effect at the end of the experiment [32]. Urease is
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FIGURE 5 - Effects of azoxystrobin on catalase activity in soil. Error bars represent the standard deviation (S.D). Different letters above the
bars indicate significant differences compared to the controls at p<0.05 level.
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Catalase is an intracellular enzyme belonging to a
group of oxidoreductases [39]. Our results are in agreement
with those of Yan et al. [40]. There were other influences
of various fungicides on soil catalase activity. 240 ml mg-1
of validamycin application caused a significant decrease
(14%) in catalase activity [41]. In soils treated with pyrimorph, catalase activity fluctuated sharply during the
whole experiment. There were no significant differences
in the first 14 days, followed by increased catalase activity lasting for 35 days, with the same level as the control at the end of the experiment [32]. Our results of increased catalase activity immediately after the addition of
azoxystrobin to the soil are possibly caused by the stress on
micro-organisms, because the fungicide application changed
the soil ecosystem, resulting in changed metabolic activity
of micro-organisms [42].

Soil microbial properties, including cultivable soil microbial
populations, soil respiration and dehydrogenase, have
shown to be the most valuable monitoring tools to assess
the influences of azoxystrobin application on soil quality.
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3.3.4 Protease activity

Values obtained from protease activity (Fig. 6) in treatments with azoxystrobin were contrary to those of the catalase activity. After application of azoxystrobin to the soil,
protease activity decreased significantly (p<0.05) during the
experimental period. Protease activity had minimum values
on day 7, and there were significant differences (p<0.05) between treatments. Then, protease activity had a tendency to
increase and increased to the maximun values after 28 days,
but was still lower than that of the control. So, azoxystrobin
had a strong inhibitory effect on soil protease activity.
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A NEW METHODOLOGY FOR TREND ANALYSIS:
A CASE STUDY IN BURDUR AND ISPARTA, TURKEY
Kemal Saplıoğlu
Süleyman Demirel University, Civil Engineering Department, Isparta, Turkey

ABSTRACT

Nowadays where global climate change effects have
been remarkably perceived, the determination of trends of
rainfall, stream flow, and temperatures has become crucial
for the planning of water sources and engineering phases of
future projects. A bunch of methods are suggested by many
researchers to determine these trends and some estimations
are tried to be made. A new method based on a graphical
method developed by Şen is proposed in this study.
This new method was compared with current methods
of Mann-Kendall test statistic, regression model and Sen’s
graphical method. For comparison, the rainfall data of Burdur and Isparta have been chosen, and the trend analyses
were performed monthly and annually. As one of the conclusions of this study, it iwas observed that Sen’s graphical
test and this new method have similar results and it was
seen that the results of the regression test support both of
these two tests. On the other hand, Mann-Kendall test results were found as partly similar to the results of this
study. In conclusion, it is considered that this new test
method can be used for trend analysis.

KEYWORDS: Mann-Kendall, Sen’s graphical test, regression, new
methodology, Isparta, Burdur, trend, rainfall

1. INTRODUCTION

In recent years, a lot of studies have been made on
global and regional climate changes. Most of these studies
have presented some remarkable findings. However they
seem to require further test in order to be regarded as being
accurate or not.
In order to mention about climate change in a region,
there should be substantial differences between average
values of years for a long period of decades or even more
[1]. However, in the case of global climate change, the regions should affect each other [2]. It is seen that the climate
change studies focus on rainfall, temperature and flowrates
of rivers in general.

Gregory [3] has researched the changes of rainfall
trends in England and Suzuki [4] has done a similar study
for Japan. The trend changes using rainfall data in India
were analyzed by Jagannathan and Parthasarathy [5] and
Parthasarathy and Dhar [6]. Besides, Goswami et al. [7]
have studied the trend changes of the monsoon rains which
were accounted for 80% of total rainfall amount. Singh et
al. [8], have studied the trend changes of central and northwest regions of India annually and monthly using the rainfall data.
Nasrallah and Balling [9] have researched the temperature trend analysis for Kuwait between the years of 1950
and 1990 and found a temperature increase of 0.070C in
place. El Nesr et al. [10] have studied the trend analysis
using maximum, minimum and average temperature values
of 29 years using 29 stations in Saudi Arabia. It was concluded that there was a trend for winter months (November
to January) in that study. Chan et al. [11] have studied the
Hanjiang basin in China and have not found any temperature trend with 95% accuracy in accordance with the study.
Also in this study an increasing temperature trend was determined for some parts of the basin. In Danjiangkou reservoir, it was found that this increase had a variety from
10C to 20C.
Mann-Kendall test is frequently used in analysis of hydrometeorology data [12]. In Mann-Kendall test, when the
results of tests exceed some certain limits, positive or negative trends are observed [13]. Wang et al. [14] have modelled the rainfall data of West China for the second half of
the 20th century and they have determined an increase in
precipitation amount. Nevertheless, there not any increase
trend in East China was observed in the same study.
Partal and Kahya [15] analyzed annually and monthly
trend changes in the amount of rainfall. They completed
the analysis using nonparametric methods of Sen’s T test
and Mann-Kendall using 96 rainfall measurement stations
in various places of Turkey. As a result of this study, especially in 14 stations, the decrease of rainfall in January was
remarkable. Tabari et al. [16] made a study about climate
changes in 13 stations covering the east, south and southeast part of Iran between 1966-2005. They used MannKendall, Mann-Whitney, and Mann-Kendall Rank Correlation tests. According to the results, from the beginning of
1970’s, an increase of 0,412°C in average values, 0,452°C
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in maximum values and 0,493°C in minimum values were
obtained.
Karmesha [17] has studied the rainfall and temperature
trends of 9 states in the northwest part of the USA for the
years in between 1900-2011. In this study, statistically significant increases in trends were observed for both rainfall
and temperature values. Only for New Hampshire and
Maine states, the increases determined were not be the
ones statistically supported. Gocic and Trajkovic [1] have
determined increase and decrease trends with 95% significance level using Mann-Kendall and Spearman’s tests in
their studies on rainfall amounts in Serbia. In these tests,
there seemed a remarkable decrease for February and September for all the stations studied. For the other months,
there were decrease and increase trends varying at different
stations. In addition, during the intervals of 1987-1994 and
2000-2003, a remarkable drought was brought up as a matter. The year 2000 is found to be as the droughtiest year for
all the stations in that study. Mohamed and Saavaenije [18]
have used Mann-Kendall test to understand local, regional
and general trend changes in Sudd basin around the Nile
River, Sudan. In the study, the data of 100 years in between
1900 and 2000 were used. One of the most striking results
of that study of the basin was the increase trend in Victoria
Lake for 1960 and later as well as a temperature increase
of 0,6°C and 1,5°C degrees for maximum and minimum
values successively.
Şen [19] has represented an innovative way of graphics
splitting the data into 2 groups in his published study. The
study was applied for the annual flow of the Danube River
in Turkey, Cizre River, Aslantaş Dam and Menzelet Dam.
Şen [20] benefited from his innovative graphical methodology to visualize trend analysis of temperature values in
Marmara region. Saplıoğlu et al. [21] have compared the
Mann Kendall Test results of annual and monthly trend
analysis of three different observation station in Southwest
Turkey with the results calculated by Şen’s graphical
method. Besides, the degree of slope in the graphical
method was compared to see whether it is a trend indicator
or not. Kişi and Ay [22] have used both Mann-Kendall
trend test and Şen’s graphical method for their study on the
Kızılırmak River.
In the present study, rainfall data of Burdur (17238)
and Isparta (17240) obtained from measurement stations,
were evaluated by Mann-Kendall, Regression, Şen’s graphical method and also by Proposed method. The results obtained were compared with each other and the usability of
the recommended model was discussed further.
2. MATERIALS and METHOD

coordinates of 37° 72’ North latitude and 30° 29’ East longitude. This station has an elevation of 957 m over the sea
level and the average annual rainfall height is 429,16 mm.
Isparta central station is located on the coordinates of 37°78’
N and 30°56’ E. This station has an elevation of 997 m and
the average annual rainfall height is 514.7mm [23].
2.2. Methods
2.2.1. Mann-Kendall Test

The Mann Kendall test [24, 25] which is nonparametric, is independent from the data distribution. Whether
there is a trend in time series is checked by zero hypotheses
“Ho: no trend”. The time series to which the test will be
applied was divided into two groups as x1, x2, … xn
(xi,,xj) pairs. If the number of pairs where xi<xj for i<j is
shown as P and the number of pairs where xi>xj as M, the
test statistics is defined as S=P-M.
For n>10 the Kendall correlation coefficient is:
μ

0 ve σ

n n
s

z

0

5 /18

(1)

0
s

s

1 2n

0

(2)

0

It is concluded that if the absolute value of Z, calculated according to the above method, is less than the Z/2
value of a normal distribution at the α significance level,
zero hypothesis is accepted and time serial does not include
a trend. If it is greater than Z/2, time serial includes a trend,
and if S is positive, this trend is an increasing one. If S is
negative, on the other hand, trend is a decreasing trend. As
the data is not required to be compatible with a distribution,
this test is particularly useful [26].
2.2.2. Regression Analysis

In linear Regression analysis, the solution is based on
entering two different variables for different axis. A line
which fits best on data is determined and trend of this line
is calculated as an equation [27].
.
(3)
is a constant value while
In the equation above,
corresponds to the slope. If this equation is used for calculating the trendline, shows the amount of increase or decrease in the trend.
2.2.3. Şen’s Graphical Test

2.1. Field of Study

As field study, Burdur (17238) and Isparta (17240) stations located in Central Mediterranean Region were used.
The data of the years between 1975 and 2006 were taken
into consideration. Burdur central station is located on the

Şen [19] demonstrated a trend analysis method depending 1:1 line on the Cartesian coordinate system. Where the
1: 1 line and regions close to this line refers to the portion
which is not the trend. There are triangular areas on both
sides of the 1:1 line. These triangular areas contain infor-
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mation about the formation and direction of the trend
(Figure 1). First, time serial data is divided into two groups
with equal numbers. The first serial is the data from the beginning of the time series to the midpoint of the time interval,
the second serial is the data from the midpoint of the time
interval to the last data. Both of these data is sorted from big
to small in itself. Scatter diagrams are created where the first
group data is shown in the x-axis and the second group data
is shown in the y-axis. Finally, the 1: 1 line is passed through
right in the middle of the scatter diagram. If the results obtained in the scatter diagram fall below the 1:1 line the trend
line may be considered towards reduction, and vice versa.
Besides, in case of observed values exactly on or close to the
1:1 line, it can be considered that there is no trend. Apart
from those, if there are values on both side of the 1:1 line in
the diagram, it can be estimated that there are only the low
values or high values have increase or decrease trends according to the form of the graphic [19, 20].
2.2.4. Recommended Method

This is a method inspired by the Şen graphical test. In
this method as in Şen’s test, the data is divided evenly into
two portions and ranked from lower to higher. In the next
step the first value of first data set is subtracted from the
first value of the second data set. Then the second value of
the first data set is subtracted from the second value of the
second data set. This process is maintained until the end of
data. In the next step, the average of all values obtained is
calculated (Equation 4).
∑

/

(4)

Here the “i” refers to index, “ ” refers to the first data
set, “ ” refers to the second data set, “n” refers to the
number of data in each data set, and “MX” refers to the
mean of the difference of data between data sets.
H0 hypothesis is formed. This hypothesis is accepted
as there is no change. The hypothesis is evaluated by t-test
where the results are n≤30 and evaluated by z test where
the results are n>30 evaluated. In this evaluation if the hypothesis is rejected, it is decided that that there is an increase or decrease trend in place. If the results are positive,
it is estimated that there is a positive trend and vice versa,
since the first data set covers the half of data.
3. RESULTS

The annual and monthly data obtained from three rainfall measurement stations are separately modelled and the
results are compared with each other using Mann-Kendall
test, Regression test, Şen’s graphical test and the recommended method. There are 32 data sets which each include
Mann-Kendall and Regression tests, however there are
16 data sets which each for Şen’s test and the recommended
method each. Therefore the recommended method is tested by
t test. A program is coded using Matlab in order to transact
the recommended method and Mann-Kendall test automatically. Mann-Kendall test is applied in accordance with
both 95% and 90% confidence intervals and then the trends
are determined. In regression analysis, the differentiation
of the annual and the monthly rainfall heights are found in
mm and percentage equivalents of the results are calcula-

FIGURE 1 - Şen’s Graphic test representation of increase and decrease trends
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changes in January and August were seen as supported by
any other method. Trends of Sen’s graphical method with
the recommended method were overlapping with each
other. Also, according to regression test in April, June and
July, 1% and over precipitation changes were supported
with the graphic method of Sen and the recommended
method.
Considering annual and monthly trend analysis of Burdur province, while there was a trend of decrease in January, February and June, a trend of increase was observed in
April, May, July, and August. Besides a slight increase on
an annual basis a trend was observed (Figure 2).

lated. The results were evaluated and trends were found in
Şen’s graphical method. The results obtained from the recommended method were tested by t test with 95% confidence interval and the trends were found again. All the results obtained by methods were compared and the recommended method was discussed in terms of usability.
In Table 1, the test results belonging to Burdur province are summarized. According to these results, there was
not any trend found with a 95% confidence interval in
Mann-Kendall trend analysis. However, a decrease trend in
January and an increase trend in August was observed with
90% confidence interval of Mann-Kendall trend test. Trend

TABLE 1 - Monthly and annual rainfall data trend analysis of Burdur (17238) province

51,76
38,97
47,86
50,81
41,22
26,08
15,38
7,84
16,84
34,30
40,27
57,82
429,16

-1,84
-0,69
0,73
1,51
0,19
-0,6
0,66
1,75
0,67
-0,52
0,32
-0,31
1,05

180

Jan.
120
60
0
0

60

120 180

MannKendall
Trend
(0,9)
(1,64)







↑






110
55
0
0

55

110 165

Rainfall (mm)
1975‐1990

Rainfall (mm) 1991‐2006

Rainfall (mm) 1991‐2006

Apr.

Percentage
change

Şen
Trend
Test

New
Method
Z

New
Method
Trend
(0,95) (2,12)

-0,69
-0,31
0,42
0,99
0,085
-0,31
0,43
0,37
0,14
0,15
0,30
0,47
1,86

-1,33
-0,80
0,88
1,95
0,21
-1,19
2,80
4,72
0,83
0,44
0,74
0,81
0,43




↑
↑

↑
↑




↑

-2,67
-4,54
2,01
8,33
3,19
-3,14
3,15
2,41
-0,01
-0,02
-0,64
1,84
3,22




↑
↑

↑
↑




↑

90

Feb.

60
30
0
0

30

60

90

Rainfall (mm)
1975‐1990

Rainfall (mm)
1975‐1990

165

Annual
Change
for Regression (mm)

165

May

110
55
0
0

55

110 165

Rainfall (mm)
1975‐1990

3347

Rainfall (mm) 1991-2006

January
February
March
April
May
June
July
August
September
October
November
December
Annual

MannKendall
Trend
(0,95)
(1,96)














180
March

120

Rainfall (mm) 1991‐2006

MannKendall
Z

Rainfall (mm) 1991‐2006

Mean
Flow
Rate
(mm)

Rainfall (mm) 1991‐2006

Month

60
0
0

60

120

180

Rainfall (mm)
1975-1990

90

June

60
30
0
0

30

60

Rainfall (mm)
1975‐1990

90

0
0

40

80

120

Rainfall (mm)
1975‐1990

165

Oct.

110
55
0
0

55

110 165

Rainfall (mm)
1975‐1990

Aug.

60
30
0
0

30

60

90

Rainfall (mm)
1975‐1990

210

Nov.

140
70
0
0

70

140 210

Rainfall (mm)
1975‐1990

750

Rainfall (mm) 1991‐2006

40

90

Rainfall (mm) 1991‐2006

80

Rainfall (mm) 1991‐2006

July

Rainfall (mm) 1991‐2006

120

Fresenius Environmental Bulletin

Rainfall (mm) 1991‐2006

Rainfall (mm) 1991‐2006

Rainfall (mm) 1991‐2006

© by PSP Volume 24 – No 10a. 2015

120

Sept.

80
40
0
0

40

80

120

Rainfall (mm)
1975‐1990

120

Dec.

80
40
0
0

40

80

120

Rainfall (mm)
1975‐1990

Annual

500
250
250

500

750

Rainfall (mm)
1975‐1990

FIGURE 2 - Burdur (17238) province Sen’s graphical test monthly and annual trends

TABLE 2 - Isparta (17240) province’s monthly and annual trend analysis of rainfall data
Month
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FIGURE 3 - Burdur (17238) province’s Sen graphical test monthly and annual trends
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In Table 2, the test results belonging to Isparta province are summarized. According to these results, there was
not any trend with 95% confidence interval in Mann-Kendall trend analysis. However, a decrease trend in June was
observed with 90% confidence interval in Mann-Kendall
trend test. Trend changes in June seemed to be supported by
any other method. Even if trends of Sen’s graphical method
and the recommended method appear not to overlap overlap
in April, August, October and December (according to 95%
confidence interval); the recommended method had a 90%
of confidence interval in the first three months.
In December, the growth trend appeared to be decreasing considering the small observation data, and increasing
considering the large rainfall data. Therefore there was a
separation between the two methods. It is also important
that in the study a 3.51% increase in September was supported
by the other methods except for the Mann -Kendall test.
Considering annual and monthly trend analysis of Burdur province, while there is a trend of decrease in January,
February, October and November; a trend of increase was
observed in March, April, May, July, and August. In December both increase and decrease exist in trend. Also it
was observed that there was not any change in trend annually (Figure 3).
4. CONCLUSIONS

In this study, a new method has been recommended for
trend analysis. This method was compared with MannKendall, Regression and Sen’s graphical method in order
to investigate its usability. Comparison of Mann-Kendall
and the recommended test indicated that trend results of
13 monthly data sets were supported each other and they
are same for the 22 monthly data sets with 95% confidence
interval. This number increased to 25 with 90% confidence
interval. In the light of these results it is observed that the
method is compatible with Sen’s graphic method and regression analysis and it is also practicable. The proposed
method’s results were consistent with the Sen’s graphical
method and regression analysis and partly compatible with
the results of Mann-Kendall trend test. Additionally, trends
were detected by analyzing the data sets of Burdur (17248)
and Isparta (17240) rain gauge stations. Considering all the
results obtained in Burdur, a decrease in January and an
increase in August were observed. In Isparta, on the other
hand, June had a decreasing trend. Another common point
among all the trend tests is the time periods in which there
are no trends. In all tests, with 95% confidence interval no
trend in March, September, October, November and December was observed in Burdur while in Isparta there is no
trend annually.
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ASSESSMENT OF ALUMINUM INDUCED GENOTOXICITY
WITH COMET ASSAY IN WHEAT, RYE AND TRITICALE ROOTS
Filiz Vardar*, Nilüfer Akgül, Özlem Aytürk and Yıldız Aydın
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ABSTRACT

Aluminum (Al) toxicity is one of the major constraints
that limits plant growth and development in acidic soils
(pH<5). The present study describes the assessment and
comparison of time-dependent nuclear damage under Al
toxicity in three close related agronomic plant roots (Triticum aestivum (wheat), Secale cereale (rye) and their hybrid Triticosecale wittmack (triticale)) performed by single
cell electrophoresis (comet assay). The wheat, rye and triticale roots (~1 cm) were exposed to 100 µM AlCl3 at 15,
30, 60 and 120 min. In Al-treated cells, the most informative measure of DNA damage induced by Al was the DNA
tail, olive tail moment and tail intensity. All of the measurement values showed that the first sign of the genotoxic
effect was visible at the 15th min in wheat, rye and triticale.
The increase in DNA tail was most distinctive in wheat at
15 min. The DNA tail rates became similar after 30 min,
and were steady up to 120 min comprising 9.1% in wheat,
9.2% in rye and 9.5% in triticale. Al toxicity decreased the
olive tail moment after 120 min, and it was most significant
in wheat. Comet assay revealed that the tail intensity represented 8.9, 10.9 and 7.3-fold increases in wheat, rye and
triticale, respectively. In conclusion, Al-induced increase
in migrated DNA, revealed by comet assay, may be considered as an indicator of acute DNA damage in the root
tips of wheat, rye and triticale within a time range from 15
to 120 min.

KEYWORDS:
Al toxicity, comet assay, root, rye, triticale, wheat

1. INTRODUCTION

Aluminum (Al) is the third most abundant mineral in
the earth’s crust; comprising approximately 8%. Although
it exists primarily in the form of insoluble alumino-silicates
or oxides, the complex Al becomes solubilized in the soil
water when the soil pH is less than 5% [1-3]. Acidic soils
cover 30–40% of arable lands where important crops such,
as cereals, are cultivated and more than 50% of potential
* Corresponding author

arable land is under risk [4]. The reason is that many tropical soils are millions of years old and have been exposed
to continuous weathering, culminating in acidification [5].
In temperate areas, soil acidity develops mainly as a consequence of heavy use of chemical fertilizers, environmental pollution and acid rains [6].
Although many researchers have clarified the mechanism of Al toxicity and tolerance, it has not yet been fully
characterized because of its complicated chemical nature.
Soluble Al forms Al(OH)+, Al(OH)2+ and Al(H2O)63+ which
have toxic effects to plant growth and development within
a few minutes to few hours after exposure to micro-molar
concentrations [7, 8]. The common effects of toxic Al are
structural and anatomical changes in leaves, reduction in
total leaf number and in shoot biomass, chlorosis and necrosis of leaves leading to decreased photosynthetic activity, reduction of stomatal aperture and inhibition of root
growth, resulting in poor uptake of water and nutrients,
such as calcium, magnesium, potassium, iron and phosphorus [9–15].
It has been widely known that the root apex (root cap,
meristem and elongation zone) plays a major role in Alperception mechanism and accumulates more Al [1, 16].
The most common and immediate toxic effect of Al is inhibition of root growth [17]. Additionally, many researchers have described morphological, cellular, biochemical
and physiological changes in roots induced by Al toxicity
including thick and cracked roots [18], altered growth orientation together with unusual periclinal divisions [19], increment in cell wall rigidity by cross-linking pectin [20],
lignin accumulation [21], induction of callose synthesis [20],
reduction in starch grains [21], alteration in the lipid composition of the plasma membrane [11], disturbances of ion
transport and Ca2+ homeostasis [22], rearrangement and alterations of the cytoskeleton [1, 19], production of toxic
oxygen-free radicals [23], and increment in peroxidase activity [21]. Intensive studies on the mechanism of Al toxicity represents that aluminum has a strong binding affinity
with oxygen donor ligands, such as proteins, phospholipids, flavonoids, anthocyanins, carboxylic acids, inorganic
phosphate, nucleotides, DNA and RNA [10, 24]. As a result of the binding affinity of Al3+, the function and integrity of the cells are affected severely [25, 26].
Many important crops, such as cereals (Gramineae),
with high yield potential have been bred during decades.
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The Gramineae family includes many important crops, such
as rice (Oryza sativa), maize (Zea mays), barley (Hordeum
vulgare), wheat (Triticum aestivum) and rye (Secale cereale). Triticale (Triticosecale wittmack), which is one of the
cereals, is a hybrid of wheat and rye. It combines the yield
potential and grain quality of wheat, with the disease and
environmental tolerance (including soil conditions) of rye.
The genetic potential of cereals has been limited due to various stresses. For instance, acid soils which are widely distributed around the world cause multiple abiotic stresses,
such as Al toxicity [27]. Cereals are faced to Al toxicity
due to solubilization of aluminum (10 to 100 µM) in acid
soils [28, 29]. Variations in Al tolerance among gramineous species and cultivars within species provide materials
for studying Al tolerance mechanisms [27].
The objective of this study is to compare time-dependent nuclear damage and tolerance in 3 close related agronomic plant roots: Triticum aestivum (wheat), Secale cereale (rye) and their hybrid Triticosecale wittmack (triticale)
by alkaline single cell gel electrophoresis (comet assay) under Al toxicity.
2. MATERIALS AND METHODS
2.1. Plant material

Rye (Secale cereale L. cv. Aslım 95) and triticale (Triticosecale wittmack cv. Mikham 2002) seeds were obtained
from Bahri Dağdaş International Agricultural Research Institute and wheat (Triticum aestivum L. cv. Demir 2000)
seeds were obtained from The Ankara Agricultural Research Institute. Whole seeds were surface-sterilized
with freshly prepared 1% sodium hypo-chloride solution
for 10 min. After rinsing with distilled water for several
times, seeds were germinated in Petri dishes on moistened
filter paper with distilled water. After germination, the
seedlings, which reached 0.5–1 cm root elongation, were
exposed to 100 μM AlCl3.6H2O adjusted to pH 4.5 for 15,
30, 60 and 120 min. Distilled water was used for the negative control group. 10 mM EMS (ethyl methanesulfonate)
which is an established genotoxic substance known to induce DNA damage and detectable by comet assay [30], is
used for positive control. After Al treatment, roots were
washed with distilled water, and then they were used for
comet analysis.
2.2 Comet analysis

Comet assay (alkaline single cell gel electrophoresis)
was performed following the method described by
Joutchev et al. [31], with a few minor modifications. Sixty
root tips (0.5 cm) treated with 100 μM AlCl3 excised. Immediately after exposure, roots were washed with distilled
water. The nuclei were isolated from roots by careful slicing with a razor blade in 200 μl phosphate buffer saline
(PBS, 130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4,
50 mM EDTA, pH 7.5), on ice in the dark. For each group,
40 μl of the nuclei suspension were mixed with 40 μl hot

0.65% low-melting point agarose (LMA) in a micro-centrifuge tube, and dropped onto slides pre-coated with 0.65%
normal melting point agarose (HMA). Each drop was covered with a 24× 60 mm cover slip and slides were stored at
+4 ºC for 10 min. After removal of the cover slips, the agarose-layered slides were placed submerged in alkaline
buffer (300 mM NaOH and 1 mM EDTA) for 15 min that
facilitated nuclear DNA unwinding, followed by electrophoresis at 26 V and 300 mA for 30 min, under cold conditions. Lysing prior to DNA-unwinding step was omitted
according to Singh et al. [32], and no complication occurred in our assay. After electrophoresis, the slides were
neutralized in PBS, three times for 5 min. Slides were stained
with 0.2‰ ethidium bromide. Samples were examined with
a Leica DM LB2 fluorescence microscope, equipped with a
515-560 nm excitation filter and a 590 nm barrier filter for
ethidium bromide. The Comet module of the KAMERAM
image processing, and analyzing software were used for
measurement of DNA content in the head and DNA tail of
each comet. Usually, 2 slides from each independent experimental group were evaluated, with each providing a
median value of %DNA in tail, olive tail moment and tail
intensity of 50 comets.
Fifty seeds were used for each experiment. All experiments were repeated three times, and results were evaluated statistically. Analysis of variance of the all data was
done with SPSS 14.0 computer program. NPar test was employed to determine the statistical significance of differences
among the means. The differences were considered to be
statistically significant at P < 0.001.
3. RESULTS

To evaluate the acute genotoxic effects of Al toxicity,
the wheat, rye and triticale roots were exposed to 100 µM
AlCl3 at 15, 30, 60 and 120 min. To assess the degree of
possible DNA fragmentation/damage within treated cells,
the widely used single cell electrophoresis (comet assay)
was performed. Based on being able to detect a significant
change in treated cells, the DNA tail, olive tail moment and
tail intensity appeared to be the most informative measure
of DNA damage. The results of the comet assay obtained
from the wheat (Fig. 1), rye (Fig. 2) and triticale (Fig. 3)
roots treated with Al are given in Table 1. These results
showed that the first sign of the genotoxic effect of Al was
evaluated at the 15th min. The increase in DNA tail was
9.7% in wheat, 8.7% in triticale and 1.2% in rye, in comparison to control. Although rye seemed slightly affected
from Al toxicity at the beginning, the DNA tail rates became similar after 30 min, and were steady up to 120 min
comprising 9.1% in wheat, 9.5% in triticale and 9.2% in
rye, with regard to control (Fig. 4).
Al toxicity decreased the olive tail moment significantly.
Although the values showed fluctuations, after 120 min, the
olive tail moments decreased by 87.37% in wheat, 75.69% in
rye and 50.24% in triticale with respect to controls (Fig. 5). In
this context, it seemed that wheat and rye are more sensitive
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FIGURE 1 - Comets showing tails of different lengths induced by 100 μM Al in root cells of wheat: a. negative control, b. positive control, c. 15
min, d. 30 min, e. 60 min, f. 120 min; bar in (f) = 1 mm, and also applying to (a-e).

FIGURE 2 - Comets showing tails of different lengths induced by 100 μM Al in root cells of rye: a. negative control, b. positive control, c. 15
min, d. 30 min, e. 60 min, f. 120 min; bar in (f) = 1 mm and also applying to (a-e).

FIGURE 3 - Comets showing tails of different lengths induced by 100 μM Al in root cells of triticale: a. negative control, b. positive control, c.
15 min, d. 30 min, e. 60 min, f. 120 min; bar in (f) = 1 mm and also applying to (a-e).
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%DNA tail
89,39 ±2,52
98,06 ±1,73
97,43 ±2,06
97,98 ±1,71
97,53 ±2,15
87,40 ±3,54
88,41 ±7,24
93,76 ±2,97
95,25 ±2,66
95,45 ±2,93
86,96 ±2,78
94,56 ±2,65
96,29 ±2,24
95,53 ±2,51
95,24 ±2,36

%DNA tail

Groups
Control
15 min
30 min
60 min
120 min
Control
15 min
30 min
60 min
120 min
Control
15 min
30 min
60 min
120 min

Olive Tail Moment
102,23 ±12
12,53 ±4,48
16,09 ±5,55
9,49 ±3,56
12,91 ±5,51
91,73 ±14,58
19,29 ±5,92
34,56 ±11,51
29,04 ±9,4
22,63 ±10,17
91,76 ±11,27
32,82 ±8,69
30,46 ±10,1
35,50 ±10,7
45,66 ±9,53

100
98
96
94
92
90
88
86
84
82
80

Tail intensity (x10³)
253,23 ±76,5
1724,57 ±498,7
1450,34 ±425,1
1471,57 ±429,3
2256,55 ±805,7
169,15 ±70,5
613,12 ±193,9
1174,05 ±384,7
1491,09 ±449,4
1847,87 ±617
241,06 ±54,3
1386,49 ±373,2
1929,02 ±689,1
2518,69 ±627,5
1760,22 ±615,8

Wheat
Rye
Triticale

Control 15 min 30 min 60 min 120 min

Groups
FIGURE 4 - %DNA tail values of wheat, rye and triticale roots induced by 100 μM Al.

120

Olive Tail Moment

Triticale

Rye

Wheat

TABLE 1 - The values of % DNA in tail, olive tail moment and tail intensity after Al exposure in wheat, rye and triticale roots. All data are
significantly different from the control at P<0.001 level. Values represent means ± SD.

100
80
60

Wheat

40

Rye

20

Triticale

0
Control 15 min 30 min 60 min 120 min

Groups
FIGURE 5 - Olive tail moment values of wheat, rye and triticale roots induced by 100 μM Al.
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Tail Intensity (x10³)

3000
2500
2000
1500

Wheat

1000

Rye
Triticale

500
0
Control 15 min 30 min 60 min 120 min

Groups
FIGURE 6 - Tail intensity values of wheat, rye and triticale roots induced by 100 μM Al.

than triticale. Comet assay revealed that the increase in the
tail intensity induced by Al was very intensive, compared
to the control, and it represented 8.9-fold amount in wheat,
10.9-fold in rye and 7.3-fold in triticale (Fig. 6). However,
a stationary phase in DNA tail beginning from 60 min and
a regression in tail intensity at 120 min suggest a recovery
in triticale.
Within a time range from 15 to 120 min, this assay revealed an Al-induced time-dependent increase in migrated
DNA, considered as an indicator of acute DNA damage in
the root tips exposed to 100 µM AlCl3.
4. DISCUSSION AND CONCLUSION

Aluminum (Al) toxicity has become one of the major
constraints of crop production related with acidic soils (below pH 5) in arable lands with the rising environmental
problems [29]. Although great progresses have been made
in understanding molecular mechanism of Al tolerance and
toxicity during the last decade, cereals as widely produced
and consumed crop, are still face to Al-toxicity [27].
Multiple studies performed in roots which is the first
target of Al by cellular, caryological and molecular aspects.
The results revealed that Al toxicity induced nuclear dissolution, mitotic index reduction, chromosome aberrations or
sister chromatid exchanges in root cells of Allium sativum
[33, 34], Oryza sativa [35], Hordeum vulgare [36] and Vicia faba [37]. In our previous study [21], Zea mays (maize)
roots were exposed to different concentrations of AlCl3
(150, 300 and 450 μM). The results revealed that Al gave
rise to root growth inhibition, lipid peroxidation, callose
formation, mitotic and chromosomal abnormalities, reduction of starch content, intracellular Ca2+ accumulation, lignin deposition and peroxidase activity.
Although comet assay is one of the simple, fast, sensitive and reliable assays as monitoring methods of DNA

damage [38], there are limited data on Al toxicity and comet
assay in plants. Comet assay enables to detect mainly acute
breaks in double strand DNA at a single cell level and reveals the differences in the damage level, caused by the cellular toxicants [39-42]. The amount of breaks in double
stranded DNA in relation with the induction of programmed
cell death [42, 43]. The best of our knowledge presented paper is the first research comparing DNA damage in the roots
of three close related cereals by comet assay and providing
the first impact time of Al toxicity.
Achary et al. [2] treated the Allium cepa roots with different concentrations of Al (1, 10, 50, 100 and 200μM) for 2
hours. The comet assay results revealed that the dose dependent increase in the tail length induced by 50, 100 and 200 μM
Al was significant in compare to the control. A similar process was performed by Achary and Panda [44] with higher
concentrations of Al (200, 400 and 800μM) for 3 h in Allium
cepa. The researchers reported that Al induced DNA damage
evaluated by olive tail moment in comet assay. Subsequently
Achary et al. [45] treated the Hordeum vulgare roots with different concentrations of Al (2.5, 5 and 10mM) for 12 hours.
Consistent with the previous studies, Al induced DNA damage in a dose-dependent manner and caused an increase in
olive tail moment. In the present study Al application resulted
in DNA damage as evidenced by comet assay in wheat, rye
and triticale. In the previous studies attention has only been
paid to dose-dependent induction of DNA damage, time-dependent results ignored. As distinct from the other studies the
present study indicates the acute DNA damage induced by Al
which was detected in first 15 min.
It has been known that, the tail of the comet is the result
of the migrating relaxed DNA loops from the core during
electrophoresis in the comet assay, and the length of those
loops determines the length of the comet tail. Besides, the
tail intensity displays the number of DNA breaks, and it is
considered as a better predictor of DNA damage than tail
length [39, 41].
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The tail intensity represented a higher sensitivity rather
than tail length and a stronger correlation with the treatment period of Al in three Gramineae species. In the present study DNA damage that could be seen within 15 min
after Al treatment has been considered to be an early signal
of genotoxic effect and cell death.
In conclusion, the present study provided evidence that
Al taken up by the root system of wheat, rye and triticale
and generated DNA damage revealed by comet assay
within 15 min. The comet assay is sensitive enough to detect the effects of aluminum and could also provide one
criterion for assessing the aluminum toxicity.
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ABSTRACT

The excess of chemical fertilizer use in croplands has
increased N and P losses in runoff to aquatic environments
bringing in the serious contamination problem (especially
eutrophication). Thus, it is a great challenge to develop simple and environmentally friendly method to reduce the concentration of ammonium (NH4+) and phosphate (PO43-) in
waterbody. Thus, it is a great challenge to develop a simple
and environmentally friend method for the synthesis of calcium carbonate /montmorillonite (CCM) composite for simultaneous removal of ammoniumand phosphate. The synthesized CCM shows the different morphology from natural
montmorillonite with flower-like crystalline. The batch experimental data suggest that the simultaneous adsorption
isotherms of ammonium and phosphate by the synthesized
CCM obey the monolayer Langmuir model. The simultaneous uptake amount of phosphate on the surface of CCM
reaches the maximum at ~0.23 mmol/g, while ammonium
reaches 0.15 mmol/g.

KEYWORDS: CaCO3; Montmorillonite; CCM, Ammonium; Phosphate; Adsorption.

1. INTRODUCTION

Currently, excess of chemical fertilizers containing nitrogen (N) and phosphorus (P) are widely used in agriculture [1]. However, the irritation water and rain water in
soils has increased N and P losses in runoff to waterbody,
which could result in a potential source of eutrophication
in aquatic environments [2,3]. To solve this contamination
problem, many efforts have been made in developing effective technologies for the removal of ammonium (NH4+)
and phosphate (PO43-). Many studies have proved that phosphate in water can be effectively removed by adsorption on
calcium carboante (CaCO3) [4]. Montmorillonite can be
used to reduce NH4+ from aqueous solution through the cation exchange [5-7]. However, there is the limited study on
* Corresponding author

the design and fabricate the composite of CaCO3 loaded on
montmorillonite to simultaneously remove ammonium and
phosphate with high efficiency. Accordingly, a novel material of calcium carbonate/montmorillonite (CCM) composite was synthesized in this study. The specific details of
research address the following issues: (i) the optimized
conditions for synthesis of CCM composite with the simultaneous removal ability of ammonium and phosphate; (ii)
characteristic analysis of CCM composite; (iii) adsorption
isotherms of ammonium and phosphate by the synthesized
composite.
2. MATERIALS AND METHODS
2.1 Synthesis methods of composite

In this study, new material was synthesized through the
modified biomimetic mineralization process [8,9]. Firstly,
solution A of Ca(AC)2 and solution B of Na2CO3 were diluted by the certain volume of ethylene glycol, respectively.
And then, the equal volume of solution A and B were mixed.
Immediately, a certain quantity of the montmorillonite powder was added into the mixture solution. Thus whole reaction
was controlled at various temperature for changing times.
Finally, the precipitates were collected by filter and washed
with anhydrous ethanol for several times. The product was
obtained after drying at 60 .
2.2 Batch Adsorption Experiments

Adsorption isotherms were developed by conducting
the batch experiments. The synthesized adsorbent was added
into 0.01 M NaCl electrolyte background solution containing phosphate (0-5.0 mM) and ammonium (0-5.0 mM) at
25 . Initial pH was adjusted at pH 7.0 using the diluted HCl
or NaOH solutions. At the end of equilibration time (24 h),
the suspensions were centrifuged (3220 g) for 20 minutes.
Aliquots of supernatant were sampled and filtered through
0.45 μm membrane. The filtrate P concentration by colorimetry was analyzed using the molybdenum blue method
[10]. And N concentration was determined using the Nessler's reagent colorimetric method. The extent of sorption
per gram of adsorbent was determined from the difference
between initial and final P or N concentration in the liquid
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phase. The equilibrated concentration of N or P was recorded and the value was plotted versus amount of adsorption. The experimental details were the same as in previous
experiments [11,12].
3. RESULTS AND DISCUSSION

The data in Table 1 present the various synthesis factors for the synthesized CCM related to the removal efficiency of NH4+ and phosphate. According to the orthogonal experimental principle, changing one factor in the
premise may keep the other four factors invariable. According to the adsorption capacity of CCM, the synthesis
factors played the role as follows: C >t >V >T >M (C: initialconcentration of Ca(AC)2 and Na2CO3, t: stirring time;
V: volume ratio; T: bathwater temperature; M: the weight
amount of adding montmorillonite). It appeared that the initial concentration of Ca(AC)2/Na2CO3 in solution deter-

mined the removal efficiency ofNH4+ and P by adsorption
onto the synthesized CCM. Therefore, the optimized synthesis condition can be obtained as follows: the equal volume
of 0.3 mol/L Ca(AC)2 and 1 mol/L Na2CO3 solution diluted
by 20% volume of ethylene was mixed before 5.0 g montmorillonite was added, and then synthesis reaction was controlled at 50 bath-water for 3 hours, briefly.
Fig.1 shows the XRD patterns of CaCO3, montmorillonite and the synthesized CCM sample, respectively. The
characteristic peak of montmorillonite appearing at 21.9°is
weakened for CCM sample. In addition, XRD peaks associated with CaCO3 ranging from 25° to 27.16° were also
noticed in CCM. It is suggested that the synthesized material consisted of CaCO3 and montmorillonite. In Fig. 2,
SEM image of montmorillonite shows an amorphous morphology. However, a flower-like structure of crystalline
was formed after loaded by CaCO3. It is suggested that
montmorillonite is well distributed by CaCO3.

TABLE 1-Experimental design for the optimized synthesis of CCM composite.
Factors
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Temperature
(°C)
25
25
25
25
50
50
50
50
75
75
75
75
100
100
100
100

Time
(h)
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

Volume
(%)
20
40
60
80
40
20
80
60
60
80
20
40
80
60
40
20

Concentration of
Ca(AC)2)/ Na2CO3 mol/L
a
b
c
d
c
d
a
b
d
c
b
a
b
a
d
c

Quality#
(g)
5
10
15
20
20
15
10
5
10
15
20
15
15
20
5
10

Relative Intensify (a.u.)

a: Ca(AC)2/Na2CO3 = 0.15/0.5 mol/L, b: Ca(AC)2/Na2CO3 = 0.3/1 mol/L,c: Ca(AC)2/Na2CO3 = 0.6/2 mol/L,d: Ca(AC)2/Na2CO3 = 0.9/3 mol/L.
# Adding amount of Montmorillonite

CCM

Montmorillonite

CaCO3
10

20

30

40

50

60

70

2 Theta (degree)

FIGURE 1- XRD patterns of montmorillonite, CaCO3 and CCM composite.
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FIGURE 2- SEM image of montmorillonite (a) and synthesized CCM composite (b).
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FIGURE 3- Simultaneous adsorption isotherms of P (0-5.0 mM) and NH4+ (0-5.0 mM) onto the synthesized CCM composite at pH 7.0.

The simultaneous adsorption capacity of the synthesized composite to ammonium and phosphate was investigated by batch adsorption experiments. The adsorption isotherms of ammonium and phosphate onto composite are
presented in Figure 3. It is obvious that the adsorptionamount of ammonium and phosphate increased rapidly
at low initial concentrations (< 1 mM) at pH>7.0. And then
they reached maximum with increasing the concentration
in solution.
Experimental data were fitted using nonlinear Langmuir models using Sigma Plot 9.0 software. Langmuir adsorption model represented by the following equation:



K L mCe
1  K L Ce

where  is the adsorption density (µmol/g), m is the
adsorption maximum capacity (µmol/g), KLis the adsorption constant (L/µmol), and Ce is the equilibrium Mo concentration (µmol/L).

R2of equation fitting were 0.95 and 0.99 for the adsorption of phosphate and ammonium, respectively. The significance levels of those values were 0.17 and 0.32, respectively. Thus the model results suggested that the adsorption
ofphosphate and ammonium on composite obeys the Langmuir models.The values of KL and m obtained from the
regression analysis forphosphate were 0.36 L/mmol and
0.23 mmol/g, respectively. For ammonium, the values of KL
and m obtained from the regression analysis forphosphate
and ammonium were 0.28 L/mmol and 0.15 mmol/g, respectively. In addition, the synthesized composite had a stronger
adsorption capacity to phosphate than to ammonium,
which could be contributed to the specific structure of
the composite. To our best knowledge, the synthesis of
CaCO3/montmorillonite composite material has not yet
been reported. Only relative works on the synthesis of zeolite/hydrated iron oxide (Zeolite/Fe2O3) composite are available currently [13,14]. The cation exchange capacity and
phosphate immobilization capacity of the zeolite/Fe2O3
composite material reached 1.543 mmol/g and 18.2 mg/g,
respectively [13]. Actually, it can be found in Fig. 3 that
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this adsorbent had a simultaneous adsorption capacity to
NH4+ and P at pH 7.0 about 4.3 mg/g (0.253 mmol/g) and
1.0 mg/g (0.032 mmol/g), respectively. These results suggest that the composite of CaCO3/montmorillonite can be
synthesized for simultaneous removal of phosphate and
ammonium from aqueous solution with high efficiency.

[4]

Wang, L.J., Ruiz-Agudo, E., Putnis, C.V., Menneken, M. and
Putnis, A. (2012) Kinetics of Calcium Phosphate Nucleation
and Growth on Calcite: Implications for Predicting the Fate of
Dissolved Phosphate Species in Alkaline Soils. Environmental
Science & Technology, 46(2), 834-842.

[5]

Wu, D.Q., Peng, J.L. and Wei, J.F. (2000) Montmorillonite
and lead and zinc solution interface reaction dynamics. Journal
of Minerals, 20(2), 97-101.

[6]

Li, J.S., Chen, W.D. and Jiang, J.X. (2012) Modified montmorillonite, the adsorption of pollutants in wastewater is reviewed. Journal of Jining University, 33(3), 43-46.

[7]

He, H.P., Guo, J.G. and Xie, X.D. (1999) Montmorillonite clay
minerals such as the experimental study of heavy metal ions
adsorption selectivity. Journal of Minerals, 9 (12), 231-235.

[8]

Wang, W., Wang,G.,Liu,Y., Zheng, C. and Zhan,Y. (2001)
Synthesis and characterization of aragonite whiskers by a
novel and simple route, Journal of Material Chemistry, 11(6),
1752-1754.

[9]

Xu, N., Li, Y., Zheng, L., Gao, Y., Yin, H., Zhao, J., Chen, Z.,
Chen, J. and Chen M. (2014) Synthesis and application of
magnesium amorphous calcium carbonate for removal of high
concentration of phosphate. ChemicalEngneering Journal,
251, 102-110.

4. CONCLUSIONS

In this study, CCM composite was synthesized through
the simplified biomimetic mineralization process, characterized, and evaluated. CCM presents the characteristics of
montmorillonite and CaCO3 with flower-like morphology.
In particular, the composite possesses the ability of simultaneous reduce of phosphate and ammonium from aquatic
environments with high efficiency.
Future research should be developed to modify the
synthesis method of composite in order to further improve
the adsorption capacity to simultaneously reduce ammonium and phosphate from aquatic environments.
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ABSTRACT

The aim of the study was to determine the extent to
which mixtures of NaCl used during the winter affect the
salinity of the soil, and to determine the increase of soil
salinity on green belts after the winter. Field studies were
conducted in the years 2010-2011 on lawns along major
roadway in Krakow. Soil samples were collected in three
times series: in July and November 2010 and in March
2011, at fixed depth and distance from the roadway. The
pH and electrical conductivity of water and soil solutions
were measured. Additionally, in the soil samples was determined the ionic composition of the aqueous extract the
sum of bases was calculated from the sum of exchangeable
cations: Ca2+, Mg2+, Na+, K+. Significant alkalization of soils
was noted in all of their layers, increasing closer to the edge
of the roadway. It was shown that excessive salinity is
mainly caused by the degree of saturation of the sorption
complex of soils with the sodium cation, and the electrical
conductivity value is not a fully reliable indicator of soil
salinity.

KEYWORDS: soil salinity, de-icing, urban lawn soils, NaCl, electrical conductivity (EC)

1. INTRODUCTION

Urban green spaces suffer from environmental pollution. Urban soils are contaminated with heavy metals [1,
2] and polyaromatic hydrocarbons (PAHs) [3]. Another
ecological problem in these soils is a remarkable input
of base cations resulted from winter road deicing [4]. The
icing of roadways and sidewalks is countercated by the application of various mixtures of salt or sand and salt as well
as brine solutions [5, 6]. The dose of salt per 1 km of road
ranges from 40 to 80 tons/year [5]. For example, in Toronto
(Canada), the annual de-icing budget amounts to about
USD 50 million [7]. However, hidden costs of the imple* Corresponding author

mentation of that measure, related to e.g. corrosion or damage caused in the environment, are much larger than the
direct costs connected with counteracting the icing of roads
[8]. These salts are transmitted in the form of aerosol with
the wind and as a result of car traffic to roadsides and adjacent green areas, where they penetrate soil profile. At
least ninety per cent of total salt deposition used to counteract the icing of roads accumulates in the zone of up to
20 m from the roadway edge [9]. Moreover, it is estimated
that over 50% of that salt penetrates into soil profile [10].
Generally observed salinity of urban soils may also be the
result of hardening of roads and squares with the use of
slags of different origin, dilution of salts from unsecured
waste dumps, excessive fertilization of urban green areas
and the introduction of various materials, especially gypsum, into soils [11-13]. Eventually, the increased soil salinity often leads to decline of the urban green [14, 15].
This problem is the most apparent in large urban areas and
along major transit routes [16-20]. Therefore, the increase
of salinity is one of the major issues in the protection of
green areas in cities [21, 22].
The present paper defines the extent to which mixtures
of NaCl used during the winter period affect the salinity of
urban soils and how soil salinity increases on green belts
following the winter period as well as which of the cations
present in the cation exchange capacity of the examined
soils determine the degree of salinity, as exemplified by
green areas along the major roadway in Krakow, Poland.
2. MATERIALS AND METHODS

The study was conducted in the years 2010-2011 in the
green area between carriageways major roadway in Krakow. The investigated soil are transformed due to the human activity for several hundred years, thus they can be
classified as Urbisols. Although it is difficult to obtain information about former soil cover, according to Skiba et al.
[23] the soil in this part of the city could have developed
from loess. Mean annual total precipitation in this region is
622 mm, and mean annual temperature is 8.3°C. Snow
cover is present 62 days of the year (December – February)
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[24]. The length of the examined lawns measured along
their central axis is about 2500 meters, and the area: about
4.9 ha. The investigated soils are located along the roadway
which is a sequence of three avenues that surround the central area of the city, and consist of: Juliusz Słowacki Avenue, Adam Mickiewicz Avenue and Zygmunt Krasiński Avenue. All three avenues roads of the 2nd standard of snow
removal, which means that up to six hours after the snowfall has stopped, the roadway should be cleared of snow
over the entire width and sprinkled (up to the temperature
of -10°C) with salt moistened with salt brine, and in the

case of a lower temperature it should be sprinkled with a
rough mixture.
In order to determine the spatial and temporal changes
in soils caused by the mixtures of salt used in the winter,
soil samples were collected three times: in July 2010, November 2010 and March 2011. The samples were obtained
from the green area between the roadway lanes along the
roadway on research plots located at about 300 meters’ distance from one another (Fig. 1).

FIGURE 1 - Location of the research area in Krakow [map source: http://maps.geoportal.gov.pl ] and in Poland
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On each of the nine research plots soil samples were
collected. One sampling point was at the distance of 1 m,
and the other at 2 m from the edge of the eastbound roadway. The procedure was analogous at both sides of the
roadway, which gives four sampling points in each of the
nine locations. Soil samples were collected from depths of
0-20 cm, 20-30 cm, 40-50 cm by means of manual soil
sampler. The following properties were determined in the
samples: pH, using the potentiometric method in H2O and
1 M KCl, keeping the soil-solution ratio of 1:5 and electrical conductivity (EC) using the potentiometric method, at
the soil-solution ratio of 1:5 [25].
Thirty selected samples, representing a broad range of
EC (10 samples with the highest EC value, 10 samples
around average value and the 10 samples with the lowest
values), were selected for detailed studies to calculate the
"Z" and "SAR" ratios based on the data obtained from the
analysis of the aqueous extract (with deionized water; the
soil to water ratio of 1:10), i.e. the content of cations Ca2+,
Mg2+, K+, Na. The "Z" ratio (which is the ratio of sodium
ions to the sum of calcium and magnesium ions in the aqueous extract, expressed in equivalent amounts) is calculated
by the following formula [26]:

Z

Na
Ca  Mg

(1),

where Na, Ca and Mg are given in cmolc kg-1 of soil.
The SAR salinity ratio (Sodium Adsorption Ratio),
which is the ratio of sodium to the square root of the sum of
Ca and Mg (cmolc kg-1), is calculated by the formula [27]:

SAR 

Na
Ca  Mg
2

(2)

The following properties were also determined in selected samples [28]: the sum of the base cations (BC(cmolc
kg-1) =Ca2++ Mg2++ Na++K+) determined in the 1 mol dm3
CH3COONH4 extract at pH 7.0 by means of the AAS
method, hydrolytic acidity (Hh) according to the Kappen’s
method (extracted in 1mol dm-3 Ca(CH3COO)2). Cation
exchange capacity (CEC) was calculated as a sum of BC
and Hh.
Statistical calculations were also done in order to determine the basic characteristics of salinity. Comparisons
were performed by the means of a one-way factorial analysis of variance (ANOVA). Significance was checked by
Tukey’s HSD test as a post-hoc test. The sets of data were
log-transformed when necessary, to approach data normal
distribution.
3. RESULTS AND DISCUSSION

The pH is of primarily diagnostic importance as it allows
clear distinguishing of sodic soils. The threshold value

is pH = 8.5 [29]. Taking into account a salt effect, we expected to find elevated values of pHH2O of soil samples
taken in March. Indeed, data shown in Fig. 2, confirmed a
significantly higher pHH2O in March (n=18, p=0.043) than
in November, but this statement was only true in the close
vicinity of the roadway (1m) and only in the 0-20 cm depth.
The above mentioned observation was different from the
generally observed regularity (i.e. observed at 1 m distance
at 21-40 and 41-50 cm depth as well as all depths at 2 m
distance, Fig. 2) that the highest pHH2O was detected in July
and pHH2O decreased in the following order July>November>March, or remained statistically the same. This allows
for concluding that such a high pH of the examined soils
was to the greatest extent caused by winter road salting and
the storage of snow removed from the roadway just off the
roadway curbs. A similar observation was made by Filipek
and Badora [18], who found a significant alkalization of
soils in all studied layers and transects, increasing closer to
the edge of the roadway, along roads leading from Lublin.
Similarly, Skiba and Komornicki [17], in a study conducted 40 years ago in the same green areas located in Krakow, noted pH in range from 6.0 to 7.5, remarkably lower
than in the present study. Greinert [13] and CzerniawskaKusza et al. [14] also indicate an increased pH of the soil
in large urban areas.
The results on electrical conductivity (EC) analysis
presented here confirm a significant increase in the salinity
of urban soils as a result of de-icing treatments on roadways and sidewalks in the winter. The average values of
EC measured in samples taken in March were significantly
higher than these calculated for data obtained in July and
November (Fig. 3). The significant increase of EC was observed in all soil layers at one meter from the road (p <
0.007) range and in 0-20 cm depth at two meters from the
road (p=0.0005). However, the average calculated for the
distance 1 m and 0-20 cm depth was even significantly
higher than all the other measurements. A similar situation
was described by Greinert [13], who studied urban soil of
Zielona Góra, Poland.
The results of electrical conductivity (EC) examination
in July 2010 ranged from 67 to 500 µS·cm-1, in November
2010 from 74 to 401 µS·cm-1 while in March 2011, after
the winter season de-icing of roads with the use of sodium
chloride for road de-icing, these values increased and ranged
from 73 to 780 µS·cm-1. If these values were assessed with
respect to their effect on vegetation, then the soil solution
should not experience significant changes resulting in the negative reaction of plants to salinity, which, according to other
authors, occurs after exceeding the value of 1000 µS·cm-1 (the
limit value for sensitive plants) [26, 30].
Taking into account the fact that the degree of threat to
plants is not determined by the amount of salinity expressed as EC but by the ionic composition of water extracts [31], the ionic composition of the aqueous extract
and the "SAR" and "Z" ratios were determined [26].
The ionic composition of the water extracts, analyzed on
30 selected soil samples, differed from the series character-
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FIGURE 2 - Averages, standard deviations and 1.96 x standard deviation range (n=18) of pH (H2O) of the investigated soil samples

FIGURE 3 - Averages, standard deviations and 1.96 x standard deviation range (n=18) of EC (µS·cm-1) of the investigated soil samples.
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TABLE 1 - The average, minimum, maximum, and standard deviation (SD) for the content of the aqueous extract cations: Ca2+, Mg2+, K+, Na+
and the "SAR" and "Z" values. Due to limited number of samples taken to the analysis (30), the data were analyzed only with respect to the
sampling period. SD – Standard deviation
Properties

Na+ [mg·100g-1]

K+ [mg·100g-1]

Ca2+ [mg·100g-1]

The sampling data

Mg2+ [mg·100g-1]

SAR

Z

July 2010 [n=8]

MEAN
MAX
MIN
SD
The sampling data

14.03
62.14
2.09
16.95

1.58
4.30
0.50
1.11

6.58
11.10
2.90
2.69
November 2010 [n=11]

0.50
1.23
0.15
0.27

8.8
39.0
1.0
11.5

2.8
15.0
0.0
4.3

MEAN
MAX
MIN
SD
The sampling data

13.80
56.82
2.78
15.80

1.47
2.90
0.50
0.67

11.36
19.10
4.20
3.67
March 2011 [n=11]

0.73
1.42
0.21
0.30

6.1
28.0
1.0
7.9

1.3
7.0
0.0
2.1

MEAN
MAX
MIN
SD

26.94
82.91
4.72
24.45

2.36
6.00
0.70
1.33

1.20
2.88
0.49
0.58

13.8
44.0
2.0
13.3

3.7
12.0
0.0
4.0

8.66
17.30
2.80
4.18

istic semi-natural soils derived from loess [32], and was as
follows: Na> Ca> K> Mg. Its content in July 2010 ranged
from 2.09 to 62.14 mg/100 g, in November 2010 2.78 56.82 mg/100 g, while in March 2011 it ranged from 4.72
to 82.91 mg/100 g. The second in terms of amount was the
Ca2+ ion; while Mg2+ occurred in the smallest amount. The
amounts of calcium were respectively higher with a decreasing sodium content (Table 1).

On the basis of the results of water extract analysis we
calculated the sodium adsorption ratio (SAR) and the factor (Z). Both these ratios are dependent on the relation of
sodium cations to the sum of calcium and magnesium cations (in cmolc kg-1). The SAR ratio shows a high correlation with electrical conductivity (Fig. 4). This correlation
provides valuable information on the overall level of salinity and alkalization of soils. Also the factor Z was significantly correlated with EC (Fig. 4), however, EC explained
smaller part of Z variation than in case of SAR (R2=0.73).

FIGURE 4 - Correlation of the sodium adsorption ratio (SAR) and the factor (Z) with electrical conductivity (EC) (µS·cm-1).
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The studied soils with the highest EC have largely exceeded the threshold limits of both of the examined ratios
suggested by Gouda [26] (SAR>10, Z>4). Among all samples tested, as many as 23% exceeded the limits of the two
salinity ratios in July. In November, it was only 13%, while
in March, after the penetration of salt dissolved after the
de-icing of roads, as many as 43% of the samples showed
the characteristics of sodium soils with a high sodium saturation; the SAR value was higher than 15 and the "Z" ratio
was higher than 4.
In the examined soils, the saturation with base cations
(in relation to CEC) were ranging from 98 to 99%, regardless the sampling period (Table 2). The CEC contained the

mostly Ca2+ cations, however, in the spring of 2011 the
share of sodium cations in the sorption complex significantly increased. The share of magnesium and potassium
cations was stable and not subject to large fluctuations. Improper ratio of Ca2+ and Mg2+ to K+ may have undesirable
consequences in the form of chlorine plant poisoning derived from NaCl. Increasing the amount of magnesium and
potassium in the soil solution will protect the soil from the
process because salinity, at the decreasing ratio of Na+ to
Ca2+, Mg2+ and K+, sodium will not enter the sorption complex [17].
In Poland, the CEC of soils that were saline due to
the use of de-icing chemicals was first studied in the years

TABLE 2 - The average, minimum, maximum and standard deviation of hydrolytic acidity (Hh), the content of exchangeable cations (Ca2+,
Mg2+, K+, Na+), the sorption capacity (CEC) and the degree of saturation of the sorption complex with base cations (BS) of the test soils. Due
to limited number of samples taken to the analysis (30), the data were analyzed only with respect to the sampling period. SD – Standard
deviation
Properties
Sampling period
MEAN
MIN
MAX
SD
Sampling period
MEAN
MIN
MAX
SD
Sampling period
MEAN
MIN
MAX
SD

Hh

Na+

K+

Ca2+
Mg2+
[cmol(+) kg-1]
July 2010 [n=8]

CEC

BS
%

1.18
0.45
4.45
1.60

3.23
1.78
4.46
1.13

0.35
0.17
0.72
0.20

35.46
0.76
25.72
0.44
48.94
1.26
7,.8
0.28
November 2010 [n=11]

40.28
31.48
52.68
7.11

98.70
98.39
99.00
0.26

0.53
0.45
0.60
0.08

2.62
0.54
4.90
1.65

0.27
0.15
0.47
0.12

37.25
0.82
26.29
0.36
50.68
1.74
8.64
0.50
March 2011 [n=11]

41.48
28.84
54.59
8.67

98.67
97.92
99.18
0.42

0.43
0.30
0.45
0.06

4.74
1.54
7.79
2.08

0.29
0.10
0.45
0.12

45.96
35.65
54.45
8.24

99.06
98.81
99.17
0.15

39.68
28.90
48.36
7.73

0.83
0.51
1.23
0.28

TABLE 3 - The percentage of individual cations in CEC of the examined soils. Due to limited number of samples taken to the analysis (30), the
data were analyzed only with respect to the sampling period. SD – Standard deviation
Properties

Na+

Ca2+

Mg2+

K+

[%]
Sampling period data
MEAN
MIN
MAX
SD
Sampling period

July 2010 [n=8]
1.9
1.0
2.4
0.5
November 2010 [n=11]

8.4
3.4
14.2
3.8

87.6
81.7
92.9
3.6

MEAN
MIN
MAX
SD
Sampling period

6.4
1.9
13.2
4.4

89.6
83.0
92.9
3.7

2.0
0.9
3.2
1.0
March 2011 [n=11]

0.7
0.3
1.6
0.5

MEAN
MIN
MAX
SD

10.4
3.6
15.5
4.4

86.2
81.1
92.2
4.3

1.9
1.0
2.9
0.8

0.6
0.2
1.2
0.3
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1968-1970 by Dobrzański et al. [16]. The results of those
studies confirm the correlations observed on Krakow lawns
and where the CEC was almost completely saturated with
base cations. As mentioned above, research of soils in the
vicinity of Krakow's major roadway was conducted by
Skiba and Komornicki [17]. By examining the soil in three
seasons, after the winter of 1969/1970 they observed a significant increase in sodium content. The share of Na+ in
places reached 10% saturation of the CEC. Currently, the
percentage of its content in relation to the CEC in July averaged 8.4% and thus exceeded the value of 5%, considered to be the limit. Only in autumn did the situation
slightly improve. However, the average content was 6.4%.
That situation worsened in March 2011, when the sodium
content of CEC doubled the level of 5% and averaged
10.4% (Table 3).
4. CONCLUSIONS

The results of the research conducted in 2010-2011,
concerning the lawn soils along major roadway in Krakow
showed that excessive soil salinity due to sodium is a serious threat to urban soils, especially shortly after winter, and
at the distance up to 1m from the road. However, the observations in July and November suggest that the investigated soils have relatively strong buffer capacity which offset the salt input within the growing season. It also has been
confirmed that it is not the value of electrical conductivity
(EC) but above all the qualitative composition of water extract, expressed as the ion concentration in the sorption
complex. In the investigated case this concerns a high content of Na+, whose share of 5% in CEC of the soils was
significantly exceeded.
On the basis of recording the degree of salinity in three
sampling periods July and November 2010, March 2011),
it was found that in these soils there occurs gradual leaching of salts into the studied soil profiles. Especially the
sampling in November 2010 confirmed that sodium clearly
accumulates in the deeper layers of the soil. Spring is the
period in which the newly delivered amount of salt re-contaminates the soil in its outer layers.
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ABSTRACT

The impact of the closed Kairiai municipal landfill located near the Šiauliai City (Lithuania) on components
(water, bottom sediments and macrophytes) of the neighboring aquatic ecosystem, into which the leachate from the
landfill is probably released, was investigated. Heavy metals (HMs) were chosen as ones of the main persistent pollutants detected in the leachate. The contents of HMs in
water, bottom sediments and macrophytes were measured
and the HM migration and distribution between the ecosystem components were established. It was found that Cu, Cr,
Ni, Pb, Zn, and Fe are strongly and positively correlated
with each other in the tested macrophytes and in bottom
sediments. Calculation of the enrichment factor confirmed
that the increase of HM concentration in sediments of the
tested water body is obviously caused by the release of the
leachate from the landfill. It was established that sediments
and macrophytes perform the role of a natural filter or biogeochemical barrier which holds migration of permanent
and persistent pollutants such as HMs in the water body.
The investigation confirmed that macrophytes are very important element in the self-cleaning processes of water bodies and could be used as biogeochemical indicators for the
assessment of ecological-geochemical state of the aquatic
ecosystem.
KEYWORDS: closed landfill, pollution, aquatic ecosystem, heavy
metals, sediments, macrophytes

1. INTRODUCTION

The use of municipal solid waste landfills is the most
widely utilized methods of solid waste disposal around the
world due to its economic advantages [1, 2]. About 800 mu* Corresponding author

nicipal landfills of different size, age and state are located
in Lithuania in 2006, but since 2009 all municipal, commercial and mixed industrial waste of Lithuania gets into
11 landfills. The most of the closed landfills do not fully
comply with the requirements of the Landfill Directive
(99/31/EC) [3]. Leachate emissions from landfill sites are
of growing concern, primarily due to their toxic impact
when released unchecked into the environment, and the potential for landfill sites to generate leachate for many hundreds of years following closure [4, 5].
Pollution of heavy metals (HMs) as persistent pollutants is of great concern worldwide as a result of the continuing emission from the landfills into neighboring
aquatic ecosystems [6]. Heavy metals can have a severe
impact on aquatic ecosystems, due to their non-degradation, indeterminate persistence, bioaccumulation, biomagnification and toxicity to biota [7, 8]. Estimation of the pollution of aquatic ecosystems may be based upon the determination of accumulation rate of nutrients and HMs by bottom sediments and macrophytes [8, 9]. Macrophytes are
considered to play not only a significant role in nutrients
such as nitrogen and phosphorus absorption by direct plant
uptake [10], but also in HM accumulation, migration and
distribution in the aquatic ecosystem [11].
Environmental problems related to HM pollution of
aquatic systems have recently been extensively investigated [12-15]. However, in most cases, HM release, distribution, accumulation and impact on organisms in the large
estuaries, lakes or rivers with a huge catchment area which
are under tremendous anthropogenic stress are investigated
[14, 16, 17]. Nevertheless, relatively few studies have focused on ecosystems of small or average-size bodies, which
suffer from local chronic anthropogenic impact [18].
The data presented throughout this study are a part of
large-scale investigations of the ecotoxicological state of
closed Kairiai landfill test-ecosystem affected by permanent water pollution. The purpose of the present study was:
to establish HM content in water, bottom sediments and
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macrophytes in the neighboring aquatic ecosystem of
closed landfill (1); to determine a correlation between the
HM concentration in macrophytes, water and sediments
(2); to evaluate the contamination status of bottom sediments through the enrichment factor (EF) (3); to assess HM
migration from the pollution source up to an outflow across
the pond and their distribution among the ecosystem components (water, bottom sediments, macrophytes) (4); to
evaluate the role of macrophytes in assessment of the
health of the river–pond–river type hydroecosystem (5).

salinity (‰) and conductivity (µS/cm) were performed using the hand-held multi-meter (WTW Multi 340i/SET, Germany) during the whole test-season. The other parameters
were measured once in summer.

2. MATERIALS AND METHOD
2.1. Study area

Kairiai landfill is located 5 km east of the Šiauliai City
(55° 55' 42.7", 23° 23' 42.81", WGS). The landfill began
operation in 1965 and was closed in 2007. About 2 million
tons of different waste are believed to be buried in an 8 ha
area. According to the age and state, Kairiai landfill could
be attributed to the methanogenic phase of waste decomposition [19].
The large-scale municipal, household and industrial
waste from bicycle, television factories, furniture and food
industry containing toxic substances had been deposited in
it. However, the leather processing waste represents a significant part of buried waste [20]. The main problem is that
Kairiai landfill has no landfill liner and gas collection system, and the leachate collection system was installed only
in the last years of landfill operation. The landfill is still
continued to seep leachate, which is channeled into two
isolated holding reservoirs, maintained under open-air conditions, and from time to time is transported to treatment
plants. The aquatic ecosystem incorporated in the landfill
area consists of the drainage channel surrounding the landfill, which for the 1.5-km flows into the Ginkūnai Pond (of
1.1 km2 area), and in turn Švedė Creek flows out of the
pond. The pond is used for recreational and agricultural
purposes and bearing in mind that leachate compounds can
be easily accumulated by aquatic organisms and pass
through the food chain, the consumption of polluted water
might be potentially dangerous.
2.2. Sampling and water chemistry analysis

Overall, the six sampling sites (s/s) (No. 0 (55° 55'
46.87", 23° 23' 24.64"), No. 1 (55° 55' 55.44", 23° 22'
39.15"), No. 2 (55° 55' 53.83", 23° 22' 22.04"), No. 3 (55°
56' 26.57", 23° 22' 12.62"), No. 4 (55° 56' 46.75", 23° 22'
9.7") , No. 5 (55° 56' 47.57", 23° 22' 27") moving away
from the leachate holding reservoirs (55° 55' 46.74", 23°
23' 28.4") were set at the distance of about 10, 800, 1300,
2200, 2900 and 3200 meters, respectively in the drainage
channel, the pond and the creek along the water flow direction (Figure 1).
All water samples were collected in June, August, and
October, 2012 and analyzed hydrochemically. Measurements of dissolved oxygen (O2 mg/l), pH, temperature (ºC),

FIGURE 1 - The scheme of the study area and sampling sites (s/s):
landfill leachate reservoir (F), drainage channel (s/s No. 0 and 1), the
Ginkūnai Pond (s/s No. 2, 3, and 4) and Švedė Creek flows out of the
pond (s/s No. 5)

The permanganate index (mg O/l), steady-state CO2
(mg/l), total hardness as CaCO3 (mg/l); cations (mg/l): Na+,
K+ Ca2+, Mg2+, NH4+; anions (mg/l): Cl¯, SO42¯, HCO3¯,
CO32¯, NO2¯, NO3¯ were determined according to standardized procedures [21-24].
2.3. Heavy metal analysis
2.3.1. Analysis in water

Collected water samples were acidified with ultrapure
HNO3 (5 %), filtered by Whatman 0.45 μm membrane filter and then concentration of Cu, Zn, Ni, Cr, Pb, and Cd
was determined by Varian SpectrAA 55 using a graphite
furnace technique according to standardized procedures
[25]. Detection limits in water were: Zn – 40.0; Cu, Cr and
Pb – 1.0; Ni – 2.0 and Cd – 0.3 mg/l, respectively.
2.3.2. Analysis in bottom sediments and macrophytes

Bottom sediments and macrophytes (Myriophyllum
spicatum, Ceratophyllum demersum, Elodea Canadensis,
Potamogetom lucens and Cladophora sp.) samples were
collected in August, 2012. The macrophytes were thoroughly cleaned in fresh water, dried in room temperature
and then digested at 400°C.

3372

© by PSP Volume 24 – No 10a. 2015

Fresenius Environmental Bulletin

The 5 cm thickness layer of the bottom sediments was
collected using Ekman bottom grab sampler and transported to a laboratory in plastic containers, then air-dried,
homogenized and sieved at 2 mm.
From each sample of macrophytes and sediments two
subsamples (each at 5 g) were taken and milled by MM 400
mill with zirconium oxide grinding jars and grinding balls.
The ground material was mixed with Licowax binder (4 g of
material and 0.9 g of Licowax) and homogenized for 20 hours.
Two pressed pellets of 32 mm diameter were prepared from
each mixture. Measurement of more than 40 chemical elements was done at the Nature Research Centre (Vilnius) employing EDXRF equipment SPECTRO XEPOS using Turboquant for the pressed pellet method with the manufacturer’s calibration procedure (software X-LabPro, version
4.5). Analytical procedures were based on ISO standard
EN 15309:2007 [26]. For geochemical characterization,
9 chemical elements were selected. The elements are as follows: Al, Cr, Cu, Fe, Mn, Ni, Pb, Si, and Zn. The detection
limits of Al, Fe and Si, were 200 mg/kg, Mn - 10 mg/kg,
Cr, Cu, Ni, Pb and Zn - 1.5 mg/kg (lower than the actual
content measured). Relative standard deviations (RSD) of
measurements of two pellets of subsamples were within the
intervals of 5-10% for Cu and Cr, 3-5% of Ni, Pb, and 0.83% for Fe, Si, Mn, Zn, and Al. Quality control has been
performed since 2007 by participating in the “International
soil-analytical exchange” (ISE) program organized by Wageningen University. More than 50 ISE reference samples
and other certified reference materials were used for the recalibration of results.
2.4. Estimation of enrichment and bioconcentration
2.4.1. Enrichment factor

The enrichment factor (EF) is often used to indicate
anthropogenic impact through the geochemical anomalies
[27, 28]. The calculation of enrichment factors of anthropogenic indicators performed according to the formula:
EF = ChE/Alin the sample/ChE/Alin the background stream sediments
where ChE is concentration of chemical element in the
tested sample or in the background stream sediments.
The median background values of testing elements in
stream sediments were taken from Geological Atlas of Europe [29]. They are as follows: Cr (63 mg/kg), Cu (17
mg/kg), Fe2O3 (3.57 %), MnO (0.079 mg/kg), Ni (21
mg/kg), Pb (20.5 mg/kg), SiO2 (61.3%), Zn (71 mg/kg).
The background value of Al2O3 was 10.3 %.
For an analysis of the EF the limit value 1.5 was chosen based on Zhang and Liu [30] and Feng et al. [31] stating that if EF<1.5, elements may be entirely from crusted
materials or natural weathering.
2.4.2. Bioconcentration factor

Bioconcentration factor (BCF) represents the metal accumulation into an organism (in our cases – macrophytes)
from its surrounding environment – water or bottom sediments [12].

BCF = C (m)/C (w or s)
where C(m) is HM concentration (mg/kg) in macrophytes, C(w) or C(s) is HM concentration (mg/l) in water or
in bottom sediments (mg/kg). The higher value of BCF indicates the better accumulation capability of macrophytes
and, consequently, higher possibility of plants to redistribute HM.
2.5. Statistical analysis

Obtained data were analyzed statistically using STATISTICA Version 7.0 (StatSoft Inc., Tulsa, Oklahoma,
USA) software. Bivariate Pearson’s correlation was used
to analyze interrelationships between HM concentrations
in test samples. Multiple regression analysis was used to
estimate the relation between the distance from the pollution source and metal enrichment factor interrelations.
Cluster analysis was performed for further classification of the elements into groups representing different
sources on the basis of similarities in their chemical properties. The variables were standardized by means of Zscores; then Euclidean distances for similarities in the variables were calculated and dendrogram to assess the coherence of the clusters created was constructed.
3. RESULTS AND DISCUSSION
3.1. Chemical analysis of the leachate

Chemical analysis of landfill leachate showed that permanganate index was 234 mg/l, conductivity was 9.76 mS
cm−1, salinity – 5.4 (‰), pH – 8.45, and concentrations of
O2 and NH4+ were 1.05 mg/l and 100 mg/l, respectively.
The concentrations of anions and cations were as follows:
Cl− (1889 mg/l), SO42− (60.4 mg/l), HCO3− (1930 mg/l),
CO32− (8.71 mg/l), NO2− (2.89 mg/l), NO3− (<0.050 mg/l),
Na+ (1196 mg/l), K+ (582 mg/l), Ca2+ (90.9 mg/l), Mg2+
(103 mg/l).
It was found that there was a significant variation of a
number of physico-chemical parameters among the water
samples of the sampling sites which was widely discussed
in our previous studies [32, 33].
In general, the physical-chemical results obtained for
leachate in our study are in close agreement with those published by other researchers [34, 35], especially in the cases
of pH, conductivity, chlorides and ammonium nitrogen.
However, some authors [6, 36] established rather higher
physical-chemical parameters of the leachate in comparison with our data. The obtained data confirmed the statement that leachates of the municipal landfill are waste waters with the highest environmental impact due to a high
concentration of many pollutants identified in them.
Comparatively high HM concentrations were found in
the leachate of the Kairiai landfill (Table 1) which were
close to those median commonly occurring in landfill
leachates [6, 37]. However, Cr concentration was significantly higher, apparently, due to the fact that Kairiai land-
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fill has been deposed with a lot of Cr leather processing
industrial waste for many years.
3.2. Elements concentrations in water and bottom sediments
of hydroecosystem

Data obtained showed that HM concentrations in the
tested water remained unchanged across the water flow
route, except of Cr and Ni (Table 1). In the most cases HM
concentrations in the water of the Ginkūnai Pond are rather
low in comparison with water metal concentrations in other
water bodies [12, 16]. According to Lithuanian law the
concentrations of all metals tested were lower than maximal-allowable-concentration in inland surface water. But
the average amount of total nitrogen was 2.0 mg/l and the
average amount of total phosphorus was 0.073 mg/l in
2012 [38], therefore, the Ginkūnai Pond must be attributed
to the water bodies of moderate ecological state.
The highest HM concentrations were recorded in the
bottom sediments of drainage channel closest to the leachate reservoir (s/s No. 0) and s/s No. 2 and 3 of the Ginkūnai
Pond (Table 2). This, apparently, could be explained by the
accidental spill of the leachate in 2002, when during
maintenance work on a retaining dam, an accident resulted

in the dam being destroyed and about 44,000 m3 of leachate
leaking out into a drainage channel [39].
Metal content in bottom sediments of the Ginkūnai
Pond varied from 6.3 to 18.4 mg Cu/kg, from 6.0 to 17.1
mg Ni/kg, and from 9.0 to 24.2 mg Pb/kg, respectively (Table 2). Pearson’s correlation and hierarchical cluster analysis showed the strong positive relation between Cu and
other tested metals, except Fe, Al and Mn (Table 3, Figure
2a). The same relation was found between some other
tested metals (Table 3, Figure 2a). The strong and negative
correlation was observed in the case of Si with Cu and Zn
(Table 3, Figure 2a).
In most cases HM concentrations in bottom sediments
of the Ginkūnai Pond (Table 2) were lower or in the same
limits which were established in the sediments from uncontaminated water bodies [40, 41]. However, Cr concentration was less [42], similar [43] or higher [44] than that in
polluted water bodies.
Metal accumulation order in bottom sediments of the
Ginkūnai Pond was as follows: Fe > Mn > Zn > Cr > Pb >
Cu > Ni (Table 2).

TABLE 1 - Heavy metal concentration in the leachate (μg/l) from the reservoir and in the water (μg/l) of drainage channel (s/s No. 0 and 1),
the Ginkūnai Pond (s/s No. 2, 3, and 4), and Švedė Creek (s/s No. 5) in 2012
Sampling site (No)
Leachate
0
1
2
3
4
5

Zn
76
 40.0
 40.0
 40.0
 40.0
 40.0
 40.0

Cu
2.0
1.0
2.0
 1.0
 1.0
 1.0
 1.0

Cr
620
4.0
2.0
 1.0
 1.0
 1.0
 1.0

Cd
 0.3
 0.3
 0.3
 0.3
 0.3
 0.3
 0.3

Pb
3.0
 1.0
 1.0
 1.0
 1.0
 1.0
 1.0

Ni
100
4.0
2.0
 2.0
 2.0
 2.0
 2.0

TABLE 2 - Element concentration in bottom sediments and macrophytes (mg/kg of d.w.) of drainage channel (s/s No. 0 and 1), the Ginkūnai
Pond (s/s No. 2, 3, and 4), and Švedė Creek (s/s No. 5) in 2012
Sampling site
(No)
0

Sediments/
Cu
Cr
Ni
Zn
Pb
Mn
Fe
Al
Si
Macrophytes
20430
33685
234717
Sediments
14.2
39.4
17.1
38.3
14.1
360
15820
15618
71672
Macrophytes
14.1
27.5
13.2
51.1
14.3
2660
6487
19302
348827
1
Sediments
6.3
9.4
6.0
15.5
9.0
223
4407
2352
93824
Macrophytes
9.6
6.8
7.2
30.6
4.1
2650
14710
10343
91505
2
Sediments
18.4
44.2
15.1
71.1
21.5
475
2222
1851
43126
Macrophytes
5.6
5.3
5.1
21.3
4.4
2280
13300
9891
87916
3
Sediments
15.3
37.0
14.4
71.3
24.2
608
1803
790
27542
Macrophytes
6.9
2.1
6.4
34.2
4.6
25012
11376
8067
79208
4
Sediments
13.2
19.8
11.1
4.22
14.1
890
3580
3588
50879
Macrophytes
9.2
18.2
8.2
37.2
8.0
4096
12530
23846
237594
5
Sediments
10.3
23.1
12.9
46.4
13.4
845
3094
3375
50768
Macrophytes
6.2
9.5
8.3
27.6
7.1
732
Background values in European
b
c
d
3.57
10.3
61.3e
17.0
63.0
21.0
71.0
20.5
0.079
stream sedimentsa
Standard deviations of measurements of two pellets of samples which were within the intervals of 5-10% for Cu and Cr; 3-5% for Ni, Pb; 0.8-3%
for Fe, Si, Mn, Zn, and Al.
a
– medians of total content in European stream sediments [29]; b – MnO, %; c – Fe2O3, %; d – Al2O3, %; e – SiO2, %.
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TABLE 3 - Correlation between elements in bottom sediments of drainage channel, the Ginkūnai Pond and Švedė Creek (Pearson’s r)
Cu
1.00
0.91
p=0.012
0.83
p=0.041
0.86
p=0.028
0.81
p=0.051
0.63
p=0.180
0.67
p=0.145
- 0.33
p=0.523
- 0.84
p=0.036

Cu
Cr
Ni
Zn
Pb
Mn
Fe
Al
Si

Cr

Ni

Zn

Pb

Mn

Fe

Al

Si

1.00
0.93
p=0.007
0.80
p=0.056
0.76
p=0.079
- 0.04
p=0.940
0.82
p=0.046
0.02
p=0.956
- 0.58
p=0.079

1.00
0.70
p=0.122
0.58
p=0.228
0.18
p=0.733
0.93
p=0.007
0.19
p=0.599
- 0.55
p=0.099

1.00
0.94
p=0.005
0.14
p=0.791
0.41
p=0.419
- 0.49
p=0.151
- 0.83
p=0.041

1.00
0.15
p=0.777
0.33
p=0.523
- 0.123
p=0.351
- 0.33
p=0.523

1.00
- 0.02
p=0.970
- 0.37
p=0.293
- 0.55
p=0.099

1.00
0.47
p=0.170
- 0.29
p=0.416

1.00
0.69
p=0.129

1.00
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FIGURE 2 - Dendrogram showing clusters of heavy metals and lithogenic indicators Si and Al in bottom sediments (a) and macrophytes (b)
from the Ginkūnai Pond

All the values of enrichment factor (EF) of tested
HMs in sediments of all s/s of the Ginkūnai Pond (s/s No.
2, 3, and 4) were higher than 1.5 (Figure 3) that indicated
the presence of anthropogenic impact (according to Zhang
and Liu [30] and Feng et al. [31]). Additionally, EF
strongly and positively correlated among themselves (except Mn) (Table 5).
The EF values of Mn increased from 4.1 to 9.9 across
the pond, however, the values of Cr and Ni decreased from
3.7 to 2.1 and from 3.6 to 3.4, respectively (Figure 3).
However, EF values of all tested metals in s/s No. 0 and
No. 1 were lower than that in other sampling sites. This
may be related with more rapid water flow rate in drainage
channels and high amount of sand in bottom sediments.
Sapropel formed during the summer and autumn is transported into the pond during the spring flood.

The EF values confirmed that the accumulation of all
tested HMs in sediments of the Ginkūnai Pond (s/s No. 2,
3, and 4) is conditioned by the release of the leachate from
the Kairiai landfill (Figure 3).
Use of multiple regression analysis to estimate the relation of the distance from the pollution source to metal enrichment factor logarithms produced the following significant models (p < 0.05):
Distance (m) = − 1747.98 – 2659.56 ln(Cu) – 4106.26
ln(Cr) + 15861.98 ln(Ni) – 6525.90 ln(Fe)
Distance (m) = 2521.22 – 1126.32 ln(Cu) + 3589.93
ln(Cr) – 7017.84 ln(Ni) + 3560.35 ln(Mn)
Distance (m) = 529.51 – 1827.30 ln(Cu) + 3657.09
ln(Ni) – 3046.77 ln(Fe) + 1899.49 ln(Mn)
Distance (m) = 755.07 – 3363.01 ln(Cu) + 1643.16
ln(Cr) + 2463.26 ln(Mn) + 1186.57 ln(Si)
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Enrichment factor
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FIGURE 3 - Enrichment factor (EF) as indicator of anthropogenic pollution of the bottom sediments of drainage channel (s/s No. 0 and 1), the
Ginkūnai Pond (s/s No. 2, 3, and 4), and Švedė Creek (s/s No. 5) in 2012 (*) Asterisks denote anthropogenic impact (EF value is higher than 1.5
(according to Zhang and Liu [30] and Feng et al. [31]).

TABLE 5 – The correlation between enrichment factors in bottom sediments of drainage channel, the Ginkūnai Pond and Švedė Creek (Pearson’s r)
Metal
Cu
Cr
Ni
Zn
Pb
Fe
Mn

Cu
1.00
0.93
p=0.007
0.99
p=0.0001
0.97
p=0.001
0.95
p=0.004
0.99
p=0.0001
0.77
p=0.073

Cr

Ni

Zn

Pb

Fe

Mn

1.00
0.94
p=0.005
0.97
p=0.001
0.94
p=0.005
0.92
p=0.009
0.50
p=0.313

1.00
0.98
p=0.0006
0.96
p=0.002
0.99
p=0.0001
0.77
p=0.073

1.00
0.99
p=0.0001
0.95
p=0.004
0.67
p=0.145

1.00
0.93
p=0.007
0.67
p=0.145

1.00
0.79
p=0.062

1.00

TABLE 6 – The correlation between elements in macrophytes (mg/kg of d.w.) of drainage channel, the Ginkūnai Pond and Švedė Creek
(Pearson’s r)
Cu
Cr
Ni
Zn
Pb
Mn
Fe
Al
Si

Cu
1.00
0.84
p=0.036
0.88
p=0.018
0.91
p=0.012
0.81
p=0.051
- 0.20
p=0.704
0.92
p=0.009
0.88
p=0.018
0.60
p=0.208

Cr

Ni

Zn

Pb

Mn

Fe

Al

Si

1.00
0.90
p=0.015
0.83
p=0.041
0.95
p=0.004
- 0.45
p=0.371
0.86
p=0.028
0.90
p=0.015
0.36
p=0.483

1.00
0.89
p=0.017
0.96
p=0.002
- 0.28
p=0.591
0.94
p=0.005
0.95
p=0.004
0.41
p=0.419

1.00
0.86
p=0.028
0.07
p=0.895
0.85
p=0.005
0.84
p=0.036
0.27
p=0.605

1.00
- 0.30
p=0.564
0.91
p=0.012
0.96
p=0.002
0.22
p=0.675

This indicates that the dispersion of a number of elements and their accumulation in sediments of hydroecosystem strongly depends upon the distance from the pollution
source and interrelations between them.

1.00
- 0.29
p=0.577
- 0.33
p=0.523
- 0.59
p=0.218

1.00
0.99
p=0.0002
0.47
p=0.347

1.00
0.38
p=0.472

1.00

Although sediments act as one of the ultimate sinks for
HM input into the aquatic environment, they cannot fix
heavy metals permanently. Adsorbed HMs may desorb from
sediments and result in some secondary pollution problems
when environmental conditions change [9].

3376

© by PSP Volume 24 – No 10a. 2015

Fresenius Environmental Bulletin

3.3. Elements concentrations in macrophytes of hydroecosystem

Macrophytes play an important role in water treatment
[10], but they are also significant in other processes such
as water filtering, flow velocity reduction, sedimentation
improvement, decreasing of resuspension [45].
The highest content of tested HMs was recorded in the
macrophytes of the s/s No. 3 and s/s No. 4 (Table 2). The
results for Pearson’s correlation coefficient for HMs in
macrophytes are presented on Table 6. As in the case of
bottom sediments the tested HMs in the macrophytes
showed strong and positive correlation among themselves,
except Mn (Table 6, Figure 2b).
Our previous studies [32, 33] confirmed that since
leachate from closed Kairiai landfill released into the water
of the Ginkūnai Pond induced toxic effects to test-organisms, however, due to dilution and distribution among ecosystem components HM concentrations determined in the
Ginkūnai Pond macrophytes in the most cases were similar
to those in plants from uncontaminated water bodies [12,
40, 41, 46].
Garcia et al. [47] established that the accumulation of
Cu, Ni, Fe, Zn, Cd, and Pb increased in macrophytes in
slightly alkaline water. In our cases the highest pH (~8.2)
value of the water was recorded in the s/s No. 3 and No. 4
and the highest content of HM tested was also recorded in
the macrophytes of these sites.
Iron and manganese had the highest content in their
absolute value among all HMs tested in macrophytes (Table 2). The high concentration of these metals may be due
to their role in physiological processes in plants.
Concentration of HMs accumulated in macrophytes
from the Ginkūnai Pond decreased according to the following order: Fe > Mn > Zn > Cu > Cr > Ni > Pb (Table 2).
This order is very similar to the sequence presented by Kumar et al. [48].
It should be noted that Cu, Cr, Ni, Pb, Zn, and Fe
strongly and positively correlated with each other in macrophytes (Table 6, Figure 2b). The same correlation was
found by some authors [17, 49]. All these above mentioned
strong and positive relations in co-accumulation might be
due to synergistic effects between HM [50, 51]. Manganese

had no significant correlation with any of metal tested (Table 6, Fig. 2b) not only in macrophytes, but also in bottom
sediments (Table 3, Figure 2a). Nevertheless, Xing with
co-authors [17] reported that Mn had strong and positive
correlation with other metals in macrophytes.
3.4. Behavior of heavy metals in hydroecosystem

Analysis between Cu, Zn, Ni, Pb, and Cr concentrations in the water and bottom sediments did not show any
significant correlation. The same findings were reported by
Kaushik and colleagues [16].
However, strong and positive correlation between Zn,
Ni, and Pb concentration in water and their content in macrophytes was determined (r was equal to 0.84, 0.91 and 0.91,
and p = 0.036, p = 0.012, p = 0.012, respectively (Table 7).
The same interrelation in the case of Zn was found by Peng
with co-authors [52]. It should be noted that in our case Cu
concentration in water did not significantly correlated with
the test metals in the macrophytes (Table 7), and it is not
coincided with the positive correlation between the content
of Pb and Cr in aquatic plants and Cu concentration in water
that has been reported by Demirezen and Aksoy [53] and
Peng with co-authors [52]. However, a strong correlation between Cr concentration in water and content of Cu and Ni in
macrophytes has been established (Table 7).
It is rather difficult to explain the lack of correlation
between Cu concentration in water and macrophytes, because the bioconcentration factor (BCF), which represents
the ability of aquatic plant to accumulate heavy metals
from its surrounding environment – water or bottom sediments [12, 54], was rather high for Cu (Table 8). Results
of BCF’s calculation are presented in Table 8. In estimating BCF’s in case when the heavy metal concentration in
water was below the detection limit the concentration of
metal was equal to a half of the instrumental detectable
limit. Bioconcentration factor (BCFw) values obtained in
our study are similar to those presented by other researchers [15, 54] in aquatic plants.
Mean values of BCFw of the macrophytes from the
Ginkūnai Pond could be arranged in the following decreasing order: Cu > Cr > Pb > Ni >Zn (s/s No. 2); Cu > Pb >
Cr = Ni >Zn (s/s No. 3), and Cr > Cu > Pb > Ni >Zn (s/s
No. 4) (Table 8).

TABLE 7 – The correlation between concentration of heavy metals in water and their content in macrophytes from the neighboring aquatic
ecosystem of the closed Kairiai landfill (Pearson’s r)
HM in
macrophytes
Zn
Cu
Cr
Pb
Ni

Zn
0.84
p=0.036
0.87
p=0.024
0.82
p=0.046
0.91
p=0.012
0.91
p=0.012

Cu
0.19
p=0.718
0.31
p=0.549
0.40
p=0.432
0.45
p=0.371
0.31
p=0.549

Heavy metal in water
Cr
0.80
p=0.056
0.93
p=0.007
0.75
p=0.086
0.79
p=0.062
0.87
p=0.024
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Pb
0.84
p=0.036
0.87
p=0.024
0.82
p=0.046
0.91
p=0.012
0.91
p=0.012

Ni
0.84
p=0.036
0.87
p=0.036
0.82
p=0.046
0.91
p=0.012
0.91
p=0.012
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TABLE 8 – The heavy metal bioconcentration factor from water (BCFw) and from bottom sediment (BCFS)) in macrophytes from the drainage
channel (s/s No. 0 and 1), the Ginkūnai Pond (s/s No. 2, 3, and 4), and Švedė Creek (s/s No. 5)
Zn
Cu
Cr
Pb
Ni
Sampling
site No
BCFw
BCFS
BCFw
BCFS
BCFw
BCFS
BCFw
BCFS
BCFw
BCFS
0
2555*
1.34
13000
1.00
6750
0.71
14000*
1.02
3250
0.78
1
1530*
2.04
4500
1.6
3500
0.76
8000*
0.46
3500
1.20
2
1050*
0.30
14000*
0.31
10000*
0.12
8000*
0.21
5000*
0.34
3
1700*
0.47
14000*
0.46
4000*
0.05
8000*
0.19
4000*
0.46
4
1850*
0.87
18000*
0.69
36000*
0.90
16000*
0.57
8000*
0.73
5
1350*
0.60
12000*
0.62
18000*
0.41
16000*
0.55
8000*
0.64
BCFw – represents metal bioconcentration in macrophytes from water; BCFS – represents metal bioconcentration in macrophytes from bottom
sediments. Asterisks (*) indicates that in estimating BCFw’s in the case when heavy metal concentration in water was below detection limit the concentration of metal was equaled to a half of instrumental detection limit.

According to the data presented in Table 8 the ability
of test macrophytes to accumulate HMs from sediments of
the Ginkūnai Pond (BCFs) is similar to the macrophytes
ability to accumulate HMs from sediments which is presented by Wu and co-authors [55] and they are lower in
comparison with the results obtained by Zhang et al. [12]
and Skorbiłowicz [56].
The trend of the decrease of the concentration test metals in bottom sediments across the pond (s/s No. 2–4) confirm the statement that bottom sediments are a barrier preventing migration of pollutants in the water body. On the
other hand, the trend of the increase in heavy metal concentration in macrophytes across the pond showed the capacity
of submerged macrophytes uptake of metals from water in a
rather large amount due to the high surface area of leaves
and, in a lesser scale, from bottom sediments because in the
most cases they are rootless or have a weak root system.
Consequently, our data confirmed the patterns presented in
the literature [11, 47, 57, 58] that macrophytes are useful in
the remediation of polluted water bodies.
Our previous study [29] revealed the existence of a
strict relationship between the integral toxicity level of the
water of the Ginkūnai Pond and the distance from the
leachate holding reservoirs. The toxicity decrease across the
pond might be related to the ability of bottom sediments and
macrophytes to affect migration and distribution of the persistent pollutants.

Strong positive correlation between all tested HMs
(except Mn) in bottom sediments has been found. The calculation of enrichment factor confirmed that the content of
HMs in sediments of the Ginkūnai Pond is higher than that
of natural background level. Statistical analysis confirmed
that the increase of their concentration is obviously caused
by the release of the leachate from Kairiai landfill into the
neighboring aquatic ecosystem.
The investigation showed that permanent pollutants,
such as HMs, are intensively accumulated in bottom sediments and macrophytes which perform the role of a natural
filter or biogeochemical barrier which holds migration of
pollutants in the water body. Consequently, water becomes
the least informative component of the aquatic ecosystem
in the case of the water pollution evaluation with HMs.
Investigation of the impact of persistent pollutants permanently released into aquatic ecosystem performed in the
case of closed Kairiai landfill neighboring aquatic ecosystem showed that prediction of possible consequences of persistent pollutant migration and the effect on the ecotoxicological state of aquatic ecosystems in general could be more
informative using complex study of persistent pollutants
accumulation, migration, distribution between all components of the water body including measurements of water
physico-chemical parameters.
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4. CONCLUSIONS

The obtained data showed that heavy metals (Cu, Cr,
Ni, Pb, Zn, and Fe) are strongly and positively correlated
with each other in macrophytes, and this might be due to a
synergistic effect between the metals. Therefore, macrophytes (Myriophyllum spicatum, Ceratophyllum demersum, Ceratophyllum submersum, Elodea canadensis, Potamogeton lucens and Cladophora sp.) are very important
element in the self-cleaning processes of water bodies and
could be used as biogeochemical indicators in the assessment of ecological-geochemical state of aquatic ecosystem, especially because of their capacity to accumulate
HMs which is integrated in time due to their rather short
period of vegetation.
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ABSTRACT

The objective of this work was to develop a solventfree extraction technique coupled with gas chromatography to quantitatively determine polychlorinated biphenyls (PCBs) in soil samples; thus, direct thermal desorption–
gas chromatography (DTD–GC) was used. A small container of quartz deactivated by silanization, named the μvial, was developed for thermal desorption of solid samples. The novel μ-vial was inserted into the liner to load the
solid sample. The insertion method can affect thermal desorption and transference from vaporizing chamber to the
column. A comparison between four μ-vials (b, c, d, and e)
that are used to determine PCBs using DTD–GC showed
that the d-shaped μ-vial with a side hole enhanced analysis
sensitivity and reliability. Experimental analysis revealed
the main methodologies required to determine 17 PCBs using DTD–GC, which are summarized as follows: a spiked
soil sample (50 ng g−1 and 200 ng g−1) with a particle size
of 250 μm, the method detection limits (MDLs) of 2.89–
9.69 μg kg−1 (relative standard deviation RSD<7.86%), and
a recovery of 72.5% to 104.2%; a desorption temperature
of 450°C; a desorption time of 120 s; and a transfer time to
head column of 90 s. A test of real environmental samples
demonstrated that the results using DTD–GC were similar
to those obtained by EPA8082.
KEYWORDS:
Direct thermal desorption; PCBs; Soil; μ-vial

1. INTRODUCTION

Polychlorinated biphenyls (PCBs) are a class of synthetic organic compounds with a general chemical formula
of C12H10 − nCln, with n between 1 and 10. Consequently,
209 different configurations or congeners are possible.
* Corresponding author

Each PCB congener is named according to the position of
chlorine substitution on the biphenyl rings, and is identified
with a number from 1 to 209. PCBs have similar chemical
characteristics, such as a high boiling point. Their Henry
constant’s range from 10−2 to 1.0 atm·L mol−1, making them
semi-volatile organic compounds1]. PCBs have high thermal
and chemical stability below 1000°C1]. The mean log KOW
linearly varies with the number of chlorine atoms from 4.1
to 9 with strong lipophilicity and accumulation in the body;
therefore, they pose great harm to human health and the
ecological environment and are considered as persistent organic pollutants. During the period of widespread PCB use,
the lack of proper disposal methods at industrial discharge
points and the accidental release of PCBs contributed to the
contamination of soil and sediments near these points of releases. Environmental samples contaminated by PCBs have
received major attention because of the mutagenic characteristic of PCBs and their known ability to evoke toxic responses in a number of animal species and humans [1,2].
Correspondingly, accurately and rapidly determining PCB
residues in the environment is important [3].
Determining parts per billion or lower concentrations
of PCBs in environmental matrices, such as soil, is often
challenging because of the need to decrease matrix interferences, which is a multistep process that sequentially includes extraction, clean-up, concentration, and analysis.
Soxhlet [4, 5], sonication [6], microwave [7, 8], and accelerated solvent extraction [9–12] have been the classic approaches for extracting PCBs from solid samples, such as
soils, sludge, food, and ashes [10, 11, 13–15]. Soxhlet extraction using a combination of polar and nonpolar solvents
is still the benchmark for PCB extraction [16]. Sample preparation is necessary before analysis, which is normally performed using gas chromatography (GC) in combination
with electron capture detector (ECD) or mass spectrometry
(MS) [16, 17]. Normally, the results achieved by these methods show acceptable recoveries with excellent stability and
reproducibility. However, these procedures are generally
time consuming, labor intensive, expensive, prone to con-
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tamination, and environmentally unfriendly [18]. Moreover, high detection limits are more likely to occur because
of losses induced by the different procedures.
Direct thermal desorption (DTD), first reported by
Esteban et al. in 1996 [19], is a version of a dynamic headspace technique that utilizes thermal desorption to extract
the analytes prior to GC separation, which can overcome
most of the above disadvantages to achieve quantitative
solvent-free extraction yields. DTD presents important advantages over other methods, such as the ability to be directly coupled with GC [20], requiring only a small amount
of sample [21], and eliminating solvent extraction, cleanup, and concentration. Thus, DTD provides fewer processing steps, shorter processing time, less opportunity for
losses and solvent-based contamination [22], elimination
of health and environmental risks associated with solvent
use and disposal [23,24], and lower cost. This technique
has already been successfully used to analyze numerous
volatile or semi-volatile compounds from solid matrices,
including plant material [25], ambient particles [26], beef
[27], sugar [28], and cheese [29]. Gogus et al. [20] analyzed the components of pistachio frankincense under different baking conditions using DTD–GC×GC–TOF. Sanz
et al. [17] determined the volatile compounds in Lavender
luisieri using DTD–GC–MS with only 10–20 mg of dry
sample, and obtained qualitative results from different
plant parts, such as flowers and leaves. In terms of qualitative analysis, the DTD–GC is considered convenient and
has been widely applied because only a small amount of
sample is needed with solvent-free extraction. However,
till date, nothing has been reported about quantitative analysis using DTD. The major shortcoming associated with
DTD in recent reports is that the liner is easy to contaminate and the transfer channel to the column is blocked by
solid sample particles as the sample is directly loaded in
the liner without container. Furthermore, the reproducibility of the signal was decreased because of the frequent replacement of liners for loading different samples.
In this study, a small container with quartz deactivated
by silanization, named the μ-vial, was developed to load

the solid sample in the liner. By comparing four μ-vials that
are loaded with different samples and that replace the liner,
an optimal μ-vial was chosen to eliminate the problem of
contamination and blocking for thermal desorption. We
also utilized it to investigate the performance of the quantitative determination for 17 PCBs from solid matrices using DTD–GC. The accuracy of this new method was established by analyzing the method detection limit, average recovery, and reproducibility.
2. MATERIALS AND METHODS
2.1 Chemicals and materials

The mixture contains a group of 17 PCBs, and was purchased from AccuStandard, Inc. (USA) at a concentration
of 100 mg L−1 in isooctane. The composition of the mixture, using the IUPAC numbering system, was: PCB 8, 18,
28, 52, 44, 66, 77, 101, 153, 105, 138, 187, 128, 180, 170,
206, and 209 (J&K Scientific, Beijing, China). All solvents
(methanol, hexane, and acetone) were HPLC grade and
were purchased from Sigma-Aldrich (Buchs, Switzerland).
2.2 Instrumentation

For separating and determining PCBs in soil samples,
the OPTIC system (Focus Technology, Fig. 1) combined

FIGURE 1 - Schematic of an OPTIC injector.

FIGURE 2 - Profile of the desorption method.
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with GC–ECD (Agilent 6890N, Avondale, USA) was
used. The column was a nonpolar DB-1 (60 m×0.32 mm
i.d.×1 μm film thickness) purchased from J&W Scientific
(Folsom, CA, USA). The initial temperature of the column
was 50°C for 4 min and the subsequent temperature program utilized a heating rate of 7°C min−1 until 280°C was
reached and held for 30 min. The total time for one GC run
was 67 min. The ECD temperature was 300°C. Nitrogen
(99.999% purity) was used as carrier gas controlled by OPTIC, the anode gas flow was at a flow rate of 6 mL min−1,
and the makeup gas was at a flow rate of 60 mL min−1. The
gas-tight syringe (10 μL) was purchased from Agilent
Technologies (USA).
A thermal desorption procedure for changing temperature and pressure was performed by OPTIC with a total
run time of 1800 s. The initial temperature (40°C) was
ramped at 16°C min−1 to 300°C as the final temperature.
Desorption pressure was held at 0 psi for 100 s. The initial
head pressure was 7.45 psi, the final pressure was 21 psi,
and the transfer pressure was 25 psi for 45 s. The split valve
was closed under conditions shown in Fig. 2.
2.3 Experimental procedures
2.3.1 Blank sample matrix

The uncontaminated clay soil was dried at 650°C for
4 h; then, it was grinded and sieved. After cooling to room
temperature, the soil was extracted by Soxhlet extraction
for 4 h with methylene chloride, and the extract was analyzed by GC. No target object was detected in this analysis.
2.3.2 Standard solutions of PCBs

The 17 standard PCBs were mixed with dichloromethane
to prepare a 1 mg L−1 stock standard solution. Dry clay without PCB contamination was crushed and screened to pre-

pare 250 μm of soil sample. Five soil samples (100.00 mg
each) were weighed and poured into 2 mL sample bottles.
Then 10, 50, 100, 200, and 500 μL of PCBs stock standard
solution (1 mg L−1) were added to the soil samples using a
microsyringe, shook gently to mix them evenly, dried with
nitrogen, and kept tightly in a cool place at room temperature for 30 d to prepare standard solutions of 100, 500,
1000, 2000, and 5000 μg kg−1.
2.3.3 PCB-contaminated soil sample

The soil samples prepared in section 2.3.1 were
screened using different particle size samples (20, 40, 60,
80, 100, and 200 mesh). 100.0 mg of a 500 μL standard
solution was spiked into the soil sample in each 2 mL sample bottle, shook gently for 1 min, and evaporated to dry
under a gentle stream of nitrogen to obtain PCB-contaminated soil samples of different particle sizes (5 μg g−1).
2.4. Initial chromatographic conditions

1 μL of the PCBs standard stock solution was injected
directly into the OPTIC with GC conditions and using the
OPTIC2 system according to Section 2.2. The resulting
chromatogram with a peak retention time for the 17 PCBs
is shown in Fig. 3.
3. RESULTS AND DISCUSSION
3.1 Optimization of μ-vials for insertion into the liner

For the target components, the vaporizing chamber in
the injector (the OPTIC system), also called a liner, is important to enhance the efficiency of chromatographic separation and thermal desorption for DTD. The sample components in the liner quickly evaporate because of direct
thermal desorption, and require little space to diffuse and

FIGURE 3 - Chromatogram of 17 PCBs by DTD–GC–ECD.
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FIGURE 4 - Schematic of liner and μ-vials.
a. liner with glass frits; b.、 c、 d、 e.four types of μ-vial

35000

Abundance

30000
25000

b u-viai
c u-viai
d u-viai
e u-viai

20000
15000
10000
5000
0

PCB8 PCB18 PCB28 PCB52 PCB44 PCB66 PCB101 PCB77 PCB153 PCB105 PCB138 PCB187 PCB128 PCB180 PCB170 PCB206 PCB209

FIGURE 5 - Effect of μ-vial on desorption efficiency

transfer into the column by the carrier gas because of solventless vaporization. Unacceptable broadband or insufficient peak resolution may occur in large amounts if the
liner with no additions for decreasing the vaporizing space
is used and if exponential dilution of analytes is avoided.
The b-, c-, d-, and e-shaped µ-vials developed with silanizing quartz materials in this study (Fig. 4-b, c, d, e) were
inserted into the liner to load samples. The insertion of the
vials changed the structure of the liner and reduced the volume of the vaporizing chamber, improving its accuracy and
measurement sensitivity.
The vaporizing volume of a liner was approximately
800 μL (Fig. 4a) and that of the four μ-vials (Fig. 4b, 4c,
4d, and 4e) were approximately 38 μL for b, 89 μL for c,
and 95 μL for both d and e. All the μ-vials had a slightly
smaller outer diameter than the inner diameter of the liner;
therefore, when the μ-vial was inserted in the liner, a narrow gap was formed between the walls of the liner and the
μ-vial, which helped to transfer sample components desorbed from the OPTIC to the column. The volume of the
vaporizing chamber with μ-vial can be estimated according
to V = AL = πR2·L; if the volume of the gap is negligible,
then Vb = π × 0.1752 × 6.6 + π × 0.092 × 1.5 = 670 μL

Vc = π × 0.072 × 5.8 + π × 0.1752 × 0.8 = 107 μL
Vd/e = π × 0.072 × 6.15 = 95 μL

The relative abundance of the chromatographic peaks
of the PCBs’ desorbed in the e-shaped µ-vial was higher
than for the other shapes (Fig. 5). Compared with the bshaped µ-vial, the tube walls of c-, d-, and e-shaped µ-vials
are longer, which may have produced the higher abundance
by reducing the dead volume for the vaporizing PCBs and
eliminating any splash loss of sample at high temperature.
The components desorbed in the d- and e-shaped µ-vials
with the side hole at different heights were more likely to
quickly diffuse to the column head than for the c-shaped µvial; thus, the chromatographic peak of PCBs was significantly higher. The measuring hole on the d-shaped µ-vial
was lower than that on e-shaped; thus, it was more convenient to load soil samples or transfer components. In summary, the d-shaped µ-vial was used for subsequent experimental investigations in this study.
3.2 Influence of soil particle size on desorption efficiency

To reduce interferences generated by thermal desorption of impurities to the greatest extent, the desorption temperature was set at 400°C with no risk of decomposition of
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PCBs. Soil samples of 3 mg were prepared (as described in
section 2.3.2). As seen in Fig. 6, desorption efficiency of
PCBs reached the highest value when the soil particle size
was 250 μm (60 mesh), indicating that when the soil particle
size is large, although large particles exist, desorbed PCBs
were easy to diffuse. PCBs inside large-sized particles were
unable to escape rapidly, overcoming only dense pores. This
resulted in incomplete desorption and low recovery. The
specific surface of soil particles with 250 (60 mesh), 150 (40
mesh), and 75 μm (20 mesh) increases; however, a smaller
particle size leads to an exponential decrease in the packing
porosity, reduction in permeability, difficulty to diffuse
PCBs desorption on surface, and carryover effect. Examining the results in Fig. 6 illustrates that when using soil particles of 150 μm and 75 μm in diameter, the DTD efficiency
of PCBs is greatly reduced, i.e., it was only about 30% of
that in particles with a diameter of 250 μm. Therefore, considering the specific surface area and the packing porosity,
the soil with 250 μm was selected for use in this study.

3.3 Influence of soil sample quantity on desorption efficiency

The OPTIC thermal desorption temperature was set at
400°C, and the as-prepared soil was sampled at 0.5, 1.5, 2,
3, 4, 5, 6, 9.5, and 15.5 mg. Figure 7 demonstrates that
chromatographic abundance increased along with an increasing amount of soil sample and showed a good linear
relation between the amount of sample and chromatographic abundance when the amount of sample was greater
than 5 mg. Poor linearity when the sample amount was
lower than 5 mg may have been caused by inhomogeneity
of particle size and components.
3.4 Influence of desorption temperature on desorption efficiency

5 mg soil sample was desorbed for 120 s at 200°C,
250°C, 300°C, 350°C, 400°C, and 450°C, and the efficiency of thermal desorption was influenced by temperature as shown in Fig. 8. The efficiency of thermal desorption of 17 PCBs increased with increasing temperature, ex-
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FIGURE 8 - The influence of desorption temperature on efficiency of desorption.
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cept for several lower-chlorinated PCBs and with a little
diverse upward tendency from the viewpoint of abundance.
High temperature may eliminate the risk of PCB residue by desorption in the liner, especially for higher-chlorinated PCBs; however, temperature had little effect on
lower-chlorinated PCBs (Fig. 8). Because excessively high
temperatures could increase the possibility of producing an
unknown impurity, 450°C was set as the optimal temperature for the method developed in this study.
3.5 Influence of desorption time on desorption efficiency

The boiling points of the 17 PCBs chosen for this study
ranged from 303°C to 466°C with vapor pressures that
ranged from 10−12 to 10−5 atm. The desorption time had little
influence on desorption efficiency of PCBs with lower
boiling points (PCB 18, 28, 52, 44, and 66) when the time
was greater than 60 s (Fig. 9). When the desorption time
was increased to over 90 s, there was no significant change
for PCBs with moderate boiling points (such as 101, 77,
153, 105, and 138); therefore, a desorption time of 120 s
was found to be sufficient for all PCBs to be completely
desorbed. Considering the desorption efficiency and time
consumptions of 17 PCBs, 120 s was determined as the optimal time for thermal desorption.

3.6 Influence of transfer time on desorption efficiency

DTD, which can produce a dead volume, is different
from liquid injection with a large amount of solvent vapor,
and requires adequate transfer pressure and time after desorption to reduce PCBs residue in the liner and to decrease
the risk of band broadening. Four different chlorinatedPCBs (18, 101, 128, and 206) were chosen, and the analytes
were desorbed at 450°C with a desorption time of 120 s and
a transfer pressure of 25 psi. All the desorbed PCBs were
entirely transferred to the head column when the transfer
time was over 90 s (Fig. 10). Therefore, 90 s was defined
as the optimal transfer time in this study.
3.7 Precision and detection limit

250 μm blank sample is used as the basis to prepare
simulations for the soil samples of 17 PCBs, with concentrations of 50 and 200 ng g−1 and with the following operating conditions: d-shaped µ-vial, 5 mg, desorption temperature of 450°C for DTD, desorption time of 120 s,
transfer pressure of 25 psi, and a transfer time to head column of 90 s. Chromatographic conditions were kept constant. The repeatability, expressed as the RSD of seven successive determinations of a spiked sample, and detection
limits, calculated as three times the baseline noise (S/N = 3)
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FIGURE 10 - Effect of transfer time to column head on desorption.

TABLE 1 - Method detection limit, recovery and RSD (n = 7) for 17 PCBs.

Compounds
PCB8
PCB18
PCB28
PCB52
PCB44
PCB66
PCB101
PCB77
PCB153
PCB105
PCB138
PCB187
PCB128
PCB180
PCB170
PCB206
PCB209

Linear equation
y = 1178.5x + 948.94
y = 2601.7x + 2030.7
y = 1742.5x + 1939.6
y = 1965.4x + 897.13
y = 2285.9x + 2003.9
y = 1561.9x + 1944.5
y = 1415.8x + 1168.9
y = 398.54x + 716.33
y = 939.71x + 1132.3
y = 684.33x + 703.28
y = 567.47x + 521.38
y = 763.97x + 571.86
y = 645.96x + 392.48
y = 803.59x + 233.45
y = 424.62x + 143.36
y = 506.86x - 165.27
y = 144.42x + 74.552

Correlation

Detection limit

coefficients

(μg/L)

0.9969
0.9966
0.9986
0.9975
0.9955
0.9983
0.9968
0.966
0.9972
0.9982
0.9973
0.9967
0.9994
0.9970
0.9982
0.9987
0.9978

9.39
7.30
5.97
2.89
4.31
3.97
9.29
8.64
9.58
5.04
3.74
2.89
8.14
9.69
8.28
6.65
7.01

DTD(μg/kg)
1360
2100
7290
2610
2180
3910
3220
3150
1480
2410
4870
660
1090
1010
1130
N.D.
N.D.

Spiked (200 ng/g)

RSD

Mean recovery

RSD

(%)
86.2
104.2
90.6
80.3
85.2
72.5
78.9
88.3
91.1
80.5
85.2
86.7
80.1
77.6
90.2
83.5
82.1

(%)
6.11
4.81
3.61
1.79
2.82
2.59
7.86
5.61
6.24
3.39
2.30
1.89
5.36
6.04
5.04
4.11
4.76

(%)
86.4
90.6
85.3
105.6
80.2
94.7
87.6
75.3
88.2
93.2
80.6
84.9
79.6
83.7
86.1
78.3
82.6

(%)
3.45
2.73
2.06
1.21
1.88
1.76
4.21
3.52
3.67
1.96
1.32
1.15
3.68
4.24
3.33
3.05
2.99

3.8 Real sample

TABLE 2 - Results of real sample
Compounds
PCB8
PCB18
PCB28
PCB52
PCB44
PCB66
PCB101
PCB77
PCB153
PCB105
PCB138
PCB187
PCB128
PCB180
PCB170
PCB206
PCB209

Spiked (50 ng/g)
Mean recovery

The real soil samples contaminated by transformer oil
were measured by DTD–GC and method EPA8082 [30]
(Table 2); they showed similar results.

EPA8082(μg/kg)
1280
1980
6770
2750
2110
3880
3010
3100
1500
2390
4790
680
1100
1000
1060
N.D.
N.D.

4. CONCLUSION

for all the PCBs, can be seen in Table 1. According to these
results, DTD satisfies the requirements for sample analysis.

A new method using direct thermal desorption coupled
with gas chromatography was developed to obtain quantitative data for 17 target PCBs in soil samples. This method
was successfully used to directly and rapidly determine
concentrations of PCBs in soils with a fast, simple, solventfree extraction technique that can significantly reduce the
cost of sample pretreatment, thus making it suitable for the
extraction and determination of a wide variety of semi-volatile organic compounds in soil samples. The novel μ-vial
developed with deactivated quartz was inserted into the
liner for loading solid samples and thermal desorption of
the solid sample. The d-shaped μ-vial with a side hole was
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found to enhance sensitivity and reliability for analysis of
PCBs in soil samples by DTD–GC. Experimental analysis
revealed the main methodologies required to determine
17 PCBs by DTD–GC, which are summarized as follows:
a spiked soil sample (50 and 200 ng g−1) with a particle size
of 250 μm, MDLs of 2.89–9.69 μg kg−1 (RSD < 7.86%),
and a recovery of 72.5 to 104.2%; a desorption temperature
of 450°C; a desorption time of 120 s; and a transfer time to
head column of 90 s. A test of real environmental samples
revealed that DTD–GC and EPA8082 gave similar results.
This method can be widely applied to determine many
semi-volatile organic compounds with high thermal and
chemical stability, even in a complex sample matrix.
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ABSTRACT

The aim of this work was to assess the effect of atrazine on the microbial biomass and community diversity of
black soils because the herbicide atrazine is applied intensively on black soils and may impact on the sustainability
of black soils in China. A laboratory experiment was set up,
and the associated parameters, such as residual atrazine, microbial biomass and microbial diversity, were determined.
Residual amounts of atrazine remained at over 85.5% in all
of the treatments throughout 95 d of observation. Compared to the controls, the microbial biomass carbon (MBC),
microbial biomass nitrogen (MBN) and microbial biomass
phosphorus (MBP) fluctuated tremendously throughout the
incubation time. Atrazine disturbed not only the stability of
microbial biomass in black soils, but also the microbial
evenness, Shannon diversity and species richness decreased
in black soils. The impact of atrazine on microbial diversity
was positively correlated with the concentration of the contaminant. This study suggests that atrazine pollution may deteriorate black soils and disrupt their use in agriculture.

KEYWORDS: Herbicide; Atrazine; Black soils; Soil microbial diversity; Soil contamination

1. INTRODUCTION

Herbicides are routinely used to boost agricultural
yield; however, they are detrimental to the environment [1–
3]. Today, a major problem we are facing is the soil contamination and adverse ecological effects that are partially
caused by herbicides [4, 5]. Atrazine, a wide-spectrum
herbicide, is widely used for broad-leaf weeds around the
world [6, 7]. The widespread application of atrazine to agricultural systems has significantly affected water resources and soil quality because of the mobility and persistence of atrazine and its metabolites in the environment [8–
12]. Atrazine is often detected in the soils and ground waters, where it is toxic to aquatic organisms, amphibians and
* Corresponding author

microbes in soils [1, 3, 6, 13-16]. Atrazine could even interfere with the production of normal human hormones and
ultimately lead to cancer [17, 18].
Atrazine was banned by the European Union in 2003
[19]. However, it is still used worldwide. Since 1980s, it
has been used intensively across China, increasing rapidly
at a rate of approximately 20% per year. This chemical is
often applied to “black soils”, which are the most valuable
soil types in the country and are essential for maintaining
China’s food security. These soils are being cultivated intensively and contribute approximately 14% of the total
crop production and 40% of the total soybean production
in China [20, 21]. Atrazine may damage the activity and
biodiversity of microbes in soil, and pose potential threats
to soil ecology and environmental health [1, 22, 23]. Currently, although atrazine has been listed as an environmental priority control pesticide in China, its problems have not
been resolved [24]. Atrazine still is one of the most serious
environmental pollutants in these regions and is still threatening soil productivity [24].
In this study, our objectives were to assess the residual
amount of atrazine, the associated biomass and the diversity of bacterial communities in black soils that were
treated with the atrazine. We hypothesize that atrazine contamination is threatening the sustainability of the black
soils by impacting the native microbial community with
high residual amount.
2. MATERIALS AND METHODS
2.1 Study site and soil preparation

The experiments were conducted in the greenhouses of
Northeast Agricultural University (Harbin, China) beginning in October 20, 2013. The series of laboratory experiments were designed to research the impact of atrazine on
the microbial biomass and diversity [25]. Soils were collected from soybean fields in the black soil zone at the time
of the maturity growth stage of soybean. The soil samples
were collected randomly from 10 tillage layers (0–20 cm)
within an area of approximately 100 m2. Residual atrazine
was not detected in these samples, in agreement with the
fact that atrazine is never applied to the soils of the regions.
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TABLE 1 - Properties of black soils obtained from northeast China
Soil type
mollisols

Textural class
(USDA)
Silty clay loam

pH

TOC g/kg

6.01±0.04

36.79±0.84

CEC
TN g/kg
cmol (+) kg-1
37.5±1.1
2.98±0.23

All of the soils were composited and sieved through a
2-mm mesh to thoroughly homogenize it and remove any
roots, plant residues and stones. The soil pH was measured
using a pH meter after shaking the soil water (1:5 w/v) suspension for 30 min. The basic properties of the black soils
that was used in the experiment are shown in Table 1.
2.2 Laboratory experiment set–up

Acetonitrile (HPLC grade) was purchased from Merck
Co. (Germany). Atrazine (purity > 99.5%) was obtained
from the National Standard Material Standard Sample Information Center (China). A stock solution of atrazine was prepared in acetone at 1000 mg/L and stored in dark at 4 °C.
The soil samples were weighed (650 g) and placed in
1-L pots (12.2 cm height × 12 cm diameter). The soil was
moistened to up to 80% of maximum field water holding
capacity and preincubated at 25 °C for 7 d. Refer to the operation instruction of atrazine herbicide, and then stock atrazine solution was added to the soil at different concentrations, i.e., 0, 10, 20, 30 and 40 mg atrazine/kg soil in the
control (CK), treatment A, treatment B, treatment C and
treatment D pots, respectively. The control soil sample received the same amounts of acetone alone. Each treatment
included three replicate pots and placed randomly on sandbox of phytotron. The soil moisture was maintained at approximately 30% during the entire experimental period by
constant weight method. In these pots, the soils were incubated for 95 d in the dark at 25 °C ± 2 °C with 70% ± 5%
relative humidity. The 10 g soil sample with the Edelman
hand auger (20 cm length, 3 cm diameter) was withdrawn
from separate pots to analyze the residual rate of atrazine
and the microbial biomass in the black soils at 13 time
points (0, 1, 3, 5, 7, 14, 21, 28, 35, 50, 65, 80 and 95 d post
atrazine treatment) during 95 d period. In the meantime, the
10 g soil sample from separate pots were extracted to measure the microbial DNA as an index of microbial diversity
at 6 time points (0, 7, 14, 28, 50 and 95 d post atrazine
treatment).
2.3 Determination of the atrazine concentration and microbial
biomass in the soils

To measure the residual atrazine in soils, samples from
treatments A, B, C, and D were collected during the 95 d
incubation period. Each soil sample (1 g dry weight) was
extracted with 20 mL of methanol under ultrasonication
(30 min; frequency of 30 kHz), followed by a 5-min centrifugation (5,000 rpm). The extracts were subjected to
high-performance liquid chromatography (HPLC) analysis
using an HPLC apparatus that was equipped with an LC10AT pump (Shimadzu, Japan), a UV-detector (Shimadzu,
Japan), and a Venusil XBP C18 column (Agela Technolo-

TP g/kg
2.56±0.14

Particle fraction (%)
Clay
Silt
38.1±0.1 54.6±0.2

Sand
7.3±0.1

gies, China) using methanol–water (70 : 30 v/v) as the mobile phase at a flow rate of 1.0 mL/min [26]. The mean recovery rate of atrazine extraction was 98%. Calibration
was performed using the analytical standard of atrazine,
and the correlation was determined using linear regression
with a coefficient of determination of r2 ≥ 0.99. Microbial
biomass carbon (MBC), microbial biomass nitrogen (MBN)
and microbial biomass phosphorus (MBP) were determined
using fumigation extraction [26, 28]. The K values of 0.45,
0.54 and 0.4 were used to calculate MBC, MBN and MBP,
respectively [29–31].
2.4 Soil microbial DNA extraction and PCR-DGGE analysis

The DNA of the microbes was extracted from the soil
samples (0.5 g wet weight) with E.Z.N.A. Soil DNA extraction kit (OMEGA, USA) according to the manufacturer’s instructions. The extracted DNA was diluted in TE
buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and stored
at -20 ºC until further use.
The DNA samples were amplified using specific primers for the 16S rRNA V3 region 338F GC (5′ GCC CGC
CGC GCG CGG CGG GCG GGG CGG GGG CAC GGA
CTC CTA CGG GAG GCA GCA 3′) and 518R (5′ GCG
GCT GCT GGA TTA CC 3′) [32]. PCR was carried out in a
thermocycler under the following conditions: 95 °C for 5 min,
30 cycles of 92 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min,
and a final extension step at 72 °C for 10 min [33]. All of the
reactions were performed using 10–20 ng/mL of soil DNA,
corresponding to a volume of approximately 1 μL. All of the
reactions involved 25 μL of reagents, containing the following: 0.5 pmol each primer, 0.2 mM each dNTP, 2.5 μL of
10 × PCR buffer (100 mM Tris-HCl and 500 mM KCl, pH
9.0), 1.5 mM MgCl2, and 5 U of Taq DNA polymerase,
with sterile ultrapure water Milli-Q to complete the final
volume. The products were inspected via electrophoresis in
a 2% agarose gel, stained with SYBR Safe DNA (Invitrogen) in TBE buffer 0.5 × (45 mM Tris base, 45 mM boric
acid, 1 mM EDTA pH 8.0). Gels were photographed and
PCR bands quantified by using a standard DNA (100 bp ladder, Promega).
Denaturing gradient gel electrophoresis (DGGE) was
used to analyze the bacterial communities that were present
in the soil samples. Thirty microliter of PCR product, which
were purified using ethanol precipitation, were loaded to perform DGGE. The 8% acrylamide gels were prepared with
denaturing gradients from 30 to 65% using a 100% denaturant solution (7 M urea and 40% formamide) and a 0%
solution (no urea and no formamide) [32]. Electrophoresis
was performed at a constant temperature of 60 ºC and 200 V
for 4 h in a D-Code system (Bio-Rad, Hercules, USA) in 0.5
× TAE buffer (20 mM Tris acetate, 1 mM EDTA, pH 8.0).
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After electrophoresis, the gel was stained with SYBRGreen I (Molecular Probes). The gel image was captured
in an ultraviolet photo documentation system.
2.5 Data analysis

The data were analyzed by the analysis of variance
(ANOVA) using SPSS 20.0, plotted with Sigma Plot version 11.2.
The positions and signal intensities of the detected
bands in each gel track were determined with a Gel Doc
2000 gel documentation system, Quantity-One 4.5.2 (BioRad, USA). The lane background was subtracted using a
rolling disk size set at 8. The band matching function with
tolerance and optimization set at 0.75% was used to identify and compare the bands that were present in each lane
[34]. The band matching data and relative band densities
were exported into Excel (Microsoft Corp.) for statistical
analysis. The relative intensity was determined by dividing
the surface area of the band by the sum of the surfaces of all
of the bands within the lane, thus eliminating any variation
in band intensity caused by differences in the amounts of
PCR products that were loaded into the gel [34]. The number
and intensity of the bands relative to the total signals represented in all bands were the response variables [35].
Shannon’s diversity index (H'), Richness and Evenness of
microbes were calculated based on the number and relative
intensity of the bands in the bacterial community profiles
[36]. The data were expressed as the means ± SD. Comparisons were made using the multiple comparisons (α < 0.05).
The data were normalized to values between 0 and 1
using min-max normalization with the software SPSS 17.0
[37]. We performed a Canonical Correspondence Analysis
(CCA) using the software CANOCO 4.5 (Biometris, Wageningen, Netherlands) to assess the relationships among
the diversity indices of microbial communities and the
level of atrazine in black soils [38].

3. RESULTS
3.1 Residual atrazine in the black soils

The amounts of residual atrazine were detected in
black soils within treatments A, B, C and D during 95 d
incubation period (Fig. 1), ranging from 85.5% to 91.4%.
The residual rate gradually decreased with time, but at a
slow pace. However, there was no significant difference
among the different treatments. No matter what the original
concentrations were, the residual rates changed very little.

FIGURE 1 - Residual rates of atrazine regarding its initial content in
black soil samples submitted to the four treatments (A–D) of atrazine
during 95 d incubation period. The amount of atrazine applied: treatment A = 10 mg/kg; B = 20 mg/kg; C = 30 mg/kg; D = 40 mg/kg. The
bars indicated the standard deviation (n = 5).
3.2 Microbial biomass C, N and P as influenced by the atrazine
levels

MBC concentration in black soils that were treated with
atrazine differed significantly from the control treatment (CK)
(p < 0.05), ranging from 137.69 to 351.75 mg/kg. The con-

FIGURE 2 - Effects of four different atrazine treatments on MBC in black soils. a. Dynamics of soil MBC. b. Differences in the soil MBC
among the treatments. The bars indicated the standard deviations (n = 5).
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tent of MBC was higher in all of the atrazine treatments
than the CK, with the exception of that of treatment D on
95 d (Fig. 2a). MBC in the CK remained flat, ranging from
123.6 to 179.7 mg/kg (Fig. 2a). The highest level of MBC
in the treated soil was 1.9 times the CK, but the lowest level
of the MBC in the treated soil was lower than CK (Fig. 2a).
Throughout the time course of the experiments, the fluctuation in the content of MBC was very large in the atrazinetreated soils compared to the control (Fig. 2b).
Similarly, the content of MBN in the treated black soil
fluctuated as observed for MBC, ranging from 58.2 to 175.1
mg/kg, whereas the content of MBN in the CK remained flat,
ranging from 71.5 to 79.3 mg/kg (Fig. 3a). The highest level
of MBN in the treated soil was 2.2 times the CK, but the
lowest level of the MBN in the treated soil was lower than
the CK (Fig. 3a). The average values of the MBN concentration were correlated negatively with the atrazine concen-

tration, and fluctuation in the range of MBN was greater in
atrazine-treated soils than in the control (Fig. 3b).
The content of MBP in the treated black soils fluctuated from 41.4 to 140.2 mg/kg, whereas the content of
MBP in the CK remained relatively stable, ranging from
41.5 to 62.7 mg/kg (Fig. 4a). Compared to CK, the highest
level of MBP in treated soil was 2.2 times as high, but the
lowest level of the MBP was similar to that of the CK
(Fig. 4a). The fluctuation in the range of MBP was greater
in atrazine-treated soils than in the control (Fig. 4b).
3.3 Microbial diversity as influenced by the atrazine levels

The bacterial diversity was measured as estimated according to the evenness, Shannon diversity indices, and
richness in black soils. The evenness, Shannon diversity
(H') and richness of the atrazine treatments were lower than
those for the control soil throughout the entire incubation

FIGURE 3 - Effects of four different atrazine treatments on the MBN in black soils. a. Dynamics of the soil MBN. b. Differences in the soil
MBN among the treatments. The bars indicated the standard deviation (n = 5).

FIGURE 4 - Effects of four different atrazine treatments on the MBP in black soils. a. Dynamics of the soil MBP. b. Differences in the soil MBP
among the treatments. The bars indicated the standard deviation (n = 5).
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FIGURE 5 - Microbial diversity index curves for black soils that were treated with four different levels of atrazine during a 95 d incubation
period. a. Dynamics of microbial evenness. b. Dynamics of microbial Shannon diversity index. c. Dynamics of microbial richness. The bars
indicated the standard deviation (n = 5).

period, and the negative effect of treatment D was significantly higher than that of the other treatments (Fig. 5). The
microbial evenness of treatment D was lowest between
days 5 and 50 of incubation, but the differences were minimal among all of the atrazine treatments over the 95 d (Fig.
5a). There were no significant differences in the Shannon
diversity among all of the atrazine treatments before 50 d,
but the Shannon diversity of treatment D was markedly
lower than that of the other treatments after 95 d (Fig. 5b).
The microbial richness decreased gradually throughout the
entire experiment, with no significant differences detected
among the atrazine treatments (Fig. 5c).
We used a canonical correspondence analysis (CCA)
to investigate the microbial diversity because CCA is a
powerful tool for illustrating how the community structure
varies along environmental gradients [35]. In the analysis,
biplots consisting of atrazine treatments and microbial diversity indices (evenness, Shannon diversity and richness)
were used to assess the effects of the atrazine contamination on soil microbial community. In the ordination diagram, each arrow shows the marginal effect of the particular
atrazine concentration on the sample scores (Fig. 6). The

first two principal components explained 84.82% (Axis1:
67.39% plus Axis2: 17.43%) of the variation of microbial

FIGURE 6 - The ordination of microbial diversity based on canonical
correspondence analysis (CCA) associated with the atrazine concentrations in black soils. S = Shannon diversity index, R = richness, E =
evenness, and the letters-number indicated the days of incubation for
different index of diversity.
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diversity indices based on the results from CCA. Differences in atrazine pollution were significant compared to
CK, and atrazine pollution caused opposite changes according to the length and direction of the arrows (Fig. 6).
Based on a 5% level in a partial Monte Carlo permutation
test, treatments D (F = 3.368, P = 0.002), C (F = 3.104, P
= 0.003), B (F = 3.054, P = 0.003), and A (F = 2.057, P =
0.012) emerged as the significant environmental factors
that explained the variation in microbial diversity. According to CCA, atrazine treatments disturbed the microbial diversity in black soils, and the amount of atrazine that was
applied was positively correlated with the disturbance in
the soil microbial diversity. It is for sure that the disturbance could last for 95 days (Fig. 6).
4. DISCUSSION

The study of long-term effects of atrazine has demonstrated the persistent impact of this widely used chemical
and its metabolites on soils. The degradation dynamics of
added atrazine in the soil are affected by various soil characteristics, and above all the soil type plays an important
role in the degradation of atrazine [12, 39–41]. In our experiments, the residual rates of atrazine remained very high in
black soils throughout the entire incubation period (Fig. 1).
Other researchers have demonstrated that the biodegradation
of atrazine was inhibited by supplementing carbon to the
soils, where the indigenous community of microorganisms
was altered [42–44]. Another possibility was that the high
content of atrazine was adsorbed easily by the soils, therefore, the bioavailability was decreased [45]. We, therefore,
inferred that a high content of organic matter in black soils
is a central cause of the high amount of atrazine residues.
The ubiquitous nature of atrazine in black soil environments should be flagged as a particular environmental concern as it may represent a long-term threat to soil ecology.
MBC, MBN and MBP play critical roles in the functioning of terrestrial ecosystems and are thus a useful measure of soil quality [46–48]. They are the most labile pools
of organic matter and can provide an early indication of
changes in the total soil organic matter long before changes
in the total soil carbon can be reliably detected [28]. The
degree to which MBC accumulates in the soil depends on
a balance between the generation and decomposition of microbial products [49]. We showed that the presence of atrazine positively affected the MBC of black soils and the
fluctuation of MBC (Fig. 2). Our results agree with what
Moreno et al. [1] found in semiarid soils. Likewise, MBN
fluctuated clearly with the incubation time, and atrazine
positively affected the MBN of black soils (Fig. 3). Other
studies have reported similar observations, with an increase in the MBN due to the presence of herbicides [1,
50]. MBP can play an important role in P cycling and availability to plants by acting as a source (remineralization) or
sink (immobilization) of phosphate ions [51]. The MBP
concentration fluctuated clearly with the atrazine content,
but the MBP under the different pollution treatments did

not follow any specific pattern throughout the incubation
time (Fig. 4). Overall, the MBC, MBN and MBP fluctuated
greatly with the atrazine contamination. Any changes in
the microbial biomass may influence the cycling of soil organic matter. Thus, the soil microbial activity directly influences the soil fertility and ecosystem stability [52].
Combined, these results indicate that atrazine damaged the
stability of the soil’s microbial biomass, which could lead
to the deterioration of black soils.
Microbial diversity is one of the most important components of soil ecology, making it a useful measure of the
status of soil microbial communities and of soil “health”.
Soil microbial diversity is an important gauge of the negative effects of organic pollutants [53]. Here, atrazine decreased the microbial diversity of black soils (Fig. 5). According to CCA, the amount of impact on microbial diversity was positively correlated with the concentration gradient of the contaminant (Fig. 6). This correlation may have
occurred because atrazine suppresses or even kills sensitive
components of the microbial community, leading to a shift
in the community composition and thus its structure [54,
55]. The ability of an ecosystem to withstand serious environmental disturbances may partially depend on the diversity of the system [56]. If so, in the black soils that we studied, the ability of the system to cope with outside pressures
was reduced by the effects of atrazine. Summarily, the use
of atrazine increased the microbial biomass but decreased
the diversity. The results means that atrazine may promote
the growth of the genus, which could use atrazine as a potential resource of carbon [57-58].
5. CONCLUSIONS

The impacts of atrazine contamination on microbial biomass and diversity in black soils are presented. The residual amounts of the atrazine remained greater than 85.5% in
black soils throughout the 95 d incubation period. Atrazine
disturbed the stability of the microbial biomass and decreased the microbial evenness, Shannon diversity, and
species richness of black soils. Based on the results, this
study suggests that atrazine could be a direct threat to sustainability by deteriorating black soils.
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ABSTRACT

This study examines the effects of irrigation methods
and irrigation levels on sweet potatoes under field conditions in the Eastern Mediterranean region of Turkey. The
experimental treatments included two irrigation methods
and four different irrigation levels: blocked-furrow (BF)
and drip (DI) irrigation. The irrigation levels were full irrigation (IR100), 66% of full irrigation (IR66), 33% of full
irrigation (IR33), and not irrigated (IR0) treatments. Total
of 11 irrigation applications were made at weekly intervals
throughout the season. The blocked-furrow and drip irrigation both received the same amount of irrigation water. The
full irrigation treatment received (IR100) 798 mm of water,
and was followed by the treatments of IR66 and IR33, receiving 631 and 471 mm of irrigation water, respectively.
The range of evapotranspiration (ET) recorded under BF
treatment was 360-691 mm; whereas it was 360-691 mm
with DI treatments. Tuber yields showed a wide range of variation as 11.94-51.09 t ha-1. The significant (P<0.01) yield differences were recorded among the different irrigation methods and irrigation levels. It was noted that tuber yield under
DI was 13% higher compared to BF. The irrigation water
use efficiency (IWUE) and water use efficiency (WUE)
ranged from 36.8 to 65.7 kg ha-1 mm-1 and from 33.2 to
75.9 kg ha-1 mm-1, respectively. The yield reduction recorded when deficit irrigation was imposed under DI (i.e.,
D33, D66) was proportionally lower, therefore given higher
water use efficiency, than with BF.
KEYWORDS:
Furrow irrigation, Drip irrigation, Water deficit, Yield response

1. INTRODUCTION

Sweet potato (Ipomoea batatas (L.) Lam) can be used
in many ways as food crop. It is a very cheap source of energy, and vitamins and minerals, and it can be consumed
* Corresponding author

by being boiled, fried, or baked without any need for pretreatment. It also has wide use in prepared food technology.
The sweet potato is also used as animal foodstuff, in addition to its value for human consumption [1-3]. Its fresh
shoots are cooked as vegetables or consumed as a salad in
many countries. Its stems and leaves are fed to livestock,
either dried or and thus all parts of sweet-potato crop are
completely used.
The sweet potato is grown in farmlands near Hatay, Iskenderun, and in the villages of Yayladag County in the
Western Mediterranean Region of Turkey. Studies by Caliskan et al. [4, 5] showed that the Mediterranean Region
and Southeastern part of Turkey have climates that are well
suited for sweet potato production. Because areas for sweetpotato production are rather limited, there is no data available indicating sweet potato production in Turkey. However,
it should be noted that the people of Hatay enjoy sweet potatoes, and thus it seems that sweet potato production provides high incomes to its growers. It is therefore expected
that sweet potato growing areas will be expanded in the future [4].
Although the sweet potato is known to show no resistance to water stress [6], our knowledge about its yield
response to irrigation is very limited. Norman et al. [7] and
Gomes and Carr [8] also indicated that water consumption
studies of sweet potato were very limited. However studies
by Jones [9] in the United States, Castelhanos et al. [10] in
Cuba, and Onyekwere and Okafor [11] in Nigeria showed
that seasonal water consumption of the sweet potato varied
over a range of 350 mm to 450 mm. Gomes and Carr [8,
12] in Mozambique showed that its water requirement varied depending on rainfall. They reported that the water requirement in the rainy season was 800 mm, whereas it was
limited to only 550 mm under drought conditions.
The study of Smittle et al. [13], among the very few
studies available, showed that the yield of the sweet potato
crop declined if soil water tension was allowed to reach
values higher than 25kPa before resuming irrigation.
Diczbalis et al. [14] compared drip, mini sprinkler, and
classical sprinkler irrigation methods for the irrigation of
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sweet potato crops and found tuber yields of 40.1, 60.7, and
71.1 t ha-1, respectively. In a recent study, Traynor et al.
[15] showed that the yield under drip irrigation was within
the range of 70.7-76.4 t ha-1; whereas the yield increased to
84.1 t ha-1 with the mini sprinkling system.
The current study aimed to compare the blocked-furrow irrigation method with drip irrigation, which has a
great potential of expansion in the area. Additionally, we
included different levels of irrigation water as treatments,
in light of the fact that the allocation of irrigation water
from already scarce water resources is decreasing. Therefore, this study evaluates the crop yield response of sweet
potato to irrigation under different irrigation methods.

were cut when they reached an approximate height of 20
cm, and transplanted to the open field with 35 cm distance
in rows of 80 cm row spacing. The plants were transplanted
on May 23, and harvested October 18.
As suggested by May and Scheuerman [17], all the
plots were irrigated with no difference in the treatments at
2- or 4-day intervals during the 45-day period following the
transplantation. The treatments were imposed soon after
plant soil coverage reached 30%. The plots were irrigated
at 7-day intervals as suggested by Gomes and Carr [8] and
Anonymous [18]. Irrigation water requirement (IR, mm) of
the full irrigation treatment (i.e., IR100) was calculated using Class-A pan evaporation with equation:

IR  Kc  Kp  ( Ep  P )
2. MATERIALS AND METHODS

The experiment was implemented at the Telkalis Research Fields of Mustafa Kemal University’s Faculty of Agriculture (latitude 36o39′ N, longitude 36o40′ E, 93 m above
sea level), in Hatay, Turkey. The prevailing climate in the
experimental area is typical of a Mediterranean climate. The
average temperature was 18.8 °C and rainfall was 41.9 mm,
the relative humidity ranged from 61 to 73%, and daily average of wind speeds (at 2.0 m) varied over a range from 1.9
to 4.4 m s-1 during the growing season in 2008.
Some basic physical and chemical properties of the experimental soil are summarized in Table 1. The soil was
classified as Chromic haploxerert [16], had a heavy clay texture, but it was well drained and had no drainage problem.
The experiment was designed in split plots with three
replications. The main plots and subplots were assigned to
irrigation methods (BF and DI) and levels (100, 66, 33),
respectively.
The treatments tested consisted of two irrigation methods and four different irrigation levels. The two irrigation
methods were: (1) blocked-furrow (BF) and (2) drip (D)
irrigation. The three irrigation levels were: (1) full irrigation (IR100), (2) 66% of full irrigation (IR66; 33% deficit),
(3) 33% of full irrigation (IR33; 66% deficit), and not irrigated (IR0) treatments. Treatments for the irrigation levels
were defined with reference to the amount of water applied
for the full irrigation treatment (IR100). The experimental
plots were 20 m in length of 4 m width.
The sweet potato cultivar used was Beauregard, originating from the United States. The tubers were planted in
March in a greenhouse to produce seedlings. The seedlings

where Kc is the plant coefficient, Kp the pan coefficient, and Ep (mm) is cumulative evaporation from the
Class-A pan during the period of irrigation interval. The
plant coefficient Kc was 1.15 during vegetative development, and reduced to 0.65 during the maturity stage. The
pan coefficient Kp was selected to be 0.8 following recommendation by [19]. P is rainfall (mm).
The experimental plots irrigated with blocked-furrows
and drip systems were separated with levees to prevent
seepage of water between the plots. The drip laterals were
16 mm in diameter. The drippers, placed at a 0.20 cm distance, were in-line type of 2 L/h discharge rate at 0.8 atm
pressure. One drip line was used for each crop row. The
applied irrigation water was measured using a flow-meter.
Total evapotranspiration (ET) was calculated separately for each treatment using water balance equation [20].
ET  ( P  IR )   S  D

p

 Ro

where P is the rainfall, IR is the irrigation amount, ∆S
is the change of soil water storage during the irrigation interval, Dp is deep percolation, and Ro is the run-off or runon amount. The units of all parameters in this equation
were millimeters. In the study, Ro was assumed to be zero
because the levees between the adjacent plots prevented the
run-off or run-on. Deep percolation was calculated from
the difference between the field capacity moisture level and
the total soil moisture level at the effective root zone during
the observed period. The soil water measurements with
gravimetric sampling were conducted just before sowing,
before each irrigation event during the irrigation seasons
and lastly at harvest. Effective root depth was 1.20 m [19].

TABLE 1 - Soil properties of the soil in the research fields
Soil depth
m
0.0-0.3
0.3-0.6
0.6-0.9
0.9-1.2

Texture
C
C
C
C

Field Capacity
m-3. m-3
0.56
0.47
0.54
0.48

Permanent Wilting
Point m-3. m-3
0.28
0.24
0.28
0.25

3399

Salinity
dS. m-1
1.38
0.92
1.08
1.69

CaCO3
%
20
21
25
38

pH
8.0
8.1
8.1
8.3
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Dry weight was determined after drying at 70 °C for
48 h in a forced air oven [21]. At the final harvest, storage
roots were graded as No.1 (diameter of 4.4 cm ≤ 8.9 cm
and length of 7.6 cm ≤ 22.9 cm), No.2 (diameter of 2.5 cm
≤ 4.4 cm), jumbo roots (diameter > 8.9 cm), and cull roots
(malformed or distorted roots), following the recommendations of the US Department of Agricultural Marketing
Service [22]. The average number of storage roots per plant
was also determined by dividing the total storage number
by the number of plants harvested.
Water use efficiency was also calculated and used in
the overall evaluation of the experimental results. The total
water use efficiency (TWUE) for each treatment was calculated by dividing the sweet potato total tuber yield by
seasonal evapotranspiration. The irrigation water use efficiency (IWUE) was determined by dividing the sweet potato total tuber yield by total irrigation amount [23].
The sensitivity of sweet potato root yield to the ET deficit for the whole growing season was determined first used
by Stewart et al. [24].

3. RESULTS AND DISCUSSION

Total irrigation water applied and timing of irrigation
for all the treatments are given in Table 3. Irrigation was
first started on July 11 and continued at 7-day intervals until 16 days before the harvest. The fields were irrigated a
total of 11 times throughout the season. Both irrigation
methods, blocked-furrow and drip, received the same
amount of irrigation water. The control treatment IR100 received 798 mm of irrigation water while IR66 and IR33
received 631 mm and 471 mm, respectively.
Irrigation water applied (IR), calculated ET, tuber
yield, and water use efficiency are separately given for all
treatments in Table 2. The ET varied over a range of 360
to 691 mm under the surface irrigation method of blockfurrow; whereas, it ranged from 365 mm to 714 mm with
the drip system. The ET values increased with the irrigation
level and reached the highest value under the treatments
BF100 and D100.

TABLE 2 - Irrigation amount, seasonal evapotranspiration, total root yield, and water use efficiency
Irrigation Methods
IM

IWUE

TWUE

Irrigation Level
IL

Irrigation Amount
IR, mm

Evapotranspiration,
ET, mm

Total Root Yield, Yi,
t ha-1

IR100

798

714

51.09

64.0
60.2

67.0

D

71.5

IR66

632

568

38.04

IR33

470

453

25.49

54.2

56.3

IR100

798

691

42.44

65.7

75.9

46.7

51.9
37.4
34.1

BF
Control

kg ha-1 mm-1

IR66

632

569

29.50

IR33

470
309

462
363

17.32

36.8

12.37

40.0

Rain fed

TABLE 3 - Effects of irrigation methods and levels on haulm and root yield of sweet potatoes

IMxIL

IL

IM

Irrigation Method, IM
Irrigation Levels, IL
IMxIL Interaction

Haulm
Dry yield
Dry yield
t ha-1
g plant-1

Jumbo

Storage-Root Yield, t ha-1
First
Second
Cull
Class
Class
Yield

Total Root
Yield

Drip, D

55.6

2.3

4.9

18.9

5.5

2.5

31.9

Blocked Furrow, BF

60.9

2.5

4.4

15.6

5.8

2.0

27.8

Tukey’s HSD

n.s.

n.s.

n.s.

2.8*

n.s.

n.s.

3.3*

IR100

98.0

4.1

12.5

30.0

7.4

1.9

51.8

IR66

71.5

3.0

4.4

20.1

6.0

3.2

33.8

IR33

41.3

1.7

1.6

12.5

5.4

1.9

21.4

Rain fed

22.2

0.9

0.0

6.6

3.9

1.9

12.4

Tukey’s HSD

9.2**

0.4**

1.4*

3. 9**

2.8**

1.0**

5.2**

IR100xBF

105.2

4.4

12.5

30.8

7.4

1.8

52.4

IR100xD

90.9

3.8

12.5

29.2

7.4

2.1

51.1

IR66xBF

73.2

3.1

3.6

16. 9

6.5

2.5

29.5

IR66xD

69.7

2.9

5.2

23.4

5.5

3.9

38.0

IR33xBF

42.8

1.8

1.4

8.7

5.5

1.7

17.3

IR33xD

39.8

1.7

1.9

16.2

5.4

2.0

25.5

Tukey’s HSD

12.1*

0.5*

n.s.

6.6**

n.s.

n.s.

8.7**
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IMxIL

IL

IM

TABLE 4 - Effects of irrigation methods and levels on some yield components of sweet potatoes

Irrigation Method, IM
Irrigation Levels, IL
IMxIL Interaction

Storage-root
dry weight per
plant
g plant-1

Storage-root
number per
plant
no plant-1

Mean storageroot weight
g

Biological
yield
t ha-1

Harvest Index
(dry weight)
%

Dry matter rate
of storageroot %

Drip

141.1

4.3

168.5

8.2

71.8

18.3
18.2

Blocked Furrow

122.6

4.1

152.0

7.7

66.6

Tukey’s HSD

14.5*

n.s.

8.0**

n.s.

4.1**

n.s.

IR100

231.5

5.4

232.3

13.7

70.3

18.6

IR66

149.2

4.7

173.1

9.2

67.3

18.4

IR33

93.5

3.8

133.5

5.6

68.7

18.2

Rain fed

53.2

3.0

102.2

3.2

70.6

18.0

Tukey’s HSD

25.2**

1.0**

24.6**

1.03**

2.9*

0.5**

BFxIR100

234.2

5.3

237.8

14.1

69.0

18.6

DxIR100

228.8

5.4

226.8

13.3

71.6

18.7

BFxIR66

129.6

4.7

150.0

8.4

63.9

18.3
18.5

DxIR66

168.8

4.7

196.1

9.9

70.7

BFxIR33

75.3

3.5

118.0

4.9

63.6

18.1

DxIR33

111.8

4.1

149.0

6.3

73.7

18.3

Tukey’s HSD

42.3**

n.s.

41.1**

1.7**

6.4**

n.s.

The irrigation (IWUE) and crop water use efficiency
(WUE) ranged from 36.8 to 65.7 kg ha-1 mm-1 and from 34.1
to 75.9 kg ha-1 mm-1, respectively. Both efficiencies (IWUE,
WUE) increased as the amount of applied irrigation water
increased (Table 3). Therefore the highest values were noted
under the treatments BF-IR100 and D-IR100, which received the highest amount of irrigation water. The differences noted for water use efficiency were more obvious under block-furrow treatments than with the drip system.
The sweet potato yield and some yield attributes are
presented in Tables 3 and 4. The results therefore suggest
that it was not the method of irrigation, but the amount of
irrigation applied primarily influenced the crop yields. The
interactions of the irrigation method and the irrigation level
were significant (P<0.01). The interactions BFxIR100 and
DxIR100 produced the highest yields (Table 3).
There was no significant difference between the irrigation methods in relation to haulm dry yield. However, there
was a significant (P<0.01) difference among the treatments
regarding the irrigation level (Table 3). The highest haulm
yields were obtained with highest irrigation level of IR100.
The highest yield for the interaction of irrigation method
and irrigation level was observed with the BF100 treatment
(Table 3).
Total yields, haulm, and tubers varied over a range
from 11.9 to 52.4 t ha-1. Differences in total yields, depending on both irrigation methods and irrigation levels, were
significant (P<0.01). Similar results were obtained for the
first quality tuber yield. However, the irrigation methods
(BF and D) had no significant effect on yields, classified as
jumbo, second quality, and cull. Total and first quality tuber yields were 13% and 18% higher, respectively, under

drip irrigation compared to the results under the block-furrow method. The total tuber yield increased proportionally
with increased water application from I0 to I100. Similar
behavior was observed with both irrigation methods. Significant differences were observed for storage-root dry
weight per plant, mean storage-root weight, biological yield,
and harvest index (dry weight) between the irrigation methods and the irrigation levels (Table 4). The interactions
were also significant. The yields under the interactions
I100xBF and I100xD falling within the same group were
the highest among the rest of the interactions of irrigation
method and the irrigation level. Irrigation levels significantly influenced (P<0.01) the storage-root number per
plant and the dry matter rate of storage roots.
The relationship between the relative ET deficit and
relative yield decrease is given in Figure 1, with a yield
response factor (Ky) of 1.591. The relationship suggests
that the sweet potato has no tolerance to water stress because a 10% water deficit throughout the growing season
would cause a 16% yield decrease.
Although it is commonly known that the sweet potato is
highly sensitive [6] to water stress, our present knowledge
for its water use and yield response to irrigation are limited.
Its requirement for irrigation water, producing an optimum
yield at full irrigation, was close to what was estimated by
Gomes and Carr [8] in Mozambique. However, the water
requirement estimated for drip irrigated sweet potato by
Traynor et al. [15] in Australia was somewhat higher than
our measurements. The difference can be attributed to climatic differences, peculiarity of the irrigation programs
used, and the growing period.
The significant differences were noted in our work as
for the total tuber yield and 1st.quality yield, depending on
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irrigation water. The yield and yield attributes measured in
the current study confirmed the results of earlier work by
Caliskan et al. [4] and, Caliskan et al. [5] in the same area.
The work by Mukminah [25] showed that the irrigation
deficit caused a decrease of dry matter as observed in the
current study.

1-ETa/ETm
0,6

0,4

0,2

0,0
0,0

0,4

1-Ya/Ym

(1-Ya/Ym)
= 1,591(1-ETa/Etm)

As was shown earlier by Gomes and Carr [26] and
Ekanayake and Collins [6], the results of the current study
also showed that the sweet potato crop yield response to
irrigation was linear over the range of water used

0,2

Water use efficiency with deficit treatments (D33,
D66) was higher than with the blocked-furrow method.
However, the efficiency was somewhat higher with the
blocked-furrow method if no water deficit was imposed
compared to the drip system (Fig. 1). The drip system, in
comparison to sprinkler irrigation, in sweet potato production always had higher efficiency and used irrigation water
more effectively [17, 15].

0,6

0,8
FIGURE 1 - Relative yield decrease of the sweet potato as a function
of relative ET deficit.

the irrigation method and the irrigation level. However, the
results by Diczbalis et al. [15] showed that no yield differences were observed between drip and the sprinkler irrigation.
As for the yield attributes of the sweet potato, there
was no difference noted between the irrigation methods.
However, total yield and yield components had a decreasing trend in proportion to decreasing the amount of applied
irrigation water. The results showed that the applied irrigation water amount was the most important factor determining the crop yield and the irrigation method had no effect.
A water deficit at level of 20 to 40% under the drip irrigation method caused a crop yield decrease of 25 to 50%. The
same order of deficit, however, caused a 45 to 70% yield
decrease under the block-furrow method. The results therefore demonstrated that the sweet potato used water more
effectively under water deficit conditions with drip irrigation compared to the blocked-furrow method. An earlier
study by Mukminah [25] showed that the yield decrease in
the sweet potato under water deficit condition.
The low crop-yield decrease in their work might be because of climatic differences and their method of irrigation
management.
The storage-root dry weight per plant, mean storageroot weight, biological yield, harvest index (dry weight basis), and other yield attributes were higher under drip irrigation than under blocked-furrow method. As crop yield
responded to the irrigation level, a linear increase was
noted with the increased application of irrigation water
from non-irrigated treatment I0 to full irrigation treatment
I100. An earlier study by Ekanayake and Collins [6] also
demonstrated that the storage-root number per plant and
dry matter content of storage roots increased significantly
in direct proportion to the increase of the amount of applied

The crop yield response factor Ky of 1.591, which was
greater than one show, that the sweet potato is indeed very
sensitive to water deficit, because a deficit of the order of
10% caused a 16% yield reduction. Gomes and Carr [12],
in Mozambique, found the crop yield response factor similarly higher than one, as 1.2, confirming that the sweet potato was sensitive to water stress.

4. CONCLUSIONS

Although many yield attributes were not largely influenced by irrigation method, the tuber yield response of the
sweet potato varied depending on the irrigation method
used. The blocked-furrow method of surface irrigation is
recommended if no restriction exists as for the availability
of water resources and thus full irrigation can be pursued
without any need for a deficit. However, the drip irrigation
system should be preferred under deficit irrigation practices.
The tuber yield of the sweet potato increased proportionally with the amount of irrigation water applied under
both irrigation methods tested. Therefore, it can be stated
that although the irrigation method used did not influence
the crop yield significantly, the irrigation level – the
amount of applied irrigation water applied – was the most
important factor determining the crop yield. However, it
should be noted that if water resources are scarce, the drip
irrigation method provides higher crop water use efficiency
compared to the surface methods.
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ABSTRACT

1. INTRODUCTION

Accumulation of metals and metalloids was assessed
in a vegetable crop of cabbage (Brassica oleracea L.) irrigated with domestic wastewater in two different sites of a
peri-urban areas of Khushab City, Pakistan. From findings,
the levels of different metals and metalloids such as Cr,
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd and Pb were higher
at site-II than those found at site-I. At both sites, the concentrations of metals and metalloids in the vegetable samples irrigated with canal and sewage water were observed
below the permissible levels except for Mn, Ni, Zn, Mo and
Cd. At both sites, the transfer factor ranged from 0.037241.0 mg kg-1 with Cr having the highest transfer factor.
The metal pollution index in soil resulted in the following
order: Cd > Ni > Se > Mo > Mn > Co > Zn > Cr > Pb > Fe
> Cu > As, respectively. The results from this study suggested that significant differences existed in the metals
concentrations among the analyzed vegetables and that soil
accumulates high concentration of heavy metals to the vegetables when irrigated with wastewater. Thus, farmers
should be well-informed on problems associated with excessive usage of fertilizers as well as irrigating the crops
with waste and all sorts of polluted water and the needs to
grow crops with safe levels of heavy metals.

KEYWORDS: B. oleracea; heavy metals; metalloids; maximum
permissible limits; wastewater .
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Most of the vegetables can uptake a high level of heavy
metals from the soil. Certain species of Brassica have the
capacity to accumulate a high level of micro-metals in their
palatable tissues [1]. Sewage water consists of poisonous
micro-metals which can be introduced into the soil and water
system through different processes, irrigation is most prominent among them [2]. If sewage water is applied on land for
long time and sewage treatment plants are grown in such
soils to eliminate the heavy metals than these heavy metals
cannot be removed effectively hence be the reason of heavy
metals adulteration of soil and rest of the food cycle [3].
In the human body heavy metals are collected in essential organs such as the kidneys, liver and bones because
of the non-biodegradability and stable nature, and are coupled with several serious health disorders. Membrane injury, structural inadequacy of organelles, destruction in the
physiological performance of the plants and eventually
growth retardation, is caused by toxic metals [4-7].
Cabbage (B. oleracea) belongs to the family Brassicaceae possessing high nutritional value. High intake of B.
oleracea reduces the risk of prostate cancer. High death
rate occurs due to jaundice and hepatitis that are key-components of hepatic disorders. Many studies ensure that the
leaf extract of B. oleracea owns significant hepato-protective actions. Moreover, due to its low calorie, B. oleracea
is main food source of human dietary programs [8-10]. Additionally, heavy metals are hazardous because of they tend
to assemble in living systems thereby causing detrimental
effects and accumulate in food chain [11].
Therefore, this study has been focused to evaluate the
suitable concentrations of some toxic and essential heavy
metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd and
Pb) in vegetable (cabbage) and soil for edible purpose.
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2. MATERIALS AND METHODS

3. RESULTS

2.1 Study area, samples collection and preparation

The present study was conducted in the peri-urban areas of Khushab. City, Punjab, Pakistan. The study area is
located at the coordinates 32.30 oN 72.34 oE, situated on
the exact bank of the Jhelum River. The samples of soil and
cabbage (B. oleracea L.) from the two different sites of
Namy Vally and Kurar from the study area irrigated with domestic wastewater. Site-I (Namy Vall) was located at 15 km
radius and site-II (Kurar) at 28 km radius from the Khushab
city, respectively. The sampling was done in the months of
November and December 2012. Five replicates of cabbage
and soil were collected from each of two different sites. The
samples were oven dried at 72 °C for 4 to 5 days and ground
into small powder. Ground samples (1 g) were digested in
an acid mixture (H2O2 and H2SO4 at 2:1 ratio) and the digested samples were filtered through Whatman #42 filter
paper and made the final volume of the sample to 50 ml
with double distilled water.
2.2 Analysis of metals and metalloids

After wet digestion, the vegetable and soil samples
were subjected to metal analysis using atomic absorption
spectrophotometer The metals and metalloids analyzed
were Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd and Pb.

Analysis of variance observed in case of soil demonstrated significant affect for Cr, Mn, Fe, Co, Ni, Zn, As, Se,
Mo, Cd and Pb while Cu showed non-significant results (Table 1). While variance analysis for vegetables illustrated significant effect of Fe, Co, Ni, Cu, Zn and As whereas metals
and metalloids were significantly affected in case of Cr, Mn,
Se, Mo, Cd, and Pb (Table 2).
TABLE 1 - Analysis of variance of data for metal contents from soil
collection sites of cabbage (B. oleracea).
Metals and metalloids
Site
Cr
0.001***
Mn
161.6***
Fe
147.2***
Co
113.09***
Ni
7.81***
Cu
0.742ns
Zn
10.78***
As
79.13**
Se
2.93***
Mo
9.95**
Cd
262.5***
Pb
99.14**
*** P< 0.001, ** P < 0.01,* P< 0.05, ns, non-significant
TABLE 2 - Analysis of variance of data for metal contents in cabbage
(B. oleracea) at the two different sites.

2.3 Quality assurance

For ensuring the reliability of observed results, some
standard quality assurance measures were performed such
as handling the samples cautiously, use of double distilled
water for dilution and solution preparations, clear-cut cleaning of glassware, etc. The standard solutions were precisely
prepared.

For statistical analysis of data of each metal, the SPSS
software version 20 was used. One-way analysis of variance
was applied for soil and vegetable data. Correlation among
the values of the soil and vegetable was also employed. The
significance differences among mean values were worked
out at 0.001, 0.01 and 0.05 probability levels [12].

Metals and metalloids
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Se
Mo
Cd
Pb
*** P< 0.001, ** P < 0.01

2.5 Bioconcentration factor and Pollution load index

3.1 Metal and metalloid concentrations in soil

Bioconcentration factor (BF) was examined to assess
the risk and associated hazards due to wastewater irrigation
and metal accumulation in the edible portion of the vegetable [13] as:

The metal and metalloid concentrations (mg kg-1) were
relatively higher at site-II than site-I in Brassica oleraceae.
At site-I the metals and metalloids concentration was recorded as: Cr (0.062), Mn (15.9), Fe (34.3), Co (13.4), Ni
(2.02), Cu (3.09), Zn (4.25), As (41.6), Se (1.68), Mo (3.85),
Cd (8.75) and Pb (27.4) mg kg-1, respectively. While the
concentrations noticed at site-II were Cr (0.079), Mn
(24.03), Fe (42.02), Co (20.19), Ni (3.79), Cu (3.63), Zn
(6.33), As (47.3), Se (2.77), Mo (5.85), Cd (19) and Pb
(33.7) mg kg-1, respectively (Table 3). The order of accumulation of metals and metalloids in soil at site-I was: As>
Fe> Pb> Mn> Co> Cd > Zn> Mo > Cu > Ni> Se > Cr. The
order of accumulation of metals and metalloids in soil at

2.4 Statistical analysis

BF = Concentration of metal in vegetable / Concentration of metal in soil.
Metal concentrations have been estimated at each site
by the pollution load index (PLI) [14] as:
PLI = Metal concentration in investigated soil / Reference value of the metal in soil
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Site
8.55ns
9.42ns
1938***
0.097**
35.01***
120.9***
542.3***
11.8***
0.001ns
2.78ns
0.001ns
1.96ns
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site-II was: As> Fe> Pb> Mn> Co> Cd > Zn> Mo > Ni>
Cu > Se> Cr (Table 3).
3.2 Metal and metalloid concentrations in vegetables

Except for Cu values, the level of metals and metalloids concentration (mg kg-1) at site-II were higher in B.
oleracea. Listed values of metals and metalloids concentrations at site-I were: Cr (15.6), Mn (35.7), Fe (32.3), Co
(0.63), Ni (8.42), Cu (12.19), Zn (41.1), As (3.43), Se
(0.552), Mo (12.02), Cd (0.715) and Pb (9.94) mg/kg, respectively whereas at site-II values were observed as: Cr
(13.01), Mn (33.8), Fe (60.1), Co (0.82), Ni (12.17), Cu
(19.15), Zn (55.8), As (5.61), Se (0.555), Mo (13.07), Cd
(0.704) and Pb (9.05) mg/kg, respectively. The order of accumulation of metals and metalloids in vegetables at site-I
was: Zn> Mn> Fe>Cr> Cu >Mo> Pb > Ni > As > Cd > Co
> Se. The order of accumulation of metals and metalloids
in vegetables at site-II was: Fe>Zn> Mn> Cu > Mo> Cr>
Ni > Pb > As > Co >Cd > Se (Table 4).

3.3 Correlation between soil and vegetables

Correlations for Fe (r = 0.748*), Co (r = 0.718**), Ni (r
= 0.809**), Zn (r = 0.800**) and As (r = 0.795**) were positive significant between the vegetable and the soil, while
that for Cr (r = -0.468), Mn (r = - 0.326) , Se (r = -0.126),
Cd (r = -0.137) and Pb (r = - 0.137) was negative nonsignificant. The correlations for Cu (r = 0.478) and Mo (r
= 0.565) was positive non-significant between the vegetable and the soil (Table 5).
3.4 Bioconcentration factor for vegetable/soil system

The average of BF was estimated as the concentrations
of metal and metalloid in edible portion of vegetable associated with the concentrations in the soil and its concentration varies from 0.037-241 mg kg-1 (Table 6). At site-I,
the sequence was: Cr (241.0) > Zn (9.659) > Ni (4.164)
> Cu (3.94) > Mo (3.11) > Mn (2.234) > Fe (0.940) > Pb
(0.362) > Se (0.327) > As (0.082) > Cd (0.081) > Co
(0.046) while sequence observed in case of site-II was

TABLE 3 - Metal and metalloid concentrations (mg kg-1) in soil samples at the two different sites.

Metals and metalloids
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Se
Mo
SE, standard error

Sampling sites
Site-I
Site-II
(mean ± SE)
(mean ± SE)
0.062 ±0.001
0.079±0.002
15.99±0.416
24.03±0.868
34.34±1.17
42.02±1.03
13.46±0.301
20.19±1.19
2.02±0.160
3.79±0.231
3.09±0.207
3.63±0.163
4.25±0.07
6.33±0.217
41.6±1.05
47.3±0.976
1.68±0.013
2.77±0.193
3.85±0.325
5.85±0.448

Permissible maximum limit
(USEPA [15])
400
80
21000
65
50
50
200
40
3
40

TABLE 4 - Metal and metalloid concentrations (mg kg-1) in vegetable samples (B. oleracea) at the two different sites.

Metals and metalloids
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Se
Mo
SE, standard error

Sampling sites
Site-I
Site-I
(mean ± SE)
(mean ± SE)
15.6±1.46
13.01±0.788
35.7±1.31
33.8±3.39
32.3±4.10
60.1±4.08
0.63±0.015
0.82±0.052
8.42±0.425
12.17±0.292
12.19±0.736
19.15±0.717
41.1±1.93
55.8±2.03
3.43±0.262
5.61±0.361
0.552±0.040
0.555±0.468
12.02±0.63
13.07±1.1
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Permissible maximum limit
(WHO [17])
50
30
1000
1
2
20
50
7
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TABLE 5 - Correlation between soil and vegetables.
Metals and Metalloids
Soil-vegetable

Cr
-0.468

Mn
-0.326

Fe
0.748*

Co
0.718*

Ni
0.809**

Cu
0.478

Metals and Metalloids
Soil-vegetable
** P < 0.01,* P< 0.05

Zn
0.8**

As
0.795**

Se
-0.126

Mo
0.565

Cd
-0.022

Pb
-0.137

TABLE 6 - Bioconcentration factor for vegetable-soil system.
Study sites

Bioconcentration factor
Cr
Mn

Site-I
Site-II

241.0
165.7

2.234
1.406

Fe

Co

Ni

Cu

Zn

As

Se

Mo

Cd

Pb

0.94
1.431

0.046
0.041

4.164
3.21

3.94
5.261

9.659
8.816

0.082
0.118

0.327
0.201

3.115
2.233

0.081
0.037

0.362
0.268

Cd
2.17

Pb
1.229

TABLE 7 - Pollution load index (PLI) for metals and metalloids in soil.
Pollution load index
Metals/Metalloids
Soil

Cr
1.275

Mn
1.502

Fe
1.223

Co
1.499

listed as: Cr (165.7) > Zn (8.81) > Cu (5.261) > Ni (3.21)
> Mo (2.23) > Fe (1.431) > Mn (1.406) > Pb (0.268) > Se
(0.201) > As (0.118) > Co (0.041) > Cd (0.037).
3.5 Pollution load index for metals and metalloids in soil and
vegetables

Metal PLI in soil ranged in following sequence: Cd
(2.170) > Ni (1.873) > Se (1.643) > Mo (1.517) > Mn
(1.502) > Co (1.499) > Zn (1.488) > Cr (1.275) > Pb
(1.229) > Fe (1.223) > Cu (1.151) > As (1.133) respectively
(Table 7).
4. DISCUSSION

The levels of metals and metalloids concentration at
both sites in the soil were below the permissible level except As and Cd [15]. In vegetables collected from Egyptian
markets Radwan and Salama [16] have found highest concentration of Cd. Significant affect for metals observed except copper. Except Cu the level of metals and metalloids
concentration at site-II were higher in B. oleracea.
At both sites, the concentrations of metals and metalloids in the vegetable samples irrigated with canal and
sewage water were observed below the permissible level
except Mn, Ni, Zn, Mo and Cd [17]. Previous researchers
have reported higher content of heavy metals in the edible
portions of vegetables such as cauliflower grown under
wastewater irrigation contrary to the vegetables grown in
canal water irrigation [18-20].
Transfer factors (TF) of heavy metal, as calculated as
the ratio of the heavy metal concentration absorbed in a

Ni
1.873

Cu
Zn
1.176 1.488

As
1.135

Se
1.643

Mo
1.517

plant to the concentration of metals in soil, can measure the
relative variations in bioaccessibility of heavy metals to
vegetables or to categorize the effectiveness of a vegetable
species to mount up in a heavy metal [21]. Higher transfer
coefficients reveal comparatively reduced maintenance in
soil or better effectiveness of plants to take up metals. Low
coefficients return the strong sorption of metals to the soil
colloids.
In the present investigation, the positive correlations
suggested that there is mineral balance between these metals between soil and vegetable. Sinha et al. [22] have also
established positive and negative correlations between
heavy metal absorptions of plants and soil, which may be
due to numerous connections among heavy metals for uptake in the plants [23]. According to Angula [24], the PLI
is proficient to provide an approximation of the metal contamination status and the compulsory action that should be
taken.
5. CONCLUSIONS

The results from this study suggested that significant
differences existed in the metals concentrations among the
vegetables analyzed. Soil which is main constituent of
earth accumulates high concentration of heavy metals to
the vegetables when irrigated with waste water so farmers
should be well-informed on the problems associated with
excessive usage of fertilizers and other chemicals, as well
as irrigating the crops with waste and all sorts of polluted
water and the needs to grow crops with safe levels of heavy
metals.
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