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URBAN HEAT ISLAND INTENSITY: A LITERATURE REVIEW
Anna Tzavali1,*, John P. Paravantis2, Giouli Mihalakakou1, Αngeliki Fotiadi1 and Eleni Stigka1
1

Department of Environmental & Natural Resources Management, School of Engineering, University of Patras, Greece
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Department of International and European Studies, University of Piraeus, Greece

ABSTRACT

1. INTRODUCTION

Motivated by the international tendency to improve the
urban microclimate, minimize building energy consumption and improve air quality, this paper carries out a literature review of the Urban Heat Island (UHI) effect throughout the world with the main goal of reporting its intensity
and understand its determining factors. Items reported for
each study include: time duration, location and population
of cities studied, number and type of data collecting stations, descriptive temperature measurements estimated and
warming trend per unit of time. Variables that appear to
influence the UHI included latitude and elevation; climate
characteristics, surface morphology, vicinity to bodies of
water, distance from industrial sites, urbanization, vegetation cover, land usage, presence of impervious surfaces,
presence of urban canyons, building density, distribution
and consumption of heating or cooling energy, building
ventilation as well as road traffic intensity and urban air
pollution. Difficulties arose from the fact that data were
collected under different conditions and protocols and the
conclusions have mostly local validity while the size and
significance of the UHI was inversely associated with inhomogeneity adjustments. All in all, observations point to
significantly higher urban temperatures than the surrounding rural environment with temperature records suggesting
an upwards trend in both urban and rural measurements,
strongly related to urbanization and vegetation. The UHI
intensity was usually significant during warm periods and
increased in both minimum and maximum temperatures. It
was concluded that the UHI effect varied as to the city size,
land use, topographic factors, vegetation, urbanization, and
industrialization, season of the year and time of day as well
as the prevailing meteorological conditions.

KEYWORDS: urban heat island effect, urban environment, heat
island intensity, energy consumption in buildings

* Corresponding author

Air temperatures in built urban areas are higher than
those of the surrounding rural country. This phenomenon,
which is widely known as the Urban Heat Island (UHI), is
regarded as the most representative and documented manifestation of climate modification in an era of intensifying
urbanization [1-3] as it is expected that by 2050 nearly 70%
of the global population will live in urban areas [4] with a
resulting even greater urban sprawl. According to a study
of the World Bank [5] cities of 100,000 or more are expected to triple their built-up land area by 2030 in developing countries; even in developed countries, cities will expand by 2.5 times, despite their smaller population size and
lower rate of population growth.
The UHI is a thermal anomaly with horizontal, vertical
and temporal dimensions. Although it may be observed in
almost all settlements, large and small, it has been studied
mostly in the mid-latitudes and its characteristics appear to
be related both to the intrinsic nature of cities (such as size,
building density and land-use distribution) as well as to external influences (e.g. climate, prevailing weather circumstances and seasons) [6]. While it is mostly a nocturnal
phenomenon, it also occurs during the daytime with a spatial and temporal pattern strongly controlled by the unique
characteristics of each urban area [7-8]. It is usually developed during clear, calm nights and is normally a result of
the delayed cooling of the city compared to surrounding
rural areas [3,9]. The major causes of the UHI are differences in the thermal structures between the urban and rural
environments such as the thermal characteristics of the urban fabric and geometry, urban pollution and anthropogenic heat released by urban activities and air-conditioning
systems [10-11]. The modified land surface in cities, compared to rural environments, affects the storage and transfer
of both radiative and turbulent of heat. Anthropogenic heat,
or human-produced heat, slower wind speeds and air pollution in urban areas also contribute to heat island formation [12]. Meteorological conditions also affect the creation and development of the UHI and have been the subject of considerable research [13-15]. Wind speed and cloud
cover in particular have been reported to be important factors in the development and intensity of the UHI which appears to be stronger under cloudless sky and light wind [1617]. As the greater urban storage heat flux, the shading effect
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of buildings and the attenuation of the incoming solar radiation due to air pollution lead to temperature difference
with diurnal and seasonal variations, the seasonal variation
of the UHI differs from city to city.
The impact of UHI manifestation, especially in the
summer, are diverse, may be categorized in local and global
and entail both positive and negative effects. The negative
impact of UHI affect many people in many ways, going
much further than causing a mild thermal discomfort [18].
Such adverse effects of the UHI include a deterioration of
the living environment, an increase in energy consumption
[19], an elevation in the concentration of ground-level ozone
[20] and even an increase in mortality rates [21]. Higher urban temperatures can increase the formation of urban smog
because both emissions of precursor pollutants and the atmospheric photochemical reaction rates, which produce
smog, are enhanced [22-24]. Health risks are increased as
the high smog concentrations combined with higher air temperatures trigger or exacerbate a range of medical complications, including heat prostration, respiratory difficulties, and
even cardiovascular failures [12,18]. During heat wave period, especially in temperate latitudes, the UHI effect exacerbates heat stress particularly at night [22]. Further health
implications arise from the fact that urban warmth provides
a preferential site to spread vector-borne diseases [22]. The
increased frequency of hot days and warm spells will exacerbate UHI effects, causing health problems [25]. In addition, higher temperatures combined with more intense air
pollution degrade and shorten the operating life of materials from rubber gaskets to road surfaces [18]. One of the
most important impact of UHI at this time of a global economic recession is the money expended on increased energy use, building and infrastructure maintenance, management of storm-water run-off and disposal of wastes
[12]. In warm or temperate climates, the UHI increases the
use of air conditioning especially during the summer. Air
conditioning contributes to peak electricity loads and requires expensive peaking facilities [18]. Such peak urban
electricity demand rises 2-4% for each 1°C rise in daily
maximum temperature above the ambient air temperatures
of 15-20°C [26]. In an important recent review of the UHI,
Santamouris [27] reviewed cases from different geographic regions with data for both urban and rural areas and
estimated that the cooling load of typical urban buildings
induced by UHI increased by an average of 13% compared
to similar buildings in rural areas. Particularly in cities, the
average increase of the cooling demand of representative
buildings due to the rise of air temperature during the period 1970-2010 has been calculated to be 23%, whereas the
corresponding reduction of the heating load was found
equal to about 19%. The effects of the UHI in tandem with
climatic change have direct and important impact on regional energy budgets and local climate and possibly on
global climate as well given the increasing urbanization.
Cities indirectly drive climate change through their enormous energy and consumption, material needs, waste and
pollution production although the coarse resolution of climate models makes the representation of urban areas diffi-

cult [28-29]. The promising benefits associated with the
mitigation of UHI [30], lead many scientists and engineer
researchers to be involved in the field.
The heat island phenomenon may be quantified by the
Urban Heat Island Intensity (UHII) which is measured by
the difference between the highest sustained urban air temperature and the background rural temperature [31-32].
The UHII depends on the size, geometry, population and
industrial development of the city; the topography and the
surface materials (i.e. concrete, asphalt); the general climate of the region; the meteorological conditions [17]; and
the human and industrial activities of urban areas that cause
cities to maintain higher temperatures than their surrounding countryside. Observations of the UHI are derived from
air temperature measurements made within the layer of the
atmosphere below the urban canopy layer. Such observations may be made using networks of either fixed stations
or mobile traverses (e.g. vehicle-mounted thermometers).
Referring to the main experimental protocols mentioned by
Voogt [33], Santamouris [34] in his aforementioned recent
review looked at 75 studies using standard experimental stations and equipment, 10 studies using non standard experimental equipment and 48 studies using mobile traverses. In
order to obtain full spatial coverage of the occurrence of the
UHI revealing its spatial and vertical variability, remote sensors that operate in the thermal infrared wavelengths on
board aircrafts or satellites have been used as well [22]. The
surface temperature is very sensitive to changes in surface
conditions, and therefore shows much greater spatial and
temporal variability than air temperature. As the same authors point out, although surface and air temperature heat
islands are related, they are not the same, and care should
be taken to distinguish between them. Compared to moderately undeveloped rural areas, heat islands are warmer,
with diverse diurnal variability patterns that are stronger
after sunset and coolest just before sun rise. Generally, heat
island intensities increase with time from sunset although
the exact timing of the peak value may vary depending on
weather conditions and season. In the canopy layer (i.e. below the top of trees and buildings), the urban air can be
about 6°C warmer than the air in rural areas [12]. In some
cases, negative heat islands or cool islands, may characterize some inner-city urban areas in the middle of the day,
not only because of the slow absorption of heat by the city,
but of the existence of large areas shaded by tall buildings
[22]. On hot, sunny summer days, the sun heats the dry,
exposed urban surfaces to temperatures 27-50°C hotter
than the air, while shaded or moist surfaces (often in more
rural surroundings) remain close to air temperatures [35].
Temperatures of dark, dry surfaces in direct sun can reach
up to 88°C during the day, while vegetated surfaces with
moist soil under the same conditions might reach only
18°C. Various sources have cited different temperature differentials caused by the UHI, e.g. the annual mean air temperature of a city with 1 million people or more can be 13°C warmer than its surroundings [1,26]. In fact, the air
temperature in an UHI may be as much as 11°C higher than
rural areas surrounding the city [36] while the air tempera-
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ture of a clear summer afternoon, in a typical city, may be
about 2.5°C higher than the surrounding rural areas [26].
It is evident that the accuracy of the UHI manifestation
is of major importance for large urban conurbations as they
attempt to mitigate climate change and achieve sustainable
development. In this respect, this research documents the
state of the art in measuring the intensity of the UHI in different areas of the world and highlights research priorities
in connection with corresponding mitigation measures. Details on experimental protocols and measurement of the
UHI phenomenon are presented where available and relevant, but their complete and full description is not an end
objective of this work. This literature review could be useful in the examination of methods to improve the urban microclimate as well as minimizing the energy consumption
of urban buildings. The rest of the paper includes review
sections on the UHI phenomenon in the USA, Asia, Africa,
Australia, Europe and Greece. Findings are discussed and
synthesized into directions for research and the paper is
rounded up with conclusions.

2. THE URBAN HEAT ISLAND EFFECT
MEASUREMENTS THROUGHOUT THE WORLD
2.1. UHI in the USA

Karl et al. [37] studied the relationship of urbanization
and climate and concluded that urbanization has influenced
the climate records of even small towns in the USA. Two
different approaches were used to determine the effect of
urbanization on the US climate record, employing monthly
averages of maximum, minimum and average temperature
for 1219 stations. Urbanization on the Historical Climatology Network during the 20th century (1901-1984) was found
to be a predominately nighttime phenomenon and appeared
to be practically negligible for the maximum temperature,
but significant for the diurnal minima, means and range,
amounting to 0.06°C (average), 0.13°C (minimum) and 0.14°C (diurnal). The Historical Climatology Network
(HCN) is a relatively rural station network, in which over
85% of the stations are located in cities with population less
than 25000 in 1980. In the 20th century the growth rate of
these stations was quite small. Results from subsets of the
network indicate that much larger biases are present in rapidly growing urban areas. The average annual temperature
was found to be 0.11°C warmer in cities of 10,000, 0.32°C
warmer in a 100,000 population city and 0.91°C warmer in
a 1,000,000 population city. All of the warming in average
temperature comes from minimum temperature as their annual assessment of daily maximum temperature indicates
that urban sites tend to be cooler than rural during the
warmest part of the day. Finally, the adjustment scheme
used in the HCN did not affect much the results.
Jones et al. [38] determined that the impact of urbanization on the temperature time series has been 0.05°C/100 years
for a large part of the northern hemisphere. This result was
based on the work of Karl et al. [37] for the United States

which showed an urban influence of 0.15°C over the period
1901-1984, extended with further analysis of European parts
of the Soviet Union, eastern Australia and eastern China.
Gallo et al. [39] looked at clusters of 1221 weather observation stations that composed the US Historical Climatology Network and designated as urban, suburban, or rural, based on data from the Defense Meteorological Satellite Program Operational Linescan System. The satellitebased land use/land cover designations relied on the anthropogenic visible light emitted from the earth’s surface, resulted in temperature trends. The serial temperature dataset for the period 1950-1996 was compared to two other
designations of land use/land cover associated with the
Historical Climatology Network. They concluded that the
general (urban, suburban or rural) land use/land cover was
associated with surface observation stations and may influence the trends observed in temperature. Most, but not all
of the differences, showed that urban stations were warmer
(diurnal temperature range -0.41°C for rural stations to 0.86°C for urban stations) Latitude and observation time
were not addressed. Their study found an average of 0.3°C
of more warmth during the summer months than others.
Hansen et al. [40] compared the United States and
global surface air temperature changes of the past century
using the current Goddard Institute for Space Studies (GISS)
based on data of the Global Historical Climatology Network
(GHCN) for determining long-term trends. It was a complication of 31 data sets that include data from more than 7200
independent stations. In order to minimize effects of nonclimatic factors in temperature changes analysis, they applied a series of correction to the data sets including urban
adjustments. They emphasized the difference between their
analyzed temperature changes for the contiguous US and
the global mean. Hansen et al. [40] illustrated the night
light data and designated these stations as bright or urban,
unlit or rural and dim or periurban, finding the greatest
cooling in the southeastern US. Evidence of local human
effects (urban warming) even in suburban and small-town
surface air temperature records were found. They found a
decline of about 0.5°C in the U.S. mean temperature between the early 1930s and the late 1970s, with the greatest
cooling in the southeastern U.S., while the global temperature declined only about 0.1°C.
Peterson [41] analyzed the impact of UHI on in situ
temperature observations that suffer from data inhomogeneities or biases. They used satellite night-lights data derived from urban and rural meta-data, urban and rural temperatures from 289 stations in 40 clusters and compared
them with 1989-1991 data from the Defense Meteorological Satellite Program. The trend from 1880 to 1998 was
0.65°C/century for the full data-set and the slightly higher
0.70°C/century for the rural-only subset. So the global temperature time series were not impacted by urban warming.
Adjustments were applied to the data to account for five
different bias-inducing factors including elevation, latitude, time of observation, instrumentation and nonstandard
sitting. The mean urban minus rural temperature difference
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was 0.31°C. But even with this significant difference between the urban and rural stations, considerable variability
was revealed in the temperature anomalies, with some urban sites reporting colder temperature anomalies than
many rural stations. Overall, no statistically significant impact of urbanization over the US was found in the in-situ
temperature observation network.
Stone [42] studied temperature data from urban and rural stations for 50 large US metropolitan areas and analyzed the mean decadal rate of change in urban temperatures, rural temperatures and heat island intensity of large
US cities over five decades (1951-2000). Stone’s work was
based on Hansen et al. [40] and Peterson [41] and addressed
to the temperature observations recorded by surface meteorological stations. A mean decadal difference between urban
and rural temperatures of 0.05°C/decade was arrived at,
which is higher than that found in previous, comparable
analyses. The results of this analysis suggest a variability
in the temperature trends of large US cities that is not well
captured by any single measure of change. While the most
populous US cities have warmed more rapidly on the average than proximate rural stations, a significant number of
urban stations was found to have warmed less rapidly or
cooled more rapidly than paired rural stations between
1951 and 2000. Τhe 29 cities experienced an increasing
trend in urban warming in 1951-2000, the rural rate of
warming was 0.12°C/decade with the urban rate being
0.31°C/decade, yielding a mean decadal rate of increase in
UHII 0.19°C. The mean rate of UHII for cities experiencing growth in heat island intensity over time was found to
be about four times greater (almost 0.2°C/decade) than the
mean for all cities. If the rural warming trends observed
through this analysis are assumed to represent background
warming rates in these regions (0.15°C/decade), then the
finding of a mean decadal increase in UHII of 0.05°C/decade suggests background rates of warming are being amplified by a factor of 0.3°C across all cities of the study.
Boice et al. [43] analyzed UHI in San Antonio, Texas
(in the south-central USA) using 45-year data (1946-1990)
from one San Antonio station and 3 stations in surrounding
small towns. They concluded that San Antonio’s minimum
temperature increased at an average rate of 0.3°C/decade
relative to the other stations. No effort was made to assess
data homogeneity. The difference in minimum temperatures was most pronounced during the summer months.
Comrie [44] analyzed the city of Tucson, Arizona, (in
the southwestern USA), that experienced rapid growing
over the last decades. For this study it was used multiple
simultaneous transects by vehicle-mounted thermistors,
spatial examination of in situ data, and comparison of rural-urban temperature time series. They concluded that
Tucson’s UHII was 0.3°C/decade over the last century and
0.2°C/decade for the last 30 years (1969-1998). The annual
average urban warming trend over the last three decades
was 0.071°C/year with the strongest effect in March and
the weakest in November. No adjustments were made for
any data homogeneities.

Balling et al. [45] studied temperature and analyzed the
day maximum, minimum and mean temperature data from
1920-1984 of 961 stations in Phoenix, Arizona (located in
the southwestern side of the USA) with data collected by the
National Weather Service Forecast Office in Phoenix Sky
Harbor Airport, in the city centre. During that period, the
population of the urban area was tripled. It was concluded
that mean summer temperatures in Phoenix increased at an
annual rate of 0.072°C, with the mean minimum temperature
annual rate being 0.10°C and the mean maximum temperature being and 0.04°C [45-46]. Golden [47] also investigated
UHI in the region of Phoenix. Daytime temperatures in comparison to the desert rural setting in Phoenix are influenced
by urbanization as well as by the addition of residential and
agricultural irrigation [48]. The urban parts had a pronounced higher maximum, minimum and mean temperature
than the rural area [1]. Over the 20th century, the average annual temperatures in the Phoenix increased by 3.1°C [49]
while the urban mean annual temperature increased 7.6°C
(three times the total region mean increase). The warming
rate for Phoenix is 0.86°C/decade, one of the highest in the
world for this size of population: Los Angeles’s rate is
0.8°C/decade; San Francisco’s 0.2°C/decade; Tucson’s
0.6°C/decade; Baltimore’s 0.2°C/decade, Washington’s
0.5°C/decade; while Shanghai’s 0.2°C/decade and Tokyo
0.6°C/decade [50]. On the average, Phoenix had 89 days per
year with a temperature greater than 37.7°C and experienced
143 days with a temperature greater than 37.7°C. In fact, it
reached extremely hazardous temperatures in the 1990s
(50.4°C in 1990, 49.4°C in 1995).
Winkler et al. [51] analyzed spatially the UHI in Minneapolis-St. Paul, Minnesota, in Midwest USA, using 10
years of data (1967-1976), both unadjusted and adjusted,
from 21 stations in an area of 18000 km2. According to
their research, the mean annual urban-rural difference was
0.5°C (unadjusted data) and 1.0°C (adjusted data). They
proceeded on time of observation and latitude adjustment
[41,51]. Todhunter [52] also investigated the MinneapolisSt. Paul mean UHII from 1950-1990 and found it to be
2.1°C, as determined by data of a local National Weather
Service (NWS) forecast office, a university station, a cooperative network stations and 13 weather stations (26 stations in total) with the greatest difference in elevation between two stations being equal to 119 m.
Coseo and Larsen [53] examined eight Chicago neighborhoods (Illinois mid-western USA) and illustrated the importance of differentiating time of day for residential and
non-residential areas in UHI mitigation efforts. Especially,
during the summer of 2010, they evaluated variables from
remote sensing and urban climatology publications in order
to explain UHII. They found that, at 2 a.m., the urban block’s
percentages of impervious surface and tree canopy explained 68-91% of the variation in air temperature and the
UHII was 2.34-2.68°C. The most important explanatory variable, at 4 p.m., was distance from industrial sites, explaining
26% of the variation in air temperature. No remarkable predictors were found during extreme heat events.
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Kukla et al. [54] investigated the difference in trends
of urban-rural data for 40 years (1941-1980) and 34 station
pairs at various locations in North America. They adjusted
the data to address the biases caused by changes of observation time and isolated eight stations pairs to help eliminate the effect of instrument location changes. They concluded that urban contamination amounted to about 0.12°C
per decade and pointed out that the large differences in individual station pairs demonstrate that the isolation of the
effect of urban warming from other sources of inhomogeneity is a nontrivial task.
Finally, Magee et al. [55] used data from two stations
and determined that the UHI in Fairbanks, Alaska, grew by
0.4°C in annual mean value, over the 49-year period 19491997, whereas winter months experienced a more significant increase of 1.0°C due to surface inversions which are
frequent during this season of the year. It is pointed out that
the Fairbanks station moved twice and used three different
types of thermometers during the measurement period.
Overall, it may be confirmed that there are different
trends in urban-rural temperatures in the USA while there
is a strong connection of the UHI with urbanization and
vegetation. The magnitude of the UHII depends proportionally on the dimension and population of the urban area
and should be expected to become more severe in the coming years due to intensifying urbanization.
Having concluded a look at UHII measurements in the
USA, attention is now turned to Asia.
2.2. UHI in Asia

In way of a preamble, warming trends and increasing
temperatures have been observed for most of the Asian region with the number of warm days on the increase and the
number of cold days on the decrease.
In an extensive recent review Santamouris [34] examined the UHI phenomenon in 100 Asian and Australian cities and regions, reviewing 88 scientific articles. In his work
he clusters examined regions according to experimental
protocol used to collect data (mobile stations and non
standard measuring equipment) and reported statistical information on the UHII with a view to assessing the relationship between the UHI and city size (i.e. population) as
well as weather characteristics such as humidity, precipitation, wind speed and cloud cover. According to the authors,
UHII had a seasonal variability and the maximum was presented during the warm period, except in cities of humid
climate where the maximum intensity was always measured during the dry season. In most of the cities the maximum UHII was observed during the late afternoon, night
or early morning period. However, in many Asian cities the
maximum intensity was the measured UHII in Asia and
Australian cities was quite significant and varied from 0.411°C. The average UHII was 4.1-5°C (mobile and non
standard stations). In standard measuring stations, the UHII
was 1°C annually and the average maximum 3.1°C.
Wang et al. [56] used 42 pairs of urban-rural stations
in China from 1954-1983. They found an average UHII of

0.23°C over this 30 year period and an increase of about
0.1°C. The UHI was found to have seasonal dependence
and varied across the country. The authors applied multiple
regression techniques in order to minimize the effects of
differences in latitude and longitude although no further
details were provided on other aspects of inhomogeneity.
Portman [57] analyzed the UHI in China’s northern plains,
using data for the time duration 1954-1983 and examining
changes in residual differences between 21 urban and 8 rural stations. Stations with large potential discontinuities
were excluded from the analysis. Seasonal variations were
found and UHII varied annually from 0.15-0.26°C where it
was found that the annually maximum was 0.28-0.33°C in
spring and minimum annually 0.06-0.10°C in summer and
autumn. The mean annual urban warm bias increased
0.19°C during these 30 years.
Wang and Gaffen [58] used surface observations
(hourly data) from 196 stations in China for 30 year period
(1961-1990). They argued that the highest temperature was
in southeastern China, where the monsoon system dominated. Surface temperature increased during this 30 year
period, with stronger trends in nighttime and in winter. Interestingly, an analysis of a map by Portman revealed that
38% of the rural stations were within 15 km of the Yellow
Sea and 63% of them within 50 km, while only 19% and
29%, respectively, of the urban stations were that close.
Jiahua and Fengmei [59] investigated the UHI in Beijing (China) using MODIS data and concluded that the land
surface temperature difference is approximately 4-6°C between the city of Beijing and suburban areas and 8-10°C
between the city center and northwestern far (outer) suburbs in the summer time (evening or late night). This big
difference between the city and suburban areas is attributed
to surface absorption and deposition of heat. Cai et al. [60]
also detected the UHII in Beijing from 2002 to 2006 with
a combination of Advanced Spaceborne Thermal Emission, Reflection Radiometer (ASTER) and Thematic Mapper (TM) data. Their results showed that the UHI effect has
not been proportional to urbanization over time. All in all,
urban Beijing is characterized by a high UHI effect in the
spring, the summer and the autumn. Most areas in Beijing
have a high UHI effect, especially in industrial areas with
iron and steel factories, thermo-electric plant, foundry and
many other factories. Higher temperature accrued by the
high density of factories, which consume large amounts of
heat. Moreover, industrial workshops and airport also have
a strong UHII as well as areas with higher density of buildings, roads, transportation systems and residents.
In 32 Chinese cities, Zhou et al. [61] used MODIS data
for years 2003-2011, quantified the diurnal and seasonal
surface UHII (SUHII: urban–suburban temperature difference) and analyzed their spatial variations and possible underlying mechanisms. They found that the annual mean
SUHII varied from 0.01 to 1.87°C during the day and 0.35
to 1.95°C at night, with great spatial heterogeneities. The
authors observed higher SUHIIs for the day and night in
the southeastern and northern regions and noted that SUHII
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differed greatly by season, with a higher daily intensity in
the summer than in the winter, and the opposite during the
night for most cities. The most important determining variables were the geographic location, the different diurnal
(day/night) and seasonal research period (summer/winter)
and the climate (temperature and precipitation).
Li et al. [62] selected Shanghai, the biggest city in
China, in order to quantify the impact of land-use and land
cover changes on patterns of the surface UHI. During the
research period 1997-2008, Shanghai had an unprecedented urban growth. Loss of cropland, forest and shrub to
urban use were found. The built-up land increased by 219.5%
while bare land, cropland, fallow land, forest and shrub decreased by 79.38, 50.5, 43.35 and 20.9% respectively. Temporal analysis on seasonal and inter-annual variations of the
UHII, both the mean UHII between the city center (UHIICC) and the periurban and surrounding rural areas (UHIIPR) rendered a maximum during the summer followed by
the spring. Both UHI intensities were relatively weak during the winter. Deng et al. [63] also analyzed the characteristics of the UHI in Shanghai using the 30-minute interval
heat data from six automatic stations installed in the urban
area of Shanghai from December 1997 to March 1999. The
results showed that the occurrence frequency of the UHI in
Shanghai was 87.8% and the monthly mean UHII exceeded
0.8°C. The mean intensity was stronger at night and during
the autumn and winter than during the day and in the summer. Chen et al. [64] also analyzed the characteristics of
the UHI in Shanghai based on monthly meteorological data
from 1961 to 1997 at 16 stations in the city and adjacent
areas. Their results also indicated that Shanghai has the
characteristics of a heat island with the temperature difference between urban and suburban station increasing rapidly after 1975 especially in the summer (when it increased
by 0.7°C during the last twenty years). Shanghai City may
be treated as a big heat island in relation to its suburban
areas, with a 0.6°C mean temperature difference between
the warm center and a cool belt (which may be as high as
5°C in some instances). The UHI effect was weak during
1968-1977 and increased rapidly during 1978-1987. It was
strongest during the 1988-1997 period with the difference
in air temperature exceeding 1°C. UHII may be associated
with increasing energy consumption due to economic development.
In Hangzhou, in eastern China, Chen et al. [65] performed three numerical simulations representing different
urbanization scenarios and an idealized simulation with all
urban surfaces replaced with cropland. Important UHI effects were noted in both simulations as well as real measurements, where the average temperature increased by
0.74°C in the city center under high urbanization conditions. The UHI peak reached a maximum value of 1.6°C
around sunset. The authors estimated that the UHI was
caused by greater heat storage in the urban fabric during
the day and the subsequent release of this heat in the evening. Comparisons among the results revealed that urban
land use, namely surface changes caused by urbanization,

classification of three urban land subcategories (commercial/industrial/transportation, high-intensity residential, and
low-intensity residential) and consideration of anthropogenic heat release respectively contributed 0.42°C, 0.10°C
and 0.22°C respectively to the simulated UHI effects.
A strong UHI appeared in a hot weather episode in Suzhou City (China), a fast developed area, from 25th of July
to 1st of August 2007 [66]. Meteorological station observations and MODIS satellite observations proved that the
maximum UHII had a much greater diurnal range and varied from 0.1°C to 2.2°C compared to 0.4°C to 1.0°C for the
summer average. The mean UHII was 1.2°C, the maximum
2.2°C, the minimum 0.1°C while the daily deviation
equaled 0.7°C. For the summer average in 2007, the mean
UHII was 0.7°C, the maximum 1.0°C, the minimum 0.4°C
and the daily deviation was 0.15°C. From 1970-2006, the
average was 0.35°C.
Giridharan et al. [67] investigated the impact of design-related variables on heat island effect in residential developments of Hong Kong. They dealt with the UHI within
and between estates as well as with the influence of design
variables on it. The UHII was found equal to 1.5°C (maximum during the day of the summer) within three large
housing estates in Hong Kong and 1°C between estates.
The most important variables were found to be surface albedo, sky view factor, height to total floor area ratio and
altitude.
Kim and Baik [32] investigated the UHII in Seoul, Korea using near-surface temperature data measured at 31 automatic weather stations for 1 year period (2001-2002).
The UHI in Seoul was stronger in the nighttime than in the
daytime and decreased with wind speed and cloud cover.
Moreover, it was least developed in summer. The average
maximum UHII was 2.2°C. It is found to be stronger on
weekdays than weekends. Lee and Baik [68] investigated
the UHI in Seoul, a city where the various patterns of land
use constitute a major determinant of the distribution of the
air temperature, from 1999-2002. The data from 5 urban
and 6 rural stations proved that the daily maximum UHII
for non-precipitation days was strongest in the autumn
(4.8°C) and winter and weakest in the summer (3.5°C). The
daily maximum UHII was observed around midnight in all
seasons except in the winter (when anthropogenic heating
contributes to the UHI). The annual mean daily maximum
UHII is 4.4°C for non-precipitation and 2.6°C for precipitation days. The seasonal variation of the UHII is different
from that in New York City, where the UHII in the summer
and the autumn is higher than that of the spring and winter
[69], and that of locations in Wrocław, Poland where the
strongest UHII is observed in the spring and the weakest in
the autumn [70]. The total range of the daily maximum
UHII was very similar in all seasons, varying between 1
and 8°C.
Nieuwolt [71] was the first to study the UHI in the city
of Singapore, comparing it with the rural airport area. A
3.5°C temperature difference between the city and the airport was found, suggesting that city-rural temperature dif-
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ferences were due to the greater absorption of solar radiation and to a reduced evapotranspiration in the city. Nine
spot measurement locations were used in the city and compared with the temperature data recorded by the Paya Lebar
station. The study did not consider nighttime and carried
inherent errors due to time differences in travelling from
one location to another. Chia [72] conducted a similar
study in Singapore, considered the effect of variations in
cloud patterns on the microclimate and proposed that low
solar radiation and low wind speed combined with a low
cloud ceiling reduced the city-rural temperature and relative humidity differences. Nichol [73] documented the
UHI in Singapore through remote sensing technology. A
difference of over 4°C was observed from satellite images,
providing evidence that local buildings do have a great impact on the local climate. Roth [74] explored the UHI dynamics in Singapore. His early results, based on traverse
observations conducted in the spring and the summer of
2001, revealed nighttime heat island magnitudes of up to
4°C with lowest temperatures in densely vegetated areas.
Wong et al. [75] investigated the severity and impact of the
UHI on environmental conditions and identified possible
causes by using thermal satellite images and mobile surveys. The study indicated the presence of UHI effect in
Singapore. The maximum observed was 4.01°C between
well planted area and the central business district area. The
mapping temperature has shown a temperature variation
from southern ‘urban’ area to northern ‘rural’ area. Wong
and Yu [76] mentioned that the maximum UHII between
the tree area and residential areas of Singapore was 4°C.
Jusuf et al. [77] investigated land use types (from green areas to newly built structures) that have the most influence
on the increase of the ambient temperature in Singapore.
Remote sensing data and geographical information system
(GIS) were used to obtain the macro view of Singapore and
carry out a comprehensive analysis at the same time. According to their results, the industrial area had higher daytime surface temperature due to large open concrete surface
areas, while park areas have the lowest surface temperature. The residential area had high temperature mainly due
to the shading from the high-rise buildings. At nighttime,
the condition turned the other way around; the commercial
and business areas had higher ambient temperature compared to the industrial area and the airport, due to heat
trapped in urban canyons that was slowly released to the
environment. The analysis showed that land usage greatly
influenced urban temperature [77].
Saitoh et al. [78] studied surface-temperature data in
Tokyo, Japan, using a mobile station and reported a positive UHI or higher surface-temperatures in urban areas.
The ambient temperature varied slightly and corrections
were made by using the temperature difference between the
initial and the final record at the same location. The results
showed that the ambient temperature in urban areas (i.e.
Otemachi, Shinagawa, Shinjuku) was 12.6°C, while in the
suburban areas (i.e. Koganei, Urawa) was 6.0°C. The lowest
temperature (4.5°C) was found in the western part of Tokyo
(Hachioji). The UHII measured reached approximately

8.0°C, which was 4.0°C higher than that measured by Kawamura [79] in 1976.
Mohan et al. [80] investigated the UHII in Delhi (India) and concluded that the temperature differential varies
from 4.1°C to 5.2 °C. The maximum heat island intensity
decreased from 8:00 am (3.7°C) to 10:00 am (2.2°C) and
again increased from 12:00 pm (2.5°C) to 3:00 pm (3.8°C)
on the 26th of May. The maximum intensity occurred after
3 pm, with the difference between the lowest and highest
temperatures in this hour ranging from 3.8 to 7.6°C. The
average UHII during transition hours (i.e. 09:00 and 21:00
hours) equaled 5.4°C and 5.1°C respectively. In another
work, Mohan et al. [81] used a network of micrometeorological observational stations to assess the UHII in Delhi
during a selected period in March 2010. Based on their
measurements they found that UHII can be categorized into
three ranges according to the land-cover type: high UHI
(8.6-10.7°C) observed mainly within dense and commercial built-up areas, medium UHI (7.3-7.7°C) recorded in
medium and low dense built-up areas and low UHI (3.16.9°C) detected in open and green areas. Dense urban and
highly commercial areas exhibited the highest UHI with an
hourly maximum of 10.7°C and a mean daily maximum
reaching 8.3°C, values which are comparable with the
maximum and average UHI magnitude of other megacities
of the world such as London, Tokyo and Beijing. Comparison of satellite-derived skin temperature with in-situ ambient temperature measurement showed reasonable agreement in terms of UHI magnitude and hotspots during the
nighttime, whereas the correlation was poor during the
daytime. Sharma and Joshi [82] used Landsat TM data and
analyzed the seasonal variation of the UHII in the Delhi
territory (India). They found that the largest UHII (16.7°C)
was recorded during the summer when solar radiation is
high and most of the agricultural fields are fallow. The
UHII in winter was lower (7.4°C) as this is the season when
incoming solar radiation is low while the agricultural land
is covered with crops and is rich in moisture. The Monsoon
season exhibited the second highest UHII (13.8°C).
In the study by Borbora and Das [83] in Guwahati, a
small but rapidly growing city of the Assam state in northeastern India, half-hourly temperature data measured at four
fixed observation sites (two in the urban and the others at the
periphery). The in situ measurements were conducted using
stationary loggers. Moreover, mobile measurements were
carried out during summer of 2013 (June, July and August)
to bring out the intra-city temperature variation. The authors
established the existence of an UHII over 2°C. The highest
magnitude of the daytime UHII for the entire period of study
was 2.12°C while the highest nighttime UHII was 2.29°C.
Observations corroborated to the conclusion the UHII was
increased during warm periods.
Hung et al. [84] employed satellite data from 20012003 and concluded that the UHII in Bangkok was equal
to 8°C (with the highest values during the dry season i.e.
November to April), 7°C in Shanghai, 7°C in Manila and
12°C in Tokyo. The authors studied the UHI in 18 Asian

4541

© by PSP Volume 24 – No 12b. 2015

Fresenius Environmental Bulletin

big cities and found that the magnitude of the UHI effect is
positively connected with the population.
Nasrallah et al. [85] used data from three stations to
examine the UHI of Kuwait City for 23 years period (19581980). They concluded that because of the strong sea
breeze, there was no correlation between UHII and urbanization. There was a lack of a well-developed heat island
with no statistically significant temporal trends in the differences in minimum temperatures between the desert and
urbanized locations. No homogeneity issues were addressed
in this analysis. The annual differential warm difference was
0.027°C and the increase at the airport was 0.015°C. The airport-desert urban warming in Kuwait was 0.12°C/decade
while the decadal value for Al-Shuwaikh dessert was 0.07°C.
Charabi and Bakhit [86] studied the spatio-temporal
variability of the canopy-level UHI of the city of Muscat in
Oman and showed that topography can have a serious impact on the local air temperature. Their results indicated that
the peak UHI magnitude occurs 6-7 hours after sunset and it
is well developed in the summer season. The warm core of
UHI was located in the highland zone of Muscat, along a
narrow valley (surrounded by dark colored mountains that
absorb short wave radiation) and was characterized by low
ventilation, high business activities, multi-storied buildings
and heavy road traffic. Comparing with the urban thermal
pattern in the lowland zone of Muscat, the urban-rural thermal difference was reduced. So there is an increase of city
ambient temperatures that prevented the sea-land breeze circulation. For Muscat City, irrespective of the rural baseline
used, a significant difference in the value of the UHI was
registered. From February 2008 to January 2009 (one year)
the authors collected hourly temperature of two urban stations and one rural, with mobile measurements in selected
areas. Then, they showed that the maximum UHII was
2.4°C, stronger in the night than in the day and in the summer than in the winter. During the summer period, the UHII
reached 4.3°C in the night and 2.3°C in the day.
Ezber et al. [2007] investigated the UHI in Istanbul,
the largest city in Turkey and found that changes in the
trends occurred in the 1970s and 1980s when the population growth rate in Istanbul increased dramatically. Modeling showed that a significant expansion of the UHI in Istanbul occurred from 1951 to 2004, fairly consistent with
the expansion of the city in that period. The authors asserted that the maximum reference-level temperature difference between past and present simulations was around
1°C. The annual average difference increased by 0.170.39°C for the period 1957-1980 and 0.81-0.82°C for the
period 1981-2004. Karaca et al. [88] detected the UHII for
Istanbul and Ankara (the two biggest cities of Turkey). Meteorological data (monthly averages of maximum, minimum and mean temperatures with varying periods of record) that used by Karaca et al. obtained from the State Meteorological Office of Turkey. According to the authors,
there was a significant upward trend in the urban temperatures of southern Istanbul (most highly populated and industrialized part of the city) compared to its rural parts.

Northern stations did not show any warming trend; instead,
they had a cooling trend. The urban station in Ankara did
not show any warming trend. A significant UHII was not
observed in Ankara. Finally, Tayanc and Toros [89] studied the daily UHI in Izmir, Adana, Bursa and Gaziantep
(the four next largest cities in Turkey after Istanbul and Ankara) for the 1951-1990 time period detecting no significant urban effect. They used data from the State Meteorological Office of Turkey and concluded that natural variability may be masking any urban effects, however small
they are. According to the authors, the maximum UHII was
detected 3-5 hours after sunset (around 22.00hr).
All in all, the UHII in Asian cities appears to be connected with urbanization, location, seasonality, time of the
day, research period and climate. Moreover, anthropogenic
heat release contributes to UHII.
2.3. UHI in Africa

Turning attention to Africa, Goldreich [90] analyzed
the UHI in Johannesburg (South Africa). Their data were
collected with an intensive mobile unit that measured wet
and dry-bulb temperatures at midday and near dawn, from
1966 to 1967. Results showed that during strong-inversion
winter nights (dry season), a strong UHI and humidity were
obvious in the city center which was more than 11°C
warmer than the northern suburban valleys. The UHII was
estimated to be about 5°C and the relative humidity was
43% lower than in the rural areas. In a second phase of the
work, upper air studies with helicopter and tethered balloons, took place from the 1970s through the 1980s. Findings were related to the interaction between mountain and
valley winds with country breezes and their connection
with cold and warm plumes over the ridges that dominated
the vertical nocturnal wind. Finally, remote sensing, in situ
and mobile acoustic soundings were combined with the
other measurements. Hughes and Balling [91] also analyzed near-surface air temperature data from what they describe as “five very large metropolitan areas and 19 stations from non-urban locations” of South Africa for the
period 1960-1990, comparing their results with those of
Jones [83] for the same time interval. They reported that
the mean annual air temperature trend, averaged over five
large cities, was 0.24°C per decade, while the mean warming rate of the 19 non-urban centers was statistically insignificant and equal to 0.09°C per decade over the 1960-1990
period. Values should be compared to the overall warming
rate of 0.31°C per decade that was derived by Jones for the
entire country. These authors underscored how the mean
rate-of-warming difference between urban and non-urban
sites was driven primarily by increases in daily minimum
temperatures that rose at a mean rate of 0.07°C per decade
at non-urban stations and an average of 0.34°C per decade
for the five large cities. They also noted that urbanization
has influenced the Jones [92] records for South Africa over
the 1960-1990 period of apparent rapid warming and that
their analyses suggested that half or more of this recent
warming may be related to urban growth, and not to any
widespread regional temperature increase.
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Robaa [93] investigated the UHI in Cairo (Egypt) for the
period 1995-2000, in three stations with mercury thermometers and found the urban atmosphere to be drier throughout
the year while, in the afternoon, the atmosphere in urban areas was more humid compared to the suburban. The urban
atmosphere was warmer than its surroundings throughout
the year except in November when a cool island was appeared. Finally, during the cold season (i.e. October to January) the UHII was equal to about 1°C while from February to
September (except May) the urban area was drier than the rural and the monthly mean UHI ranged from 1.0°C to 2.2°C.
Makokha and Shisanya [94] examined the UHI in Nairobi (Kenya). Data for surface air temperature were continuously recorded and collected for a period of 30 days in the
year 2007 for the months of February/March (hot-dry),
April/May (hot-wet), July/August (cool-dry) and October/November (warm-wet). In all four periods, warming
took place during the day and cooling during the night. Both
the warming and cooling rates were influenced by the conditions around the station and the season of the year. Cooling
rates were largest from one hour before until three hours after the sunset, with a maximum at one to two hours after sunset (-1.9°C). The warming rates were largest 5-9 hours before sunset (i.e. 2.6°C). The largest cooling and warming
rates were experienced during the dry-hot period of February-March (i.e. 2.6°C), whereas the lowest cooling and
warming rates were experienced during the cool-dry period
of July-August (i.e. 1.7°C). During the hot-dry period,
higher cooling and warming rates explained the development of an extreme UHI in Nairobi.
2.4. UHI in Australia

Turning to neighboring Australia Morris and Simmonds [95] studied the occurrence of UHI in Melbourne.
The authors indicated that UHII ranged from a mean of
about 2-4°C, with daily peaks as high as 7°C, depending
on the location and the time of day and year. In 1992, an
automobile transect across the Melbourne region during
the evening found a peak warming of 7.1°C in the central
business district with smaller peaks in industrial areas and
medium-density terrace housing in the inner northern suburbs [96]. Research showed more excess deaths (increased
19-21% over the expected death rate) when the daily minimum temperatures exceeded 24°C [97]. Four research
sites (three urban and one rural) were established in Melbourne, including three urban sites of increasing urban density and one rural control site [96]. At each urban site, surface characteristics of vegetation cover, impervious surface
cover, albedo, height to width ratios (urban canyon shape)
and surface energy balance (energy, evapotranspiration,
heat storage, atmospheric heating) were examined. Large
differences were found in evapotranspiration between urban and rural areas that lead to baseline differences in the
UHII between the two environments [98].
According to Sharifi and Lehmann [99], Sydney was
also increasingly experiencing the UHI effect due to its numerous urban development projects and changes in climate.

It was concluded that by 2050 global warming combined
with UHI in Sydney could increase temperatures by up to
3.7°C [100]. Nighttime temperatures increased more than
diurnal temperatures and the UHII during night was bigger.
Temperatures rose from 1.1°C to 3.7°C in urban areas
while the rural areas near the suburbs registered increases
of 0.8°C to 2.6°C.
2.5. UHI in Europe

Howard [12,101] analyzed the daily temperatures in
London (England) in 1820. According to these data, the
daily temperature of July in London was 0.6°C higher than
its surroundings while in November was 1.2°C higher.
Howard underlined that at night the temperature was
2.05°C warmer while in the day 0.18°C cooler in the city
than the country. It was the first scientific evidence of temperature anomalies (i.e. diurnal / seasonal variation and
change from heat island to cool island) [102].
Based on temperature data from the Meteorological
Office of London for the years 1931-1960, Chandler [103]
reported that the annual mean temperature in central London was 1.4°C warmer than in the surroundings [102].
Moreover, he reported that the difference in urban-rural
maxima for July days was negative (cool island) or zero for
more than 30% of days, and for June and August negative
for more than 40% of days [104]. During 1933 to 1934, the
effect was milder and calmer compared with the following
years [102].
Generally, from the mid 1960s to the early 1980s,
Chandler [103] and Landsberg [1] carried out studies on
London’s UHI and indicated the presence of a UHII of 46°C during the night [105]. From 1962-1989, Lee [106]
studied the temperature difference between St. James’s
Park and Wisley (London) and found that during summer
the daytime UHII decreased over time, from about 0.5°C
down to 0.25°C while the nighttime UHII increased by
about 0.5°C [102].
Watkins et al. [104] analyzed data from permanent set
of fixed sites (8 transects) in summer of 1999 and found
that the mean UHII in London was about 1°C in the daytime and 2.5°C overnight. The standard deviations showed
that there were periods that were characterized by an inverse UHI i.e. London was cooler than the countryside especially in June. The mean nighttime intensity was larger
than the daytime intensity for all months. Generally, in the
summer London was at least 2°C warmer than the rural areas for about 15% of the daytime and 58% of the nighttime.
For 15% of the nighttime it was more than 5°C warmer.
From major surveys [102,104], it has become clear that
the London UHI is a predominantly nighttime phenomenon
with mean urban rural temperature differences around 0.70.8°C after 11 am, rising to a rough plateau of 2.5-3.0°C at
19 pm that is maintained through the night and until 6 am
[104]. According to Kolokotroni [102] the London UHII
(1999-2000) varied widely from a maximum 8°C down to
a cool island of -4°C. During the summer, the mean daily
intensity was 2°C and the mean nighttime intensity was
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3.2°C. For 10% of the nighttime the UHII was more than
5°C. The variance can be explained by the increased distance from the center of London, by the density of urbanization and by weather parameters as well (especially in the
night). According to Kolokotroni and Giridharan [105]
maximum daytime UHI was 8.9°C in semi-urban area during partially cloudy period while maximum nocturnal UHI
was 8.6°C in urban area during clear sky period. The most
critical climate and geographical location in determining
the changes in outdoor air temperature in London are partially cloudy periods and urban areas respectively. According to the authors, during clear-sky, partially cloudy and
cloudy periods, the mean daytime UHI remain the same
(1.1°C) when the wind velocity influence is not controlled.
In the absence of wind control, daytime UHI trends follow
the accepted trends from May to July; from July and onwards, the UHI during clear-sky periods is lower than partially-cloudy and cloudy ones. During the August, the
mean UHII (1.0°C) during clear sky periods when the wind
velocity is below 2.5 m/s, is lower than the mean UHI (1.21.4°C) on partially cloudy and cloudy periods when the velocity is below 10 m/s. Interestingly, during the daytime
and irrespective of climate variations, semi-urban areas
produce the maximum UHI despite the fact that the literature suggest that the maximum daytime UHI in semi urban
area is produced during clear sky periods, especially during
cloudy periods due to long wave radiation trapping [105].
Trend lines of the nocturnal UHI in the absence of wind
control are in line with the published literature on most occasions. It is also noted that, in London and under all climate condition between mid July to mid August, the trends
are influenced by increased rainfall. At night, in London
during partially cloudy period wind influence is marginal
and the maximum UHI is found in city centre except for
clear sky periods. The city centre of London remains the
hottest place during all three weather conditions for the
complete summer duration, as expected. The differences in
UHI between the core area and other urban areas are small
compared to differences in the UHI between urban and
semi urban areas; on cloudy periods, the differences in the
UHI between core and urban areas is almost the same as
the urban and semi urban areas [105]. In addition, London
experiences Urban Cool Islands during summer but with
low frequency. Most of the cool islands are found during
late afternoon in the city centre mainly due to solar altitude
and high aspect ratio. In the night there are cool islands in
city centre with even lower frequency. Further all three climate categories produce Cool Islands [105].
In Glasgow (Scotland, UK), Krüger and Emmanuel
[107] evaluated the effect of atmospheric stability on seasonal ambient temperature differences in urban and rural
weather stations and day/night intra-urban differences between a set of temperature/relative humidity stations in order to estimate the background atmospheric urban-vs-rural
effects and intra-urban differences in temperatures. Their
results showed consistent warming pattern although the
UHI itself (in terms of temperature and comfort/discomfort
levels) was not particularly affected by the choice of more

stable conditions for analysis. Results indicated that the
nightly UHII can range between 2.9 and 3.9°C, with the
highest intensity being reached under clear sky conditions
of high stability.
De Munck et al. [108] simulated the meteorological
conditions of the 2003 European heat wave as it is estimated to be representative in mean temperature of summers of the second half of the 21st century. The UHI observed in central Paris (France) is characterized by temperatures up to 8°C higher than in the countryside mainly due
to the increase of urban population. According to Adnot
[109] the Energy Efficiency and Certification of Central
Air Conditioners Report commissioned in 2003 by the European Unionforecasted a doubling of the energy consumption due to AC by 2020 in France. The methodology implemented was a simulation of the 2003 European heat
wave for the City of Paris for different scenarios of air conditioning (AC) usage by varying the form of heat waste discharged to the atmosphere, the distribution pattern of AC
or the intensity of cooling power. There is an increase in
the street air temperatures, the amplitude of which varies
with the scenario of AC waste heat emission considered
and the time of day. AC is used more during the day than
during the night, although the impact on local air temperature are strongest at night due to the different structure of
the atmospheric boundary layer at nighttime. The classic
means to meet the cooling needs of the buildings in Paris
during a heat wave event similar to that of 2003 are likely
to increase street air temperatures. Consequently, the amplitude of the heat island. With all such systems releasing
waste heat to air, increase in the street air temperatures in
the most urbanized parts of central Paris were estimated:
0.5°C, considering current AC; 1°C if all current systems
were replaced; and 2°C in case the Greater Paris area was
led to a doubling of AC waste heat released to air [108].
Böhm [110] used data from three urban, three suburban
and three rural stations in order to examine the UHI in Vienna, Austria for the duration of 1951-1995. It was concluded that the urban effect is strongly influenced by local
surroundings and it is not observed for the entire city as its
magnitude varies from 0.2°C to 1.6°C. Two central city stations showed no increase in urban warming while the third
registered a 0.6°C warming in 45 years. The average UHI
was strongest in the winter. The data were tested for inhomogeneities and were adjusted to a constant elevation [41].
Klysik and Fortuniak [111] examined the UHI in Lodz
(Poland). They used data from 3 stations of the Department
of Meteorology and Climatology, Lodz University. The authors concluded that over 80% of nights is characterized by
surplus heat in towns amounting to an UHII of 2°C to 4°C
and up to 8°C. Using two different approaches, the authors
compared the data of (a) three years of early 1990s between
an airport station and a station located in a big downtown
square with (b) three years of data of the 1930s between
the same airport station and a meteorological station operating in the city center at the edge of a small park. They
concluded that the UHII reached fairly similar dimensions
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in the 1930s when the built-up area of the town was four
times less than in the 1990s. No homogeneity adjustments
were made to the data [41].
In Madrid (Spain), according to Yague et al. [112], the
UHI was calculated comparing the data of the Retiro Observatory (urban station) to those of the Madrid-Barajas Observatory (rural station) for the years 1965-1987. Their results
showed that the highest UHII occurred in the summer
months, a finding corroborated by studies in the USA and
Canada [1,37]. On the other hand, Yague et al. [112] did not
find any big temperature intensity difference between the
summer months and the rest of the year and proposed that
the reason that spring is the season with the lowest values
may be due to the fact that spring has fewer calm nights.
Montavez et al. [14] investigated the recorded temperatures at a meteorological station of Granada (Spain) over
the 20th century and realized that the minimum temperatures increased while the maximum ones decreased. The
maximum differences occurred during winter months and
were always greater than 3°C, and sometimes greater than
7°C. They used four different sources of data (the annual
temperature series of the Observatory of Cartuja, the AMA
of Andalusia urban network of stations, the military airdrome of Armilla and instantaneous temperature data of 84
points around the city). They studied the data of the annual
temperature series (1901–1990), the hourly meteorological
data, other forms of meteorological data and instantaneous
temperature data at 84 points around the city. By comparing rural to urban temperature data, they realized that the
UHI is stronger in the winter with the maximum difference
in the early morning when temperatures are at their daily
minimum. The examination of the geographical distribution of temperature in the urban region showed the dependence of UHI on meteorological conditions, urban geometry
and time scale. Their results, similar to many other literature works, showed that the temperature time-series exhibit
a notable positive trend in minimum temperatures, while
maximum temperatures decreasing over time. They observed that the urban thermal wave amplitude was smaller
than that of the rural site. Moreover, the maximum differences occurred during the winter months (over 3 to 7°C)
whereas minimum differences in the autumn (highest) and
the summer (lower) were smaller than 0.5°C.
In Italy there is a shortage of information about the climate in Italian cities and UHI [113-115]. Many studies focus on the specific morphology of urban areas that are usually characterized by the presence of historical old towns.
According to Cellura et al. [116], the UHI was detected in
2008 in the town of Palermo and quantified to an average
intensity of about 3°C during the night and 2°C during the
day. The data derived from the network of the Department
of Energy and Environmental Researches of the University
of Palermo.
Loconte et al. [117] used ASTER-VNIR (Visible and
Near Infrared) and TIR (Thermal Infrared) granules were
used as dataset, the period 2001-2006. They investigated
the spatial relationship between satellite-based temperatures

and the urban morphological features of the Italian city of
Bari. Urban form was considered to be defined by three
fundamental physical elements (buildings and their related
open spaces, plots or lots, and streets) that may be understood at different levels of resolution (building/lot,
street/block, city and region). The authors paid special attention on the physical elements that compose the city and
their features (geometry, density, typology, function). Interestingly, their correlation analysis showed that the phenomenon of UHI is reversed for the city of Bari with
densely urbanized zones to have lower temperatures than
the peripherals areas [117].
Petralli et al. [115] analyzed the data collected by an
intra-urban network of fixed air temperature sensors located in Florence (Italy) selecting 25 stations (grouped in
four clusters) with no data gaps from 2005-2008. Their results showed a mean difference of almost 2°C between the
hottest and the coolest cluster in all seasons. The coolest
cluster had on average more than 10 frost days in the winter
and the hottest cluster more than 12 hot days in summer.
So, the thermal regimes of some areas of Florence may
vary according to the season, with differences between the
clusters (higher influence of solar radiation on air temperature) occurring mostly in the summer and the autumn. Differences in days and hours (frost and summer) and tropical
nights indicate the type of crops or trees that should be preferred and demonstrate the consequences on tree phenology and human health.
Busato et al. [118] pointed out the presence of the UHI
effect in Padua (Italy) for the period 2010-2011. They used
fixed meteorological stations (two at least, in urban and rural zones) that acquired and stored data at fixed time and
mobile surveys. They concluded that the annual mean temperature of the urban meteorological station was 0.5°C
higher than the rural one. The UHI in Padua is mainly a
summer and nightly phenomenon with the difference between the annual mean of minimum temperatures calculated at 1.5°C (and 2°C being the maximum difference in
July). Results indicated an UHII of 1°-7°C during the interval 9-12 pm, with a small effect (0°-2°C) obtained during the day.
Turning to Germany, Schlünzen et al. [119] investigated the UHI in Hamburg for the years 1891-2007. The
data derived from Hamburg’s synoptic site HH-Fuhlsbüttel
and additional 45 climate stations. The temperature trend
analysis showed that the average temperature increased by
0.07°C/decade from 1891-2007, 0.19°C/decade (19482007) and 0.6°C/decade (1978-2007), proving an accelerated temperature increase. The UHI was 1.1°C in the densely
build-up area than outside. The minimum temperatures were
3°C, higher in the summer months and maximum temperatures were slightly lower in the inner city than in the rural
during summer. The winter temperatures are higher throughout the urban area [119].
Schwarz et al. [120] showed different absolute values
for the UHI in Leipzig (Germany) that depended on the
data and the time of day. A total of 15 weather stations were
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used to acquire air temperatures while the mobile measurements were performed on a route, on the west side of the
city. The surface UHI was higher in the morning than in
the evening, while the diurnal trend was opposite for the
UHI that was quantified with air temperatures. Moreover,
the difference between urban and rural temperatures according to the density of the built-up area, depicted a congruent diurnal pattern for air and land surface temperature
with the difference between the morning UHI and the surface UHI being smaller. In addition, the difference between
urban and rural temperatures according to the distance
from the city center varied from 2.9 to 3.1°C with the exception of the morning surface UHI that was 1°C. The difference between urban and agriculture temperatures were
showed to be smaller (1-1.5°C) with the exception of the
evening air temperature measurements (0.2°C).
The UHI effect has also been studied, in the Netherlands, although climate there is relatively mild oceanic and
the impact was expected to be minor. Information regarding the Dutch UHI is virtually nonexistent, from both observational and modeling perspectives. Additionally, a
large part of the Netherlands is located below sea level, and
water levels in canals and ditches are artificially maintained at a high level. It is reasonable to expect this special
feature to influence the Dutch UHI [121], which should differ from other European sites. Be that as it may, the Netherlands, especially their western part, are densely populated with adverse effects on human comfort [122].
The UHII of Rotterdam was mapped for the first time in
August 2009, with measurements performed by two cargo
bicycles being used as mobile platforms, equipped with urban meteorological measurements. The observations were
carried out one to two hour time intervals on 6th of August
2009 and it was found that the maximum warm day temperature was near 30°C. Data were compared with recordings from the Rotterdam Airport and it was concluded that
air temperatures in densely built areas of Rotterdam were
1-2°C higher in the airport. In contrast, large differences
were measured during the late evening when the air temperature of the city center was about 5°C higher than in the
airport and the difference between the city and the countryside amounted to more than 7°C during nocturnal hours. In
other words, the presence of a significant UHI was established for the city of Rotterdam [122].
The center of European Russia including Moscow has
a moderate continental climate with steady snow cover in
the winter (more specifically, a boreal climate with cold
and wet winters according to the Köppen classification).
According to Lokoshchenko [123], the mean UHII in Moscow was 1.0-2.0°C during the 20th century (ground meteorological network). The difference between the averaged
air temperature inside the urban area and outside equaled
0.8-0.9°C mainly because the urban saturation in the city
center was near its upper possible limit. So the increase of
UHII was followed by a nearly constant value in spite of
continued city growth. The air temperature increased 2.53.0°C in the center of Moscow and 2.0-2.5°C in rural zones

during the 110 years before 1997. The diurnal mean UHII
in Moscow is highest as a rule at night (from late evening
to early morning). The UHII is greater during the winter
than in the summer during the day, but less than in summer
at night. The maximal UHII is equal up to 14°C under
strong anticyclone conditions. The gradual accumulation
of industrial haze from smoke stacks during weekdays reduce the cooling of the urban surface, especially at night
resulting in a maximum air temperature towards the end of
the week (Friday or, sometimes, Thursday) and a minimum
after the weekend (Monday or Sunday). Of note is that, the
Moscow UHI seems to have an unexpected positive effect
in the polar zone in high latitudes as it allows a reduction
in the amount of fuel used for urban heating in the winter.
Bottyan et al. [124] examined the influence of built-up
areas on the near-surface air temperature field in Debrecen
(Hungary). Mobile measurements were used under different weather conditions between March 2002 and March
2003. Efforts focused on the determination of the spatial
distribution of UHII with special regard to land-use features such as the built-up ratio and its areal extensions. It
was concluded that there is an obvious connection between
the spatial distribution of the urban thermal excess and
land-use parameters as the spatial distribution of the UHII
showed local anomalies in heating and non-heating seasons. The mean maximum UHII was more than 2°C (during the heating season) and 2.5°C (for the non-heating season) in the center of the city. Unger and Makra [125] researched the UHI in Szeged (Hungary). The database was
provided by an urban-rural meteorological station-pair in
the period of 1978-1980 although their results were extended to a longer period. The regional climatic characteristics for the above period and for years 1961-1990 did not
show significant differences. According to these authors,
the development of the UHI in Szeged reduced the duration
of the heating season by more than 3 weeks and energy
consumption by 10%. Debrecen and Szeged, two mediumsized cities of Hungary, were also studied by Unger et al.
[126]. Data were collected by mobile measurements in grid
networks under different weather conditions between April
2002 and March 2003 during the time of maximum development of the UHI. In Szeged the greatest mean intensity
of 2.72°C was found in the city center; in Debrecen, the
highest mean absolute value was a bit lower than in Szeged
(2.3°C). The authors concluded that spatial patterns of the
mean normalized UHII had almost concentric shape with
Szeged being more regular than Debrecen.
Price et al. [127] analyzed the long-term temperature
data from two stations on the island of Cyprus (Limassol
and Nicosia). The data used in the analysis were obtained
by the Cyprus Meteorological Service, in Nicosia. The authors found increasing trends of approximately 1°C/100
years in the annual mean temperature at both stations. At
Limassol, the annual mean maximum temperature slightly
decreased (-0.4°C/100 years). The annual mean minimum
temperature increased dramatically by 3°C over the same
period. At the Nicosia station both maximum and minimum
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annual mean temperatures increased, although the annual
mean minimum temperature increased more rapidly
(1.3°C/100 years) than the annual mean maximum temperature (0.8°C/100 years). So there was a diurnal range at both
locations. At Limassol the annual mean change in the diurnal
cycle was -3.4°C/100 years, while at Nicosia there was a
change of -0.5°C/100 years. The decrease in diurnal temperature ranged over the past century has been fairly constant at
Limassol, while at Nicosia the diurnal temperature range decreased at a rate of -2.2°C/100 years since 1950, with little
change in the first half of the century [127].

3. THE URBAN HEAT ISLAND EFFECT IN
GREECE
In Greece, a number of research projects using temperature dataloggers and meteorological stations have been
published during the last decade, researching and documenting the existence of UHIs mostly in Athens but also in
smaller cities. As demonstrated by Santamouris et al.
[128], the effect results in an occasional doubling of the
cooling load in urban buildings while the peak electricity
load for cooling purposes may be even tripled for high air
temperatures. The city of Athens is characterized by a
strong UHI, mainly caused by accelerated industrialization
and urbanization during recent years [128]. The effect appears during both summer and winter periods, with a mean
daily intensity ranging between 6°C and 12°C for the major
central area [16,129].
Livada et al. [2] classified 20 air temperature measurement stations, installed in the framework of the POLIS project, from June 1996 to March 1998 (a period of 22
months). The sensors and loggers used performed 7600
hourly readings, at a ±0.2°C sensor accuracy and 0.5°C
logger resolution. According to the authors, the heat island
effect obtained its maximum values (5-6°C) in the city centre. These locations were affected by the presence of asphalt and heavy traffic circulation.
Synnefa et al. [130] presented the results of a comparative study that investigated the effect of 14 types of reflective coatings on lowering the surface temperatures of buildings and other surfaces of the urban environment from August to October 2004, on a 24-hour basis. Surface temperature sensors, data logging system and infrared thermography procedures were employed. The use of reflective coatings was found to reduce the surface temperature of a white
concrete tile under hot summer conditions by 4°C and during the night by 2°C. Such a surface may be warmer than
the ambient air by only 2°C during the day and cooler than
the ambient air by 5.9°C during the night.
Stathopoulou and Cartalis [131] examined the thermal
environment of a few major cities in Greece (Athens, Thessaloniki, Patra, Volos and Heraklion) using satellite images
provided by the Landsat Enhanced Thematic Mapper
(ETM+) sensor on board the Landsat 7 satellite that corresponded to the daytime and warm period when the Surface

Urban Heat Island (SUHI) may be best observed. They concluded that mixed urban areas exhibit high surface temperature values for all cities. The estimated daytime UHI intensities for the city of Athens on the 20th of May 2000 showed
the central urban areas to be 3.3°C warmer than the rural areas, whereas the suburban areas were about 2.3°C warmer
than the rural areas. Mixed urban areas were hot spots of the
city as they appeared to be 1.9°C warmer than the central
urban areas and 5.2°C warmer than surrounding rural areas.
Southwestern suburbs (such as Petroupoli, Nikaia and
Kallithea) reached higher surface temperatures than northeastern suburbs (such as Kifissia, Chalandri and Zografou)
as the vegetation cover and density is very low. The industrial area between Nikaia, Kallithea and the center of Athens
as well as the south-east edge of the basin (Elliniko Airport)
had high surface temperatures. The authors found the UHII
in Thessaloniki between the central urban and surrounding
rural areas of the city to equal 2.7°C on 30rd of May 2001.
Suburban areas were 1.2°C cooler than the central urban areas and 1.5°C warmer than the surrounding rural areas.
Mixed urban areas had the highest surface temperature
(34°C) and a weak surface temperature difference of about
0.5°C. In the city of Patras, the surface temperature increase
was observed from rural to urban regions where the maximum surface temperatures are detected. The values of surface temperature ranged from 30.7°C for the surrounding rural areas to 32.2°C for suburban and medium built areas and
up to 33.4°C for the urban and densely built areas. A daytime
UHII of 3°C was estimated between urban and rural regions,
whereas suburban-medium built areas were 1.7°C cooler
than central urban areas. The industrial area (northeastern of
Patras) had high surface temperature values (35.4°C) and
was 1.6-4.6°C warmer than the central urban and surrounding rural areas. In the city of Volos, the daytime UHII is
weaker: urbanized areas were 0.4–0.8°C warmer than rural
areas, a fact which may be attributed to solar heating. Lower
surface temperatures were observed in the northeastern parts
of the city. Mixed urban areas were the hot spots of the city
and were 2.3°C warmer than the surrounding rural area. The
city of Heraclion (in the island of Crete) had the highest surface temperatures. For the day of July 9, 2000, the daytime
UHII in urban and densely built areas was about 40°C, 1.9°C
warmer than surrounding rural areas. Suburban and medium
built areas were 1.6°C cooler than urban and densely built
areas, presenting a mean surface temperature value of
38.3°C. The airport area which was 5.4-7°C warmer than urbanized areas and 7.3°C warmer than surrounding rural areas, was identified as a hot spot of the city.
Giannopoulou et al. (2011) [132] used data from 25
fixed temperature stations placed in the major Athens area
from December 2008 to December 2009 and analyzed the
characteristics of the UHI phenomenon during the summer
season. Higher air temperatures were found in the industrial western part and at the center of the city with lower
values being present at the northern and eastern parts. The
intensity of the phenomenon was found to be close to 5 C
with the mean and maximum nocturnal air temperatures
exceeding 30°C.
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Santamouris et al. [3] estimated the direct and indirect
environmental impact of the heat island effect in Athens,
for the 1997-1998 period when the monthly mean temperature varied between 9.3°C in January and 27°C in July.
The authors performed an estimation of the Ecological
Footprint by calculating the increase of the cooling demand
caused by the heat island over the whole city and by translating the energy to environmental cost.
Papanastasiou and Kittas [135] investigated the UHI in
Volos, Greece, during the winter and summer periods of
December 2009 to February 2010 and the summer of 2010.
The maximum temperature difference between the city
center and a suburb was 3.4°C and 3.1°C during the winter
and the summer respectively, with an all-season average
maximum UHII equal to 2°C. The UHI usually manifested
after sunset while the daily maximum hourly UHII was positively correlated with solar radiation. The weekly range of the
daily maximum hourly UHII during the winter was 0.4°C.
Kolokotsa et al. [133] investigated the UHI for Hania,
a coastal densely built small Mediterranean city in the island of Crete, from May to October 2007. During the summer period, when the temperature is high, the UHI takes its
maximum intensity of about 8°C. The form of the UHI is
strongly influenced by the wind speed and direction that
contributes to its reduction. The difference between the urban and rural station temperatures fluctuated from 0.6°C to
8°C during the summer. The average difference for the entire period was 2.6°C. The UHII increased after June and
decreased after September. Finally, the temperature difference between urban and rural areas was less than 1°C in
June, 3°C within July, August and September, and 2°C in
October.
Giannaros and Melas [134] investigated the UHI in the
coastal city of Thessaloniki over the period 2008-2009.
They concluded that the UHI in Thessaloniki was stronger
in the night than in the day and decreased with wind speed.
The maximum and minimum mean monthly temperatures
were observed in August and in February, respectively.
The maximum UHII ranged from 2°C to 4°C during the
warm and from 1°C to 3°C during the cold part of the year.
There was a small variability during the summer months
than in winter. The greatest values were usually observed
following the sunset whereas the minimum values were detected during solar peak hours. The nocturnal heat island
resulted to increased nighttime water vapor pressure in the
urban areas, whereas the heat island intensity and urban/semi-rural water vapor pressure differences were negatively correlated during the day.
The heat island effect and its characteristics in Agrinio,
a small city of Western Greece were investigated by
Vardoulakis et al. [136] through a full year (2010–2011) by
using a local grid of nine temperature microdataloggers and
a meteorological station. Results showed that the effect
was a night dominating phenomenon, while a cool island
effect was observed early in the morning in many temperature stations in the city. A maximum mean monthly UHII
of 3.8°C was observed at a central town square during the

nights of August 2010 with instantaneous hourly intensities
reaching up to 5.6°C.
Mixed urban areas were found to exhibit high surface
temperature values for all cities. Industrial areas had high
surface temperature while the suburban were cooler than the
urban areas and warmer than the surrounding rural ones.

4. DISCUSSION
This review examined the UHI globally. Its main goal
was to report and make sense of UHI intensity worldwide.
Various relevant information items were reported in the
process (when available) including: the time duration of
each study (usually in years); the location and population
of the cities studied; the number and type (e.g. fixed or mobile) of stations used for collecting field data and/or the database resorted to for obtaining the values of data measured
in the past; the descriptive temperature measures estimated
(e.g. averages, minima, maxima); the warming trend per
unit of time (diurnal especially focusing on the distinction
between day and night, seasonal, annual, decadal or –in
some instances of very long durations– per century); and any
attempts to address issues (such as data inhomogeneity) that
appear to be inherent to the process of measuring the UHI.
A big part of understanding the intensity of the UHI has to
do with the variables that appear to have impact on it that
included: latitude and elevation; climate characteristics such
as wind velocity, cloud cover and rainfall; surface morphology and view to the sky; vicinity to bodies of water
such as the sea; distance from industrial sites; urbanization
i.e. population and city size; vegetation i.e. presence of
open and green areas, tree canopy etc.; land usage, surface
albedo and presence of impervious surfaces (and their heat
balance); urban geometry and presence of urban canyons;
characteristics of urban residences such as dense/sparse,
high/low intensity; distribution and consumption of heating or cooling energy and ventilation of buildings; as well
as road traffic intensity and urban air pollution.
An important question is this: do the reviewed studies
render an objective picture of the occurrence and intensity
of UHI worldwide? Meteorological stations are usually established near places where people live, resulting in a relative dearth of meteorological stations in locations where
the population density is low such as high mountains, the
Arctic and the Antarctic. In addition, the data discussed in
this literature review were collected under different conditions and protocols and the conclusions have mostly local
validity as they depict the UHI situation that characterizes
the under research area. Moreover, the size and significance of the UHI was inversely associated with any inhomogeneity adjustments carried out. Nevertheless, observations in many cities worldwide point to significantly higher
urban temperatures than the surrounding rural environment
with temperature records suggesting an upwards trend in
both urban and rural measurements, strongly related to urbanization and vegetation.
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According to what has been analyzed in the current paper, there are several significant factors in formation the
UHI effect. The increased urbanization (i.e. USA, Tucson,
Phoenix, Delhi, Istanbul, Athens), industrialization (i.e.
Beijing, Singapore, Athens), buildings density (i.e. Beijing,
Shanghai, Singapore, Bari), geometry and construction materials (such as concrete and asphalt) caused an urban environmental deterioration, especially in summer when cities suffer from raised temperatures with direct effects on
cooling energy consumption. In addition, the city location
(i.e. Minneapolis, Muscat, Johannesburg, Melbourne, London, Vienna, Netherlands, Moscow) plays a key role as,
cities located in places with mountains around, prevent the
air circulation. So, topography conditions have serious impact on air temperature as warm air is provided over the
city center while the rough urban surface reduces horizontal airflow in the city. The anthropogenic heat release
(transport, water heating, cooling etc) determines the way
in which heat is absorbed, stored, released and dispersed in
the urban environment, expressed as a temperature increase in the urban area.
Recapping the findings per region, many studies on the
UHI in North America (especially the USA) confirmed that
there are different trends in urban-rural temperatures. From
1880-1999 the UHII in the USA was 0.65°C per century
while the mean decadal difference varied from 0.015 to
0.31°C. From 1951 to 2000 the mean decadal UHII decelerated a bit, varying from 0.05 to 0.19°C. From 1901 to
1984, the UHI was also connected strongly with the population and varied from 0.11-0.91°C. Finally it was shown
that the UHI is largely a nighttime phenomenon. In the
South Western USA (Arizona) the UHII was 0.072°C/year
for the period 1920-1984. In the South Central USA
(Texas) the UHI trended by 0.3°C per decade for the period
1946-1990. In the Midwestern USA (Minnesota) the mean
UHII was 2.1°C (1950-1990) and the mean annual UHII
varied from 0.5 to 1°C (1967-1976). In Chicago, the UHII
varied from 2.34-2.68°C in 2010. Finally, in Alaska, the
UHII varied from 0.4 to 1°C (1949-1997) due to surface
inversions frequent during winter.
Many studies have also been carried out for Asia, supporting the notion that the UHII was also linked to urbanization. In China the average UHI was 0.23°C (1954-1983)
and seasonal with an intensity of 0.28-0.33°C in the spring
and 0.06-0.10°C in the summer and autumn. The most eminent features of the UHI in China for 2003-2011 were geographic location, diurnal difference, seasonality and climate. For 2001 the UHII was 4-6°C between the city of
Beijing and suburban areas and 8-10°C between the northwestern part of the city and its outer suburbs (evening to
late night) during the summer. Shanghai also had the characteristics of a heat island especially in the summer (19611997). The UHI phenomenon was maximum during the
summer and the spring and weaker during the winter for
the period 1997-2008 with an intensity over 0.8°C (1997199) and stronger at night. The magnitude of UHI was increased over time: it was weak from 1968 to 1977, stronger

from 1978 to 1987 and maximum from 1988 to 1997, so it
may be associated with increasing energy consumption due
to economic development. In Hangzhou (East China) the
average temperature increased by 0.74°C for 2009 in the
city center because of high urbanization with a maximum
value of 1.6°C around sunset. In Suzhou (East China) the
maximum UHII varied from 0.1 to 2.2°C in the summer of
2007, with a mean value of 1.2°C. In Hong Kong the UHII
was 1.5°C for 2002 with a maximum during the summer
days. In Seoul the UHI was a nighttime phenomenon with
an average maximum intensity of 2.2°C for 2001-2002. For
1999-2002, the UHI was strongest in the autumn and the
winter (4.8°C) and weakest in the summer (3.5°C) while
the diurnal variability ranged from 2.6 to 4.4°C. In Singapore the UHII was 3.5°C. In Tokyo (Japan), the UHII in
1996 was 8.0°C, 4.0°C higher than that measured in 1976.
In Delhi (India) the UHII varied from 4.1 to 5.2°C for
2008-2009 in dense and commercial built-up areas. In 2010
they characterized the UHII as high (8.6-10.7°C), medium
(7.3-7.7°C) and low UHI (3.1-6.9°C). In Delhi, the UHI
from 2010 to 2011 was also a seasonal phenomenon,
stronger in the summer (16.7°C) and weaker in the winter
(7.4°C). In Guwahati (India), the UHI varied from 2.12 to
2.29°C for 2001-2003 and 2009-2013. In Bangkok the
UHII was 8°C (higher during the dry season). In Kuwait
the annually differential warmth was 0.027°C. In Muscat
(Oman) the maximum UHII was 2.4°C for the period 20082009, stronger in the night than in the day and in the summer than in winter. During the summer the UHII was 4.3°C
during the night and 2.3°C in the day. In Istanbul (Turkey)
the annual average difference increased by 0.17-0.39°C for
the period 1957-1980 and 0.81-0.82°C for the period 19812004 while Ankara had no warming trend. Finally, in Izmir-Adana-Bursa-Gaziantep the maximum UHII occurred
3-5 hours after sunset.
Turning to Africa, the UHII in Johannesburg was 5°C
during the dry season (1966-1967 and 1970-1980) probably due to diurnal wind interactions. For the period 19601990 the mean annual air temperature trend was 0.24°C per
decade, the mean warming rate was 0.09°C per decade and
the daily minimum temperatures increased at a mean rate
of 0.07°C/decade at the non-urban stations. In Cairo the urban atmosphere was drier throughout the year while in the
afternoon it was more humid compared to the suburban
(1995-2000) with the UHII being around 1°C during the
cold season and 1.0-2.2°C from February to September
(except May). In Nairobi, the cooling rates were -1.9°C
from 1 hour before until 3 hours after the sunset and the
warming rates were 2.6°C 5-9 hours before sunset (2007).
The largest cooling and warming rates were experienced
during the dry-hot period of February-March (i.e. 2.6°C),
whereas the lowest cooling and warming rates were experienced during the cool-dry period of July-August (i.e.
1.7°C).
The UHI is obvious in Australia especially Melbourne
and Sydney. In Melbourne the UHI ranged from 2 to 4°C,
with daily peaks as high as 7°C, depending on the location
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and time of day and year for the period 1972-1991. In Sydney, the UHI in 2009 increased due to numerous urban development projects with its intensity being great during the
night. Temperature differences varied from 1.1 to 3.7°C in
urban areas and increased by 0.8-2.6°C in rural areas near
the suburbs.
Extensive UHI studies have been carried out in Europe. The UHI in London is a nighttime phenomenon:
3.7°C in 1820, 4-6°C in 1931-1960, about 1°C in 19621989, 2.5°C in 1999 and 3.2°C in 1999-2000). From 1931
to 1960, the annual mean UHII was 1.4°C. The UHI effect
was milder and calmer during 1933-1934 while from 1999
to 2000 the UHII varied from -4°C to 8°C. In Glasgow, the
UHII at night ranged from 2.9 to 3.9°C. In Paris (France)
the UHII was 8°C in 2003, mainly due to urbanization
nighttime while an increase in street air temperatures of
0.5-2°C was attributed to air conditioning. During 19511995 in Vienna, the UHII varied from 0.2 to 1.6°C and was
strongest during the winter. In Poland, nights were characterized by surplus heat in towns (2°C-4°C and up to 8°C)
for the period 1934-1936 and 1992-1994. During 19651987 in Madrid (Spain) it was found that the highest UHII
occurred in the summer while spring had the lowest values.
In Granada (Spain) during the 20th century the UHII was
stronger during the winter (3-7°C) with minimum differences in autumn and summer (0.5°C). In Palermo (Italy)
the average UHII was 3°C during the night and 2°C during
the day (2008). In Florence (Italy) the mean difference was
2°C between the hottest and the coolest cluster in all seasons (2005-2008). Finally, in Padua (Italy) the annual mean
temperature difference was 1.5-2.0°C. In Hamburg (Germany) from 1891 to 2007 the temperature increased by
about 0.07°C per decade with the minimum temperature
being 3°C higher in the summer and the average UHI being
equal to 0.6°C. In Leipzig (Germany) the UHII varied by
2.9-3.1°C while the UHI effect is virtually nonexistent in
the Netherlands as large part of their territory is located below sea level. A UHII of 1-2°C was measured in Rotterdam
(2009) with higher differences measured during the night
(5°C). In Moscow (Russia) the mean UHII varied from 1
to 2°C during the 20th century. In Debrecen (Hungary) the
mean maximum UHII varied from 2°C (heating season) to
2.5°C (non-heating season). In Szeged (Hungary) the maximum mean UHII was 2.72°C in the center. Finally, In Cyprus (Limassol and Nicosia) the annual mean temperature
increased by approximately 1°C/100 years. There was a diurnal range at both locations. At Limassol the annual mean
difference was -3.4°C/100 years, while at Nicosia was 0.5°C/100 years [127].
Finally, focusing on studies in Greece, the UHI phenomenon is clearly evidenced in Athens although it appears
in smaller cities as well. In Athens, an UHI appears during
both the summer and winter periods, with a mean daily intensity reported to be around 6-12°C (1996) while the period 1996-1998 the maximum UHII was 5-6°C (19961998) in the city centre. In hot summer UHII was 4°C and
during the night 2°C (2004). In Thessaloniki the UHII was

2.7°C (2000-2001) between the central urban and surrounding rural areas of the city. Maximum UHII ranged
from 2 to 4°C during the warm and 1 to 3°C during the cold
part of the year. In Volos, the UHII was 0.4-0.8°C (20002001) with maximum values of 3.1°C (summer) and 3.4°C
(winter) and the average maximum UHII through the year
was 2.0°C (2009-2010). In Patras the daytime UHII was
3°C between urban rural regions and 1.7°C between suburban and medium built areas (2000-2001). In Agrinio
(Western Greece) the effect was eminent at night with a
maximum mean monthly intensity of 3.8°C and instantaneous hourly intensities were 5.6°C (2010-2011). During
2000-2001, the daytime UHII in Heraclion (Crete) was
1.9°C, comparing urban and densely built areas to surrounding rural while suburban and medium built areas
were 1.6°C cooler than urban and densely built areas. Finally, the UHII in Hania in 2000-2001 varied from 0.6-8°C
during summer with an average value of 2.6°C.

5. CONCLUSIONS
In this research, a literature review of the UHI and its
intensity around the world has been presented. It has been
confirmed that there is a global increase in the temperature
of urban areas compared to the surrounding countryside.
The UHII is significant especially during warm periods although there are cases where the daily maximum UHII was
observed in all seasons except the winter. There have been
increases in both the minimum and maximum temperatures. The UHI effect varied in different areas and depended on city size, land use, topographic factors, vegetation, urbanization and industrialization of the area, season
of the year and time of day as well as prevailing meteorological conditions. According to this research, UHI is developed in areas with high percentage of water-resistant,
non-reflective surfaces and low vegetation. Materials such
as stone, concrete and asphalt tend to trap heat at the surface while the lack of vegetation tends to reduce heat lost
due to evapotranspiration. In addition, anthropogenic heat
and atmospheric pollutants contribute to increase of UHI
intensity.
The practical significance of this review of UHII is underscored by the fact that as the intensity of the urban heat
island depends on city size and population, it is reasonable
to expect that it will become more severe with increasing
urbanization. It is important to be able to control negative
impact that affects not only the local climate and the global
environment but everyday living conditions as well, e.g.
with increased need for cooling energy, the presence of an
intense UHI may aggravate peak electricity loads and lead
to blackouts.
In order to make comparative studies among UHII
measurements, an international measurement protocol
should be established. Although the spatial structure of
UHI is obvious by satellite data, the value of ground-based
measurements in the longitudinal study of UHI should not
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be underestimated. The dependence of UHI on geography,
climate and urban form and characteristics, underscores the
need for additional case study research that examines specific areas in order to (1) estimate the UHII with current
data, (2) understand its dependence on a number of determining factors and (3) target efficient mitigation measures
such as those that conserve heating energy and reduce the
cooling load. Such a study for the Athens metropolitan area
of Greece will be described in a forthcoming research publication.
The authors have declared no conflict of interest.
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ABSTRACT
A pesticide is a substance intended for preventing, destroying, repelling, or mitigating any pest. Most of the pesticides are synthetic chemical compounds most intensively
used in agriculture. These pesticides are not problem-free,
despite the gigantic benefits resulting from them. The extensive use of pesticides poses a risk to plants, animals and
human as some of them are persistent and their toxic residues may enter food chain. Pesticides are continuously being used in developing countries, which are increasing gradually and majority (60-70%) of the pesticide-poisoning cases
occurs there. Farmer’s illiteracy, pathetic law enforcement,
unfavorable hygienic conditions makes the situation worse
in these countries. Pesticide poisoning cases may even be
more than reported due to lack of data and misdiagnosis.
Not all pesticides consumed in Pakistan were detected due
to be short of analytical laboratory conveniences. The data
on pesticides residues in fruits shows that the most of samples are contaminated with one or more pesticides including organochlorine, however, this contamination remains
within the maximum residues level (MRLs) with few exceptions. The fruit samples from cities like Karachi, Hydrabad and Nawabshah shows 36%, 12.5% & 8% of samples were contaminated with one or more pesticide with
concentrations higher than MRLs. The data on pesticides
residues in cattle meat/fish/poultry is very scarce; few studies report the presence of one or more pesticides from cities
like Karachi and Faisalabad with 100% contamination of
samples. Cattle meat (muscles) samples from Faisalabad
show the pesticide contamination as high as 47 times the
MRLs. The presence of banned pesticides in food commodities shows the lack of knowledge towards the use of
pesticides among farmers and the gaps between legislation
and implementation.

* Corresponding author

1. INTRODUCTION
The pesticides are the chemical compounds intensively
used in agriculture for the benefits in minimizing the harms
of pests. Pesticides can be classified in several ways, the
most commonly and widely used classification is based on
the practical purpose or application, for eg., pesticides used
against microbial pests are classified as microbicides, zoocides if used against animal pests and herbicides for weeds.
In microbes, fungi cause the heaviest agricultural losses and
consequently, fungicides form the most important group of
microbicides [1, 2]. Pesticides are widely produced and have
been used in agriculture since the mid-of the 19th century to
control pests and to enhance crop yield and now it is difficult to estimate benefits to public health [3, 4], besides the
heavy metal contamination of air, soil/agriculture/ water etc.
[5-8]. The pesticide sector is one of the world's major industries, with insecticides being the major industry. Pesticides
use is rapidly increasing in the world and major portion of
total pesticides are being used in developing countries because of area cultivation expansion under food crops,
fruits, vegetables, agriculture, forestry, horticulture, veterinary, public health sectors etc. For the better yield hundreds of different pesticides are repeatedly used during the
whole period of production and sometimes at fruiting stage
in agriculture all around the world to control unwanted insects, weeds and pests [2, 9]. Numbers of pre and post harvest pesticides are heavily use in modern agriculture, so the
presence of these pesticides in food products, especially in
crops, fruits and vegetables is essential. Pesticides corruption has become an promising thrust in the current years
because they move all the way through the environment,
and significant concentrations have been reached in some
areas where they have never been reported earlier before
[3, 10]. This research will establish pesticide residue data-
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base in fruits and meat from Pakistan’s cities, and the perceptions of users regarding pesticide poisoning in the region to assess the state of the pesticide residues in meat
and fruits in conducting biological monitoring of pesticides.
1.1 Agro-Based Activities in Pakistan

The agriculture plays a main central role in Pakistan
economy. It is the 2nd largest sector, contributes 21% of
GDP and 45% of the country labor relate to it directly or
indirectly [11, 12]. More than 70% of Pakistan population
mainly need for its economy and dietary requirements on
the agro-based activities that have a total area of 79.61 million hectors in which cultivated area is around 23.80 million hectors. During 2009-10 overall agriculture growth
sector showed lesser output of 2% than targeted 3.8% with
major crops accounting 32.8 % and Minor crops contributing 11.1 % [12].
1.1.1 Fruit- production

Nature has blessed Pakistan with a great diversity of
fertile soil, irrigation water and climatic conditions, which
is best for the growth of different fruits like plums, pears,
apples, almonds and cherries in winters; while in warmer
climates, grapes, melons, apricots, and pomegranates. Similarly in tropical or sub-tropical climates; mangoes, bananas, guava, dates, and citrus grow in abundance. Apple,
guava, grapes, orange, pear, persimmon, banana and peach
form the main fruit component of the diet of an average
citizen of Pakistan. Agro-climatic conditions favor enhanced production only if new developed techniques and
proper management practices are adopted. Moreover, the
important fruits are grown in abundance (5.47 million tons)
in Pakistan with total area under all fruit cultivation of 1.3
million hectors [12, 13]. The demand of Pakistani fruits is
high across the world like, Middle East, Far East, US, Europe, Sri Lanka and India. Mango, banana, dates, pine nuts,
oranges, guava, kinnow and apple are few well-exported
fruits.

2. PESTICIDE USE IN PAKISTAN
Pakistan has fertile soil that suits a variety of food
crops and allows extensive use of agricultural land to feed
its fast growing human population. Human cannot afford
to feed insects nor do they permit unwanted plants to compete with essential crops. To feed such a large population,
enormous production of food is required which depends on
using crop safety procedures both at pre-harvest and postharvest stages [2].
Pesticides were first practically used with about 254 metric tons in the early days of Pakistan after independence
(Khooharo et al., 2008). During 1960s, pesticides consumption exceeds 7000 tons per annum and reaches to 27.9 million tons in 2011-12 [14]. Currently over 100 different types
of pesticides (insecticide, fungicide, herbicide, acaricide, rodenticide) are in use in Pakistan. Most of the pesticides used
are insecticides (74%) followed by herbicides (14%), fungicides (9%) acaricides (2%) and fumigants (1%) [11]. About
145 pesticides registered, with pyrethroids having the greatest
share (45%), followed by organophosphates (39%), chlorinated hydrocarbons (9%) and carbamates (4%), out of total
consumption (95%) are liquid pesticides, 5% are powder
used for total plant protection [11].
TABLE 1 - List of banned pesticide in Pakistan.
s#
14.
15.
16.
17.
18.
19.

Active ingredients
Binapacryl
Captafol
Chlorobenzilate
Cyhexatin
Ddt
Dicrotophos

7.
8.

Active ingredients
BHC
Bromophos Ethyl
Chlordimeform
Chlorthiophos
Dalapon
Dibromochloropropane +
Dibromochloropropene
Dieldrin
Endrin

20.
21.

9.
10.
11.
12.
13.

Leptophos
Mevinphos
Zineb
Methyl Parathion
Methamidophos

22.
23.
24.
25.
26.

Disulfoton
Ethylenedichloride +
Carbontetrachloride
Mercury compound
Toxaphene
Heptachlor
Monocrotophos
Endosulfan

s#
1.
2.
3.
4.
5.
6.

1.1.2 Livestock Production

Livestock (animal’s production) is the second largest
important economic sector after food crops that produces
commodities like milk, animal meat, fiber, labor, leather
etc. and plays an important role in Pakistan’s economy.
Livestock sector contributed approximately 55.9 percent
of the agriculture value added and 11.8% to national GDP
during 2013‐14 [12]. The milk production increased by
3.2% with 50.9 million tones and meat 4.5% with 3.5 million tones during 2013-14 as compared to corresponding
period last year. Poultry sector is one of the important and
vibrant segments of agriculture in Pakistan. This sector
has contributed 1.3 percent in GDP during 2013-14 while
it’s contribution in agriculture and livestock value added
stood at 6.1% and 10.8 % respectively. Poultry meat contributes 28.0% of the total meat production in the country
with 987 million tones of meat [12].

Apart from environmental legislation on pesticides,
there is a huge gap between legislation and implementation. Although environmentally harmful persistent pesticides such as organochlorines are banned in the country but
still available in the market including DDT, aldrin and dieldrin. The list of banned chemicals (pesticides) in Pakistan
is given in Table 1 [15]. The regulations and rules in Pakistan regarding pesticide manufacturing, import, sale and
monitoring were first established by the Agricultural Pesticide Ordinance, 1971 and Agriculture Pesticide Rules,
1973 under the guidelines of FAO [16, 17]. Later on the ordinance was amended in favor of importers because Pakistan
is heavily relay on imported pesticides. The ordinance also
provides a registration scheme for pesticides but the procedure of registration was complicated and time consuming
in Pakistan. In 1999, Pakistan signed the Rotterdam Con-
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vention and became the 67th member country of the Convention at United Nations in New York and ratified in July,
14th 2005 [18] . The aim of the Convention was to share the
chemical and pesticide trade information following international rules and regulations. Pakistan also ratified the Stockholm Convention and being the party of the Convention
since July, 2000 [19].

3. PESTICIDES TOXICITY IN PAKISTAN
Since diet is the most important source of pesticide exposure to animals through contaminated sources of feed, cotton seed, soil, air, water, plants, fruits, and vegetables which
after consumption undergo metabolic changes [1]. After
they metabolized in the liver, in some cases metabolites became more active than their parental compounds, hence
can cause more damage especially to the liver. Since the
foodstuffs, especially animal meat, fish and common fruit
items are possibly the important routes of toxins and pesticides exposure for human, it is necessary to clarify the status of their contamination in such foodstuffs [20, 21]. It is
therefore a continuous monitoring and close watch of these
substances in natural surroundings, animal species and
common fruits is required. It becomes extremely important
to determine the concentration levels of these residues especially in fruits and meat of animals for better health.
Major portion of the world production of pesticides are
continuously being used in developing countries which is
increasing gradually day by day and majority of the pesticide-poisoning cases occur in developing countries [10, 22].
In Pakistan, more than 70% population dependents on the
agro-based activities for its economy and dietary requirements and mostly farmers are illiterate having primary education comprising 68% male and 29% female working in
agriculture [13]. The indiscriminate use of insecticides poses
a potential threat to local inhabitants, indigenous agro-ecosystem and to export of food commodities [9]. Mostly (89%)
men and women farmers are vulnerable group involved in
the spraying of pesticide and are the worst hit [20]. Additional environmental pollution due to production of pesticides from industrial emissions resulted in the occurrence
of these chemicals and their residues in every section of
environment samples, i.e. water, soil air, fruits, vegetables,
meat, milk and water [23]. The livestock, water sources,
food etc come next in the ladder of affectees, further, malnutrition and dehydration increase the susceptibility of pesticides poisoning in them [13]. As farmers not properly educated regarding pesticide use, and due to poor literacy
rate, farmer can’t read and understand the awareness brochures of pesticides which are written and printed in English and Urdu languages. They made to believe by the company representative that pesticides are the only medication
to their crops; farmer used them without knowing the insect
population and crop condition. They consider and believed
pesticides as cure rather than a basis of poison [10, 24]. Generally, farmers store pesticides in their own home (80%) separate room, (5%) animal room and (1%) sitting room. Its

leakage during transportation, field application, storage and
50% of the farmers do not use protective clothing and masks
during spray. Sometimes farmers keeps edible oil, drinking
water and milk in pesticides empty containers and their indiscriminate use due to Government’s stress-free policies
on pesticide application that may cause disturbance in the
ecosystem [24]. Higher concentration of pesticides residue
in food items may be due to the non-appearance of food
regulation laws in Pakistan that results pesticides residue
presence in food items.
3.1 Pesticide residues in fruits of Pakistan

The pesticides are inherently noxious to all living organisms that interfere with specific biochemical systems
because of all living organisms share some similar biochemical systems. Pakistan has no exception in having
harmful effects of pesticide use, although little empirical
evidences of pesticide history were reported on different
compartments of Pakistan. These pesticides contamination
including milk, fruits & vegetables, meat and meat products. Table 2 present an overview of pesticide history and
research work on the subject with reference to Pakistan.
Tahir et al., determined pesticide dimethoate residues in
fruits and vegetable in an apple, banana, brinjal, cauliflower and arvi, fenvalerate in apple and chlorpyrifos in
brinjal from Islamabad market, Pakistan [25]. Hussain and
Siddique determined crotoxyphos, fenoxycarb and methoxyfenozide pesticides in oranges, guava and spinach were
from local markets of Lahore, Pakistan [26]. In another
study [27], nine pesticide residue levels in fruits and vegetables like tomato, apple and cucumber from Lahore main
markets were reported. Cypermethrin, methamedophos,
monocrotophos, cyfluthrin, dialdrin and methyl parathian
pesticides residue in three different varieties of Mango
from Multan division was reported [28]. Anwar et al. [22]
studied eight different fruit i.e., pear, guava, apple, grapes,
orange, persimmon, pear, and banana from the local markets of Nawabshah district, Sindh and determined (i.e., fenvalerate, dichlorvos, methyl parathion, dimethoate, cypermethrin, fenitrothion, deltamethrin, endosulfan, chlorpyriphos, profenofos and dicofol) and their residues. Shah et
al. [29] determined, dialdrin, cyfluthrin, monocrotophos,
methamedophos, cypermethrin, and methyl parathian) pesticides residue in three different varieties of Mango from
Peshawar, (KPK). Similarly, two organophorsous insecticides, trichlorfon and dimethoate pesticides were determined in guava orchards fruits at Kohat, (KP province),
Pakistan [30].
3.1.1 Comparison of Food Contamination by Pesticide in Pakistan’s cities/provinces along with other countries.

This review covers nearly all the aforementioned various pesticides data up till now for the fruits and animal
meats from mainly three provinces (Punjab, Sind and
KPK), whereas rest of provinces/areas like Balochistan,
Azad Kashmir and Giligit Bultistan does not shows relevant research in this regard. Most of the researches were
conducted showed pesticide contamination trend in fruits

4557

© by PSP Volume 24 – No 12b. 2015

Fresenius Environmental Bulletin

TABLE 2 - Status of the pesticides contamination in fruits reported from different areas of Pakistan.
S#
1.

Study
Location
Karachi
(Whole sale
Market)

Year

Commodity

1982–
1983

Fruits/
vegetables

No. of
Samples
141
(47varieties)

2.

Lahore
(Whole sale
Market)

1987

Fruits/
vegetables

25

3.

Karachi
(Whole sale
Market)

19881995

Fruits/vegetables

550

4.

Islamabad

2001

Apple

5.

Multan
Division

2002

Banana
Mango
(Dusehri)

3 varieties

Different Cities
of Pakistan

2003

Apple

20

Mango

26

Banana

31

Grapes

23

Plum

40

6.

7.

Peshawar city

1999–
2000

Type of pesticide detected
Aldrin/Dieldrin
BHC
DDT
DDE
Endosulfan
Endrin
Heptachlor
Lindane
Aldrin/Dieldrin
DDT
DDE
(BHC) Lindane
DDT
DDE
DDT
Malathion
Parathion methyl
Methamidiphos
Thiometane
Fenvalerate
Cypemethrin
Dimethoate
Fenvalerate
Dimethoate
Cypermethrin

Contaminated
samples
1
6
1
1
0
0
4
0
17
2
22

Samples
>MRL
1
0
0
0
0
0
1
0
0
0
0

Conc. range
(mg/kg)
NA

Determination
Techniques
GC-ECD

[42]

NA
NA
NA

GC-ECD

[43]

26
38
8
12
30
4
15
2
10
22
NA

2
10
0
0
9
4
10
1
1
8
NA

NA

GC-ECD, FID

[44]

0.032
0.010
0.110
0.25

GLC-ECD

[25]

GC/ ECD

[28]

HPLC, GCECD,FID

[45]

HPLC, TLC,GC

[46]

NA

Methamedophos
Monocrotophos
Cyfluthrin
Dialdrin
Methyl Parathian
α Endosulfan
β endosulfan
heptachlor
Dimethoate
Parathione-m
Chlorfenvinphos
Methamidophos
Cypermethrin
Bifenthrin
Chlorpyriphos
Diazinon
Thiophanate-m
Monocrotophos
α Endosulfan
Parathion-m
Dimethoate
Methamidophos
Imidacloprid
Monocrotophos
Dichlorvos
Bifenthrin
β-cyfluthrin
Cyhalothrin
Thiophanate-m
Benomyl
α-Endosulfan
Imidacloprid
Parathion-m
Cypermethrin
β-Cyfluthrin
Bifenthrin
Carbaryl
Carbendazim
Benomyl
α-Endosulfan
Heptachlor
Methamidophos
Dimethoate
Parathion-m
Carbaryl
Monocrotophos
Cypermethrin
Bifenthrin
Benomyl
Carbandazim
Thiophamate-m
Chlorpyrifos
Dimethoate

4558

20

0

26

0

31

0

23

0

11

0
0

0.16
0.46
0.24
0.15
0.014
0.069
0.009
0.162
0.038
0.035
0.045
0.102
0.155
0.031
0.038
0.145
0.092
0.085
0.028
0.12
0.024
0.012
0.085
0.012
0.054
0.046
0.105
0.095
0.086
0.085
0.059
0.056
0.065
0.048
0.124
0.506
0.067
0.046
0.035
0.093
0.058
0.041
0.029
0.528
0.058
0.048
0.029
0.076
0.049
0.096
0.1
0.5

Ref.
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8.

Karachi

1999–
2001

Apple and
Citrus fruits

270

9.

Peshawar, KPK

2007

Dusehri mango NA

Chaunsa
mango

Sindhri mango

10.

11.

Nawabshah,
Sindh

Karachi Market

2008

20082009

Apple

1

Grapes

1

Banana

1

Guava

1

Orange
Pear

1
1

Persimmon

1

Peach

1

Apple

21

Banana

16

Mango

5

Endosulfan
Cypermethrin
Bifenthrin
Cyfluthrin
Cyhalothrin
Cypemethrin
Fenpropathrin
Fenvalerate
Chlorpyrifos
Methamidophos
Methyl parathion
Monocrotophos
Profenofos
Quinalphos
Endosulfan
Dicofol
Carbofuron
Carbosulfan
Etion
Cypermethrin
Methamedophos
Monocrotophos
Cyfluthrin
Dialdrin
Methyl Parathian
Cypermethrin
Methamedophos
Monocrotophos
Cyfluthrin
Dialdrin
Methyl Parathian
Cypermethrin
Methamedophos
Monocrotophos
Cyfluthrin
Dialdrin
Methyl Parathian
Endosulfan, Dimethoate,
Fenitrothion, Cypermethrin,
Deltamathrin, Dicofol,
Chlorpyrifos, Methyl Parathion, Fenvalerate
Endosulfan, Dimethoate,
Fenitrothion, Cypermethrin,
Deltamathrin, Dicofol,
Chlorpyrifos, Methyl Parathion, Fenvalerate
Endosulfan, Dimethoate,
Fenitrothion, Cypermethrin,
Deltamathrin, Dicofol,
Chlorpyrifos, Methyl Parathion, Fenvalerate
Dimethoate, Fenitrothion, Deltamathrin, Chlorpyrifos, Methyl Parathion, Fenvalerate
Dimethoate, Fenvalerate
EDimethoate, Cypermethrin,
Chlorpyrifos
Dimethoate, Fenitrothion, Cypermethrin, Fenvalerate
Endosulfan, Fenitrothion, Cypermethrin, Fenvalerate
Endosulfan, Chlorpyrifos, Dimethoate, Ethion, Methylparathion, Profenofos,
Methamidophos, Monocrotophos, Quinalphos, Bifenthrin,
Cyhalothrin, Cypermethrin,
Cyfluthrin, Deltamethrin,
Fenpropathrin, Fenvalerate,
Carbofuran, Benomy, Metalaxyl, Thiabendazole
Endosulfan, Ethion, Fenirothion, Malathion,
Methamidophos, Cyhalothrin,
Cypermethrin, Deltamethrin,
Fenvalerate, Carbosulfan, Metalaxyl
Endosulfan, Chlorpyrifos, Dimethoate, Methamidophos,
Profenofos, Bifenthrin,
Cyhalothrin, Cypermethrin,
Deltamethrin
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23
8
6
12
7
23
21
2
3
6
20
1
17
23
14
15
42

0
0
10
5
2
5
0
12
7
0
3
3
5
1
0
4
0
0
5

1
1
11
3
24
32
14
19
9
45
10
10
8
10
14
7
10
10
5

NA

NA

1

1

0.24
0.12
0.44
0.22
0.13
0.36
0.44
0.23
0.19
0.18
0.33
0.65
0.48
0.53
1.824

1

0

0.005

0

0

0

1

0

0.2502

1
1

0
0

0.141
0.026

1

0

0.148

1

0

0.086

17

6

64

8

3

29

4

0

29

HPLC, GC
(FID)

[47]

GC with ECD

[29]

GC-ECD

[22]

GC-FID/
HPLC-UV

[48]
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Hyderabad, Sindh 2011
(Market A)

(Market B)

(Market C)
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Grapes

5

Melons

20

Plum

5

Apricot

5

Persimmon

5

Chiku

5

Citrus

10

Guava
Pomegranate

5
3

Papaya

4

Peach

5

Apple

17

Grape
Orange

12
13

Apple

14

Grape
Orange

14
11

Apple

16

Grape
Orange

15
19

Dimethoate, Methamidophos,
Methylparathion, Monocrotophos, Cypermethrin, Deltamethrin, Fenvalerate, Permethrin
Chlorpyrifos, Profenofos,
Methamidophos, Quinalphos,
Bifenthrin, Cyhalothrin, Cypermethrin, Carbofuran, Metalaxyl, Thiabendazole
Fenirothion, Bifenthrin,
Cyhalothrin, Cypermethrin,
Benomyl, Metalaxyl,
Methamidophos, Thiabendazole
Methamidophos, Cyhalothrin,
Cypermethrin,
Deltamethrin, Deltamethrin,
Metalaxyl
Endosulfan, Methamidophos,
Profenofos,
Bifenthrin, Fenpropathrin, Carbosulfan,
Benomyl
Dimethoate, Malathion, Bifenthrin,
Cyhalothrin, Cypermethrin,
Permethrin,
Benomyl, Thiabendazole Endosulfan, Dimethoate,
Ethion,Fenitrothion,
Methamidophos, Methylparathion, Bifenthrin, Cyhalothrin,
Fenvalerate, Carbofuran, Carbosulfan, Benomyl, Metalaxyl
Endosulfan, Dimethoate,
Methamidophos, Profenofos,
Chlorpyrifos
Dieldrin
Endosulfan sulfate
Triadimefon
Chlorpyrifos
Endosulfan sulfate
Chlorpyrifos
Parathion
Dieldrin
Endosulfan sulfate
Disulfoton
Chlorpyrifos
Parathion
Dieldrin
Endosulfan sulfate
Triadimefon
Chlorpyrifos
Endosulfan sulfate
Chlorpyrifos
Dieldrin
Endosulfan sulfate
Triadimefon
Chlorpyrifos
Dieldrin
Endosulfan sulfate
Disulfoton
Chlorpyrifos
Endosulfan sulfate
Chlorpyrifos
Parathion
Dieldrin
Endosulfan sulfate
Disulfoton

2

1

8

11

3

29

2

2

10

2

1

6

3

2

8

3

1

11

7

2

28

5
2

2
1

18
7

4

1

11

5

2

16

3
2
1
2
1
1
2
2
1
1
1
2
1
2
2
1
2

1
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0
0
0

0.231–1.256
0.021–0.037
0.134
0.037–0.114
0.205
0.081
0.145–0.243
0.102–0.311
0.013
0.213
0.398
0.167–0.684
0.073
0.013–0.034
0.014–0.307
0.019
0.005–0.401
0.015
0.253 –1.119
0.023–0.041
0.117
0.034
0.328–1.091
0.014–0.030
0.210
0.046
0.026–0.172
0.055
0.345–0.882
0.021
0.026–0.041
0.013–1.236
0.031

2
1
1
1
3
2
1
0
2
1
2
1
2
3
1

GC- ECD

[49]

HCH: hexachlorocyclohexane, BHC: benzene hexachloride, DDE: dichlorodiphenyldichloroethylene, DDT; dichlorodiphenyltrichloroethane, DDD,
pp'dichlorodiphenyldichloroethane, HCB: hexachlorobenzene, GC: Gas chromatography, MS: mass spectrometry, HCHs: chlorinated hydrocarbon,
HPTLC: High Performance Thin Layer Chromatography, OCPs: organo chlorine pesticides, OPPs: organo phosphorous pesticides, BHC: benzenehexachloride, PCB: polychlorinated biphenyls.

and meat such as Sind > Punjab > KP provinces. Out of entire pesticide usage in Pakistan, 88.3% is used in Punjab
province, for it is primarily a Pakistan agricultural center and
most of the pesticides are used in, followed by Sindh (8.2%)
and KP (2.8%) and about (0.76%) in Balochistan. Spatial
distribution map showing the samples (%) exceeding pesti-

cides MRLs values reported from different areas of Pakistan
is presented in Fig. 1. A comparison of different cities along
with different countries in terms of sample contaminated (%)
and sample exceeding MRLs (%) has also been presented
graphically in Fig. 2 and 3 respectively.
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FIGURE 1 - Spatial distribution map showing the samples (%) exceeding pesticides MRLs values reported from different areas of Pakistan.

Contaminated samples (%)
120,0

Fruits (%)

Meat

100,0
80,0
60,0
40,0
20,0
0,0

Cities of Pakistan
FIGURE 2 - Comparison of different cities of Pakistan in terms of sample contaminated (%).
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120
Contaminated samples (%)

Samples > MRLs (%)

100
80
60
40
20
0

Pakistan
FIGURE 3 - Comparison of different cities of Pakistan along with different countries in terms of fruit sample contaminated (%) and
sample exceeding MRLs (%). [36-41]

3.2 Pesticide residues in cattle meat/fish/chicken

Due to heavy misuse of pesticides in cottons and remaining crops may be one of the reasons of higher concentration of pesticides quantity found in agricultural crops.
This indiscriminate use developed resistance to led the resistant strains of insects plant diseases, weeds and rodents
etc [9]. Furthermore, irrational use of pesticides has created
new pests that have never been a problem before [22].
Livestock farming animals are getting their nutrition in a
diversity of ways depending upon the available feed resources like chopped fodder, wheat straw, homegrown
grains, kitchen wastes and some concentrates [31]. The
concentrate feed generally contains green fodder, wheat
straw, cottonseed cake, rice and crushed wheat are usually
feed to milking animals, while dry animals and young stock
are allowed to graze in newly harvested fields, roadsides
and wastelands [32]. Due to these animals feeding habits,
enormous chemicals (pesticides) transferred from plants to
animals via this food chain [26]. As a result, these contamination routes can lead to the bioaccumulation of persistent
pesticides in food products of animal [31]. Furthermore,
breeding animals can store and concentrate the persistent
organic pollutants from contaminated feed, water and pesticide sprayed solution to prevent pest infestations in animal production areas. These pesticides enter the body
though mouth, nose, exposed parts of body, wounded portions through the skin and the genital parts with ease [26].
The pesticide compounds are frequently stored, stay in the
fat, muscle, brain, liver and lungs of animals [31].This results in the development of fatal diseases of brain, liver,
kidneys and may cause arthritis and cancer. Consequently,
these compound residues have been calculated in the meat
and adipose tissue of sheep, dairy cattle, rabbits, beef cattle
and camel [32]. Table 3 present an overview of pesticide

history and research work on the subject with reference to
Pakistan. In a recent study form Faisalabad reports the
presence of five pesticides cyhalothrin, endosulfan,
chlorpyrifos, cypermethrin and methyl parathion in cattle
meat and other body organs, where, chlorpyrifos, lambdacyhalothrin, cypermethrin and endosulfan residues in muscles were about 34 times, 23 times, 47 times, and 27 times,
respectively, higher than the MRL [31]. Presence of
banned chemicals like organochlorine pesticides (OCPs)
frequently reported in different studies from Pakistan (Table 3). This trend is not different from the reported studies
like the presence of (OCPs) recently from Jordan, where
OCPs residues in 519 samples; comprising eggs, chicken
and cattle meat were analysed, the results indicated that
28%, 20% and 49% of the examined eggs, chicken and
meat samples, respectively, were contaminated with OCP
residues [33]. In a similar study from six towns in West
Shoa Zone, Ethiopia, the OCPs level were detected in a total of 90 cattle samples comprising meat, liver and kidney,
however, the level was less than the MRLs [34]. Similarly,
a study from Beijing, China also shows the presence of
OCPs in chicken and eggs [35].

4. CONCLUSIONS
In view of current food production, we must accept the
fact that small quantities of pesticide residues present in our
food supply become a serious problem for man to face in controlling it. Pesticide residues in food are a potential hazard,
which has received much attention during the past 20 years.
In many developing countries acceptable quantities of pesticide residues in food (tolerances) have not been established,
however, the guidelines developed by Food and Agriculture
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Organization and the World Health Organization (FAO/
WHO) are generally followed. The developing countries like
Pakistan must establish and maintain research and regulatory organizations to ensure acceptable pesticide residues in
food commodities. The lack of data on pesticide residues in
food commodities i.e fruits and meat has been observed. No
regular monitoring program is running for the evaluation/

analysis of the pesticide residues in food commodities. Most
of the studies reports data haphazardly without showing human health risk assessments such as hazard risk index or estimated average intakes. The presence of banned pesticides
in food commodities shows the lack of knowledge towards
the use of pesticides among farmers and gap between legislation and implementation by the government.

TABLE 3 - Status of the pesticides contamination in cattle meat/fish/poultry reported from different areas of Pakistan.
S#

Study Location Year

Meat/Fish/Poultry

1

Karachi coast,
Pakistan

Fish tissues/lipid (22 varieties)

2

3

2004

Kalri and Haleji 2005
lakes, Thatta,
Sindh

Karachi, Sindh

2004

Fish tissues

No. of
Samples
155

45

Fishes tissues (Acanthopagurus NA
Sp. and Mugil Sp.)

Bivalves mussels (Perna viridis
and Crassostrea rivularis) and
bivalves mussels

4

Different cities

1984

Mutton

NA

Beef

Poultry meat

5

Faisalabad
Pakistan,

2009

Muscles

600

Liver

Lung

Kidney

6

Jhang, Faisalabad

2011

Farmed Fish (Cirrhinus
mrigala)

28

Type of pesticide detected
HCH (total)

Contaminated Samples
samples
>MRL
153
NA

Conc. range
(mg/kg)
0.028-3.09

Determination Ref.
Techniques
GC ECD
[50]

18

0.01-23.78
0.002-5.48
0.03-36.36
0.094-27.47
0.003-1.12
0.12-63.3
NA

NA

[51]

0.001-0.036
< 0.007
0.002 -0.006
0.001- 0.008
0.003-0.069
0.005-0.022
0.00-0.007
0.002-0.014
0.00-0.009
0.002-0.07
0.057
0.031
0.205
0.095
0.942
0.054
0.051
0.241
0.160
0.537
0.094
0.083
0.632
0.253
0.348

GC- ECD

[52]

NA

[9]

0.341
2.397
13.381
4.655
0.341
4.655
2.397
0.341
4.655
2.397
0.341
2.397
13.381
4.655
0.01
0.008
0.04
0.11
0.03
0.06
0.164

HPLC-UV

[31]

RP-HPLC

[53]

DDE
Dieldin
DDD
DDT
Hexachlorobenzene
PCBs
DDT, DDE, aldrin, dieldrin
and deltamethrin
DDT

10

DDE

12

aldrin

10

dieldrin

2

NA

Deltamethrin

7

Malathion

00

Heptachlor
DDE
Dieldrin
BHC
DDT
Heptachlor
DDE
Dieldrin
α-BHC
DDT
HCH
BHC
DDT
Dieldrin
Methyl parathion
HCH
BHC
DDT
Dieldrin
Methyl parathion
HCH
BHC
DDT
Dieldrin
Methyl parathion

NA

NA

NA

NA

Chlorpyrifos
Cypermethrin
Endosulfan
Cyhalothrin residues
Chlorpyrifos
Cyhalothrin residues
Cypermethrin
Chlorpyrifos
Cyhalothrin residues
Cypermethrin
Chlorpyrifos
Cypermethrin
Endosulfan
Cyhalothrin residues
Endosulfan
DDT
Methamidophos
Carbofuran
Diazinon
Parathion methyl
Dimethoate

78
21%
04%
02%
14%
22%
4%
15%
25%
4%
18%
24%
5%
6%
28

NA
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Punjab (River
Chenab)
Lahore/Bulloki
Headworks
(Ravi River)

Fresenius Environmental Bulletin

2007- Eleven edible fish species (5
434
2009 herbivorous and 6 carnivorous)
2009- Catla catla fish tissue
NA
2010

Fish Hatchery, 2010
Faisalabad, Punjab

Labeo rohita Fish tissue

28

Malathion
Chlorpyriphos
Cypermethrin
Carbosulfan
Isoproturon
Organochlorine pesticides
polychlorinated biphenyls
DDT
DDE
Endosulfan
Carbofuran
Endosulfan
DDE
Atrazine
Carbaryl
Carbofuran
Deltamethrin

434

NA

NA

NA

28

NA

0.009
0.05
0.024
0.09
0.14
0.013-0.365
0.003-0.108
3.24-3.389
2.29-2.46
0.112- 0.136
0.26-0.37
0.048
0.135
0.053
0.022
0.091
0.005

LCMS

[54]

GC-ECD

[55]

HPLC

[56]

HCH: hexachlorocyclohexane, BHC: benzene hexachloride, DDE: dichlorodiphenyldichloroethylene, DDT; dichlorodiphenyltrichloroethane, DDD,
pp'dichlorodiphenyldichloroethane, HCB: hexachlorobenzene, GC: Gas chromatography, MS: mass spectrometry, HCHs: chlorinated hydrocarbon,
HPTLC: High Performance Thin Layer Chromatography, OCPs: organo chlorine pesticides, OPPs: organo phosphorous pesticides, BHC: benzenehexachloride, PCB: polychlorinated biphenyls.

[11] Khooharo, A. A., Memon, R. A.and Mallah, M. U. (2008) An
empirical analysis of pesticide marketing in Pakistan, Pakistan
Economic and Social Review. 46, 57-74.
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ABSTRACT
The present work is aimed to study the effects of different concentrations of mercuric chloride on the acellular
slime mold Physarum polycephalum. The effects of this
heavy metal on cytoplasmic shuttle streaming, plasmodial
structure, and growth were studied. Mercuric chloride (1520 µg/ml) induced a direct and irreversible termination of
cytoplasmic streaming followed by a contraction of the
whole plasmodium, strong blebbing, vacuolization, disintegration and disorganization of plasma membrane. Plasmodial strands of Physarum treated with different concentrations of mercuric chloride showed irregular cytoplasmic
streaming, vacuolization of endoplasm, blebbing of plasmalemma, and disorganization of internal structure.
KEYWORDS: Mercuric chloride, cytoplasmic shuttle streaming,
plasmodial slime mold Physarum polycephalum.

1. INTRODUCTION
Nowadays, pollutants affect our environment from
many sources such as factories which emit many gases,
solid substances and a lot of solutions that may contain
heavy metals, such as cadmium, mercury, zinc and lead. Although heavy metals are not released extensively in the environment, they may represent a hazard to human health.
These chemical pollutants have increased to a level
that reached our soil, food, and even drinking water [1].
Mercury poisoning can result from inhalation, ingestion, or
absorption through the skin and may be highly toxic and
corrosive once absorbed into blood stream. High exposures
to inorganic mercury may result in damage to gastrointestinal tract, nervous system, and kidneys. Both inorganic
and organic mercury compounds are absorbed through the
gastrointestinal tract and affect other systems via this route.
However, organic mercury compounds are more readily absorbed via ingestion than inorganic mercury compounds [2,
* Corresponding author

3]. Mercuric chloride (HgCl2) is one of the inorganic mercury compounds that have toxic effects involving numerous organs and body systems. Mercuric chloride can be absorbed through body skin, ingestion and inhalation. It has
a strong affinity toward sulfhydryl groups hence, it inhibits
a wide variety of enzymes and protein transport systems.
The soluble inorganic compounds of mercury are irritating
to the skin and mucous membranes, and this effect is particularly marked with mercuric chloride. Concentrations of
1 to 5 percent cause irritation, vesiculization, and corrosion
of the skin. Adsorption from skin and mucous membranes
may be sufficient to cause systemic poisoning and some people are particularly susceptible to this effect [4]. Few studies were done concerning the effect of pollution with heavy
metals on soil microorganisms. Terayama et al. [5] studied
the toxicity of heavy metals and insecticides on slime mold
Physarum polycephlum. Wang et al. [6], and Zeng et al. [7]
discussed the influence of heavy metal pollution on soil microbial biomass and enzyme activities. Also, Skerving [8],
Bressler and Goldstein [9] showed that lead is able to inhibit
or mimic the actions of calcium, and to interact with proteins
(including those with sulfhydryl, amine, phosphate, and carboxyl groups). Shraideh [10] showed that treatment of
Physarum polycephalum with Triethyllead (Concentrations
between 20-50 µM), caused irreversible condensation of the
plasmodial strands, blebbing of the plasma membrane, vacuolization of the cytoplasm and elongation of the cytoplasmic
shuttle streaming period. There is still a need for detailed
studies concerning the physiological and ultra-structural
effects of mercury compounds on significant microorganisms inhabiting our environment. The acellular slime mold,
Physarum polycephalum, represents a suitable model for
studying the effect of environmental pollutants, i.e., heavy
metals like mercury, cadmium, nickel and copper compounds on motility, behaviour, and ultra-structure of living
organisms. Acellular slime mold, called myxomycetes,
represents a strange group of microorganisms. They show
plant and animal-like characteristics.
Physarum polycephalum is characterized by having a
phagotrophic somatic phase (phaneroplasmodium), which is
a yellowish, creeping and multinucleated mass of protoplasm
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enveloped by a slimy sheath and differentiated into two
main regions known as massive front and a posterior network of connected veins [11]. Microscopic evaluation indicates that these veins consist of ectoplasm (gel) and a
flowing endoplasm (sol), which exhibits a rhythmic shuttle
streaming. In addition, the motive force in Physarum is
generated by cytoplasmic actin-myosin interaction similar
to that of smooth muscles of higher organisms [12]. The
present research concentrates mainly on two objectives:
(A) Studying the effect of different concentrations of mercuric chloride on plasmodia of Physarum polycephalum
with emphasis on cytoplasmic shuttle streaming, growth,
and viability; and (B) Investigation of structural and morphological effects of mercuric chloride on phaneroplasmodia of Physarum polycephalum.

2. MATERIALS AND METHODS
2.1 Study object

Phaneroplasmodium of Physarum polycephalum (Jordanian isolate similar to ATCC 44912) was used in this
study.
2.2. Effect of test solutions on cytoplasmic shuttle streaming

The shuttle streaming (protoplasmic streaming) is an
energy-requiring process. The rate of protoplasmic streaming can be extremely fast (over 1 mm per second) and the
duration of an entire cycle of the shuttle streaming is 1.53.0 min. Its rhythmicity is a result of its reverse direction
every few minutes. Protoplasmic streaming of phaneroplasmodium of Physarum polycephalum (starved on 1.5 %
non-nutrient agar media for 24 h) was observed after submersion of plasmodia in a physiological salt solution (PSS)
as control for about 10 min. PSS consisted of: 6.0 mM NaCl,
3.0 mM KCl, 1.0 mM CaCl2, 0.1 mM NaHCO3 and 0.5 mM
MgCl2. Submerged plasmodium in PSS was observed under
a phase contrast microscope (at 100x and 400x magnification). After 5-10 minutes of adaptation (when streaming
period was nearly stable), shuttle streaming periods were
recorded and followed for about 2 h [13]. The PSS solution
was removed and replaced with different concentrations of
mercuric chloride (5, 10, 15 and 20 µg/ml). After 5-10 min.
submersion, shuttle streaming periods were recorded and
followed. For every tested solution, 30 periods were measured, the mean and standard deviation were calculated (Table 2). Recorded values were compared with that of a control plasmodium (streaming and morphology under PSS).
Also morphological changes were observed at least for 2 h.
Depigmentation, the release of pigments and decolouration
of plasmodia was observed by the yellowish coloration of
submersion solution (Table 1).

The media were sterilized for 20 minutes at 121°C and
poured in sterile plates. Petri dishes were prepared including growth media (control) and successive concentrations
of mercuric chloride (5, 10, 15 and 20 µg/ml), which were
added to the growth medium. Small pieces of Physarum
plasmodia were allowed to grow on medium surface and
growth was observed and sketched at intervals of 2h [13].
2.4. Effect of test solutions on structure of Physarum Plasmodial strands

Effects of 10 and 20 µg/ml of mercuric chloride on
structural organization of Physarum polycephalum plasmodial strands were investigated. A phaneroplasmodium of
Physarum was divided into three pieces. One piece was submerged under PSS (serving as control), and the other two
were submerged in mercuric chloride (10 and 20 µg/ml) for
1 h. Treated plasmodial pieces were processed for microscopy as described by Shraideh and Najjar [14]. Plasmodial
strands were fixed in Bouin fixative for 24 h. Tissues were
fixed using automated tissue processor, dehydrated,
cleared, and finally infiltrated by a hot liquid paraffin wax
for sectioning. A ribbon of tissue sections were then obtained on a manual rotary microtome (Spencer 50) at 3 µm
thickness. Two baths of 30% ethanol and a hot tap water
were used to overcome the folding tendency. Thereafter, tissue sections were loaded on a glass slide meshed with egg
albumin, dried, stained with classical haematoxylin and eosin
stain (H&E), and finally mounted using distyrene, plasticizer,
and xylene (D.P.X.) mountant. Then samples were examined
and photographed under a Zeiss photomicroscope I.
2.5. Viability test

Viability of phaneroplasmodium of Physarum polycephalum (starved on 1.5 % non-nutrient agar media for
24 h) was studied after treating plasmodia with different
concentrations (5, 10, 15 and 20 µg/ml) of mercuric chloride for 1 h. Treated plasmodia were transferred to 1.5%
agar-agar plates and kept overnight. Their ability to make
phaneroplasmodia was compared to that of control (PSS
treated plasmodia).
2.6. Time lapse phase contrast photomicrography

The effect of different concentrations (5, 10 and
15 µg/ml) of mercuric chloride on phaneroplasmodium
of Physarum polycephalum (starved on 1.5% non-nutrient
agar media for 24 h) was followed under Zeiss stereo photomicroscope. Photography was started under PSS (at 0time) then with the test solutions at 10 min. intervals. All
experiments were conducted at a controlled temperature
(25±2ºC).

3. RESULTS

2.3 Effect of test solutions on growth of Physarum plasmodium

Corn-agar plates containing media prepared from 6 g
rolled oats, 1.0 g D-glucose and 7.5 g agar-agar in 500 ml
of distilled water were used to test the growth of plasmodia.

Acellular slime molds or myxomycetes represent a
strange group of microorganisms. They show plant and
animal like characteristics. Physarum polycephalum is
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characterized by having a phagotrophic somatic phase
(phaneroplasmodium): It is a yellowish, creeping; multinucleated mass of protoplasm enveloped by a slimy sheath
and differentiated into two main regions (1) A massive
front and (2) A posterior network of connected veins. In
studying the effect of mercuric chloride on Physarum polycephalum plasmodia four criteria were taken into consideration: (1) responses of the whole plasmodium to test solution, (2) effect on shuttle streaming periodicity, (3) effect
on viability of plasmodia and (4) effect on plasmodial
structural organization.
The effects of different concentrations of mercuric
chloride on whole phaneroplasmodia migrating on agar

surface were summarized in Table 1 which shows the sequence of events that occurred after treating plasmodia
with mercuric chloride. The main effects observed are disruption of cell membrane, condensation of cytoplasm, vacuolization, blebbing and decolouration of plasmodium. Table 2 summarizes the effect of mercuric chloride on the
shuttle streaming periodicity. The effect of sub-lethal dose
(15 µg/ml) and the lethal dose (20 µg/ml) was investigated
on the structure and behaviour of treated phaneroplasmodia. The high concentration of mercuric chloride produce
direct irreversible stop of streaming. Low concentration
produces elongation in streaming period and vacuolization.

TABLE 1 - Effect of gradient concentrations of mercuric chloride (HgCl2) on Physarum plasmodia.
HgCl2 (g/ml)
20.0
15.0
10.0
5.0

Effect
Direct fixation of plasmodium.
Direct condensation of the whole plasmodium, release of pigments to the outside and consequent decolouration of plasmodium.
In addition to high aggregation of cytoplasm, more vacuolization of cytoplasm and blebbing of plasmalemma.
Condensation of cytoplasm, aggregation and high degree of vacuolization in addition to slight blebbing of plasmalemma.
Disruption of thin veins, followed by slight vacuolization and cytoplasmic condensation

TABLE 2 - Effect of HgCl2 (gradient concentrations) on plasmodial shuttle streaming periodicity.
Treatment
Time in minutes
Mean ± SD
PSS
5.0 (g/ml)
10.0 (g/ml)

1.74 ±0.60
2.82±0.8
3.63±1.0

Period
Percentage
100
162
208

Number of
periods analyzed
30
30
30

Number of
plasmodia
used
N
3
3
3

15.0 (g/ml)
20.0 (g/ml)
Percentage: (Mean of the treated /Mean of the control)×100%

3
3

Observation

Regular streaming, large vacuoles
Elongation in streaming period, and little vacuolization
Elongation in streaming period, disturbance occurred in
large veins, obvious vacuolization and some blebs occurred.
Irreversible stop of streaming after few minutes
Direct irreversible stop of streaming

FIGURE 1 - Time lapse contrast photomicrography of Physarum plasmodium submerged under 5 g/ml HgCl2 with 10 min. intervals. (A).
At zero time - normal structure of protoplasmic strand was observed. (B) After 10 min. - note slight vacuolization and cytoplasmic condensation. (C) After 20 min. - cytoplasmic condensation. (D) After 30 min. - more condensation and vacuolization of endoplasm was observed.
Magnification = 40X.
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FIGURE 2 - Time lapse phase contrast photomicrography of Physarum plasmodium submerged under 10 g/ml HgCl2 with 10 minutes intervals. (A)At zero time - normal structure of protoplasmic strand was observed. (B) After 10 min. - note condensation of cytoplasm. (C) After
20 min. - more condensation and start of vacuolization was observed. (D) After 30 min. - cytoplasmic aggregates (arrow) and vacuolization
(arrow head) was observed. Magnification = 40X

FIGURE 3 - Time lapse phase contrast photomicrography of Physarum plasmodium submerged under 15 g/ml HgCl2 with 10 min. intervals. (A) At zero time - normal structure of protoplasmic strand was observed. (B) After 10 min. - Note start of cytoplasmic condensation
(arrow) and vacuolization (arrow head). (C) After 20 min. - formation of cytoplasmic aggregate (arrow), and blebbing of plasmalemma (arrow head) was observed. (D) After 30 min. - more aggregation of cytoplasm (arrow), vacuolization, and blebbing of plasmalemma (arrow
head) in addition to depigmentation of plasmodium was seen. Magnification = 40X
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The viability of the plasmodia was affected by different
concentration of mercuric chloride (10, 15 and 20 µg/ml).
Plasmodia treated with 10 µg/ml of mercuric chloride showed
very weak spreading (compared to that of control). While 15
and 20 µg/ml of mercuric chloride resulted in complete inhibition of spreading of plasmodia; they were unable to
make phaneroplasmodia. Effect of the three different concentrations of mercuric chloride on Physarum plasmodia
was followed under the microscope. High concentration of
mercuric chloride (20 µg/ml) produces cytoplasmic condensation and vacuolization after 10 minutes. As time increases
there was formation of cytoplasmic aggregates and blebbing
of plasmalemma, which increased with time period. Low
concentration of mercuric chloride produces minor change
in vacuolization and cytoplasmic condensation, which increased with increase in time (Figure 1-3). There was organizational disruption, vacuolization, fragmentation of protoplasm and narrowing of ectoplasm was observed with high
concentration of mercuric chloride (Figure 4 and 5).

4. DISCUSSION AND CONCLUSION
This pilot study is conducted first time to observe the effect of environmental contamination especially inorganic
mercury on different microorganisms inhabiting our environment. In this study we investigate the effect of different concentration of mercuric chloride to study the different parameters of life of the acellular slime mold Physarum polyceph-

alum. The results showed that very low concentration of mercuric chloride (5-20 µg/ml) affected severely the activity,
structure and life of the acellular slime mold Physarum polycephalum. Disruption of thin veins, slight vacuolization, and
cytoplasmic condensation was observed with a very low concentration of mercuric chloride (5 µg/ml). It induced also
about 60% elongation in streaming period. Furthermore,
10 µg/ml of mercuric chloride showed 108% elongation of
the streaming period, and nearly stopped the migration of
the plasmodia. In addition to condensation of cytoplasm
and aggregation, high vacuolization was observed. Finally
concentrations of 15 µg/ml and higher caused a complete
stop of cytoplasmic streaming of the plasmodia. They also
affected irreversibly the viability of the plasmodia and prevented the formation of the migrating phaneroplasmodia.
From the structural observations we can conclude that mercuric chloride affects the integrity of the biological membranes by making irreversible bond with the different binding sites of enzymes and proteins. The weakening of the
membrane led to the observed effects, for example, vacuolization of cytoplasm, blebbing of plasmalemma and its
disruption. The consequences of disruption of gross organization of plasmodial strands were observed as irregular
streaming, stop of migration, cytoplasmic aggregation and
finally blebbing of plasmalemma and its disruption. Similar effects were obtained after treatment of Physarum plasmodia with triethyl lead chloride [10]. The significance of
the work can be understood when we know that Physarum
polycephalum is a soil-free living microorganism and other

FIGURE 4 - Structure of control Physarum protoplasmic strand. (A) X.S. in three fused veins, showing ectoplasm (E), and endoplasm (N)
Magnification=114X. (B) L.S. showing ectoplasm (E), endoplasm (N), and plasmalemma invagenation (P). Magnification =285X. (C) X.S.
higher magnification of A. showing ectoplasmic (E) and endoplasmic (N) region, Magnification =340X. (D) X.S. as in (C), Magnification =
340X.
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FIGURE 5 - Effect of HgCl2 (20 g/ml) on structure of Physarum plasmodial strand (submersion period was 1h). (A) L.S. in a plasmodial
strand treated with 20g/ml HgCl2 for 1h. Note disruption of organization and very narrow ectoplasm (arrow), Magnification =340X. (B).
L.S. showing protoplasmic aggregation, and blebbing of plasmalemma (arrow), Magnification=340X. (C). L.S. higher magnification showing
high vacuolization, disruption of organization, and partial disruption of plasmalemma (arrow). (D) L.S. showing fragmentation of protoplasm and blebbing of plasmalemma (arrow), Magnification =357X. (E) L.S. as in A, Magnification=357X. (F) X.S showing fragmentation of
protoplasm. Magnification =357X. (G) X.S. showing severe fragmentation of protoplasm, and formation of blebs (arrow), Magnification
=328X.

free living microorganisms may be affected similarly. Contamination of environment with heavy metals like mercury
will have an undesirable effect on the environmental structure and ecosystem.
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ABSTRACT
A model based in an Artificial Neural Network was developed in order to forecast the Olea airborne pollen concentration due to the allergenic power of its pollen grains. Daily
data for Olea pollen and the meteorological variables documented in the period 1993-2008, were used. All developed
models had five input variables; i) Julian day, ii) precipitation, iii) humidity value, and iv) insolation hours. The model
was carried out with data collected in the city of Ourense,
North West of Spain. The developed model predicts the atmospheric concentration of Olea pollen one day ahead. The
model was tested with data from 2009 and 2010. The developed model could be employed in allergology and health sciences in order to prevent effect of pollinosis. It is due the
ability of obtain good predictions of threshold pollen concentration values, which are important to take preventive
measures by Health Systems. The time-lag observed in prediction phase may be due to the influence of other meteorological parameters which have not been taken into account in
the beginning, this fact is reaffirmed by studying the similarity between the different pollen seasons and the year 2010
(Mann-Whitney U Test with p<0.031), or due the low concentrations of Olea pollen during the MPS (≈ 14 grains·m-3).

KEYWORDS: Artificial intelligence, artificial neural networks, Olea
pollen, aerobiology, prediction

1. INTRODUCTION
There is an important amount of the population in
Southern Europe that suffers from pollen allergies [1]. The
most important aerobiology objectives are the measurement
of different atmospheric pollen concentrations, and the development of statistical models to predict the short/longterm atmospheric pollen concentrations. These are useful
to take preventive measures to protect allergic patients during the most severe part of the pollen season [1-4]. There
* Corresponding author

are plenty of research papers where we can see that the allergenic capacity of olive pollen can affect the conjunctival
mucosa and respiratory ways, causing asthma and rhinoconjunctivitis problems [5-9]. In areas where there are
large olive plantations, the population can become sensitized to olive pollen [10,11]. In Spain there are around four
and a half million people sensitive to olive pollen [12] because there is a cross-reactivity with pollen allergens Quercus, Parietaria, Castanea, Oleaceae y Poaceae [5, 8, 13, 14].
The species Olea europaea L. is the main representative in the study area of the genus Olea [5]. Although it is
characteristic of the Mediterranean area, in the study area
of Galicia (Spain), it is cultivated as an ornamental in many
farms, gardens and churches [5]. In northern Portugal, in
proximity to our study area, there are extensive plantations
of this species [5].
In this paper we have used an Artificial Neural Network model (ANN) to predict the Olea pollen concentration. ANN models try to reproduce the human ability to
take decisions [15], it is for this reason an ANN model consists of many simple artificial connected units (neurons),
each producing a sequence of real-valued activations [16],
that are used to make data prediction. The origin of neural
networks started in the middle of the last century when the
first ANN model was developed by McCulloch & Pitts
(1943) [17], and the first unsupervised learning rules were
used by Hebb (1949) [16,18]
In the last years, Artificial Neural Networks have been
effectively extended to different fields, such as hydrology,
for river flow prediction in headwaters [19], or for runoff
forecasting in cold climate zones [20]; in food technology,
for classification of different wine-making processes of the
Vinhão variety (Portugal) [21], [22]; in Chemistry, to predict percolation temperature of microemulsion systems in
the presence of additives [23], or to obtain the values of
Critical Micelle Concentration (CMC) of some non-ionic
surfactants [24]; in Medicine, to classify breast cancer and
normal cells using cellular image texture [25], or to predict
the penetration of different drugs through a polydimethylsiloxane membrane [26], inter alia. In Aerobiology,
there are plenty of research papers on pollens concentration
prediction in different parts of the world. Castellano et al.
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developed an artificial neural network to predict the risk
level of Betula pollen in the air of Santiago de Compostela,
Spain [27]. Rodríguez-Rajo et al. implemented a computational model based on supervised MLP neural network to
predict atmospheric Poaceae pollen concentration [1]. Puc
develop a forecast model to predict daily average concentrations of Betula pollen in the atmosphere of Szczecin, Poland [28], and Sanchez-Mesa et al. developed a forecast
ANN models to predict the Poaceae pollen season in Cordoba, Spain [29]. The different models developed during
these studies produced good results around the world.
The main goal of this research is the short-term prediction (one day ahead) of Olea pollen concentrations,
through artificial neural network modelling, in order to
alert allergists and the general population with allergic
problems, from a potential risk situation.

2. MATERIAL AND METHODS
2.1 Measuring Equipment

The database has been collected in the city of Ourense,
Galicia, Spain, situated in a depression at 139 m above sea
level in north-western Spain (42º20’N and 7º52’W).
A Hirst-type Lanzoni VPPS 2000 volumetric 7-day recording sampler was used to collect the Olea pollen from
1995 to 2010 [30]. The sampler’s current location is on the

roof of the Sciences Faculty in Ourense, around 20 meters
above ground level. The sampler is calibrated to handle an
air flow of 10 l·min-1[30]. Pollen grains impact on a cylindrical drum covered by a melinex film coated with a 2% silicon
solution as a trapping surface [30]. The drum is changed
every week and the exposed tape is cut into seven pieces,
which are mounted on separate glass slides [30]. Olea pollen
grain identification, and measurement, is performed using a
Nikon Optiphot II microscope equipped with a 40X/0.95
lens [30]. Daily values are expressed as number of pollen
grains per cubic metre of air (pollen grains·m-3).
Figure 1 shows the distribution of Olea pollen concentration for the studied years (1995-2010). As we can see,
the pollen distribution has a great variability showing high
pollen concentration years (1994, 1996, 1997 and 1999),
and low pollen concentration years (1995, 1998, 20002004). We can see that some peaks have a greater base
width than others, such as pollen years 2006 and 2008.
In Table 1, we can see the peculiarities of main pollen
season (MPS) [5]. The start of the MPS is quite stable and
usually occurs on average in the middle of May [5]. The
length of MPS is more variable, having a duration of 56 days
in 2008 and only 14 days in 2004 (Table 1) [5]. In terms of
total collected pollen, the data is extremely abrupt in years
such as 1994 with a maximum of 445 units, and in 2004
with only a count of 44 grains·m-3 [5]. In Table 1 we can
see that the duration of MPS is highly variable between 56

FIGURE 1 - Distribution of Olea pollen concentration during the studied period (years 1993-2010)
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and 14 days, showing an average duration of 32 days. Due
to these irregularities, it is likely to obtain highly variable
results for the different years of validation. In fact, we can
see that validation years show a different behavior. The
year 2009 presents an MPS start period below the average
(day 122 vs. day 134), with an earlier final MPS (day 158
vs. day 165) and a MPS duration of 37 days, higher than
the average during the study period (32 days). The year
2010 presents an opposite behavior, showing a start MPS
date above the average (day 142 vs. day 134), an earlier
final MPS (day 158 vs. day 165) and only 17 days of MPS
duration. Likewise, we can see the total concentration of
pollen in MPS and the total annual pollen counts are much
lower in the year 2010. This different behavior between

validation years 2009 and 2010 can make the models present different adjustments.
Figure 2 shows the monthly distribution of Olea pollen
concentration. As we can see the Olea pollen concentrations rose during the beginning of April and mid-July,
reaching the highest concentrations during the lasts days of
May and the first days of June.
Due to the great variability of the pollen data, the linear
models do not provide relevant information on Olea pollen
concentration (R2 = 0.01975) [5]. This demonstrates the requirement to use other predictive models, as Neural Networks models, to obtain satisfactory results in cases where
there is no linearity [5].

TABLE 1 - Characteristics of main pollen season (MPS) of Olea Pollen (1993-2010): Julian Day start of MPS (SMPS), Final MPS (FMPS), MPS
duration in days (DMPS), Average pollen concentration during the MPS (PAv-MPS), Maximum value (PMax-MPS), Julian day of the maximum value
(DMax-MPS), Total pollen counts during the APS (PTotal-MPS), and finally, Total annual pollen counts (PTotal-Season). Modified from Iglesias [5]
Olea Pollen
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
Average
Maximum
Minimum

SMPS
141
136
126
141
103
117
144
160
140
131
147
158
138
119
139
115
122
142
134
160
103

FMPS
178
168
151
178
156
145
176
181
170
154
161
171
154
170
171
170
158
158
165
181
145

DMPS
38
33
26
38
54
29
33
22
31
24
15
14
17
52
33
56
37
17
32
56
14

PAv-MPS
6
13
3
10
6
3
12
3
4
7
3
4
9
5
5
3
6
6
6
13
3

PMax-MPS
43
97
19
94
113
19
102
27
22
65
12
19
64
60
65
47
63
55
55
113
12

DMax-MPS
151
151
150
158
122
129
146
169
147
140
151
158
145
158
157
124
149
144
147
169
122

PTotal-MPS
217
445
77
361
327
77
387
60
131
167
44
58
155
273
162
181
236
106
192
445
44

PTotal Season
241
469
83
374
342
149
407
93
146
200
58
71
178
301
181
214
249
115
215
469
58

FIGURE 2 - Monthly distribution of the concentration of Olea pollen during the studied period (years 1993-2010). Modified from Iglesias [5]
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FIGURE 3 - Scheme example of a neural network constituted by five neurons in the input layer, a hidden layer with four neurons and an
output layer with one neuron
2.2 Artificial Neural Networks

3. RESULTS AND DISCUSSION

The proposed model in this paper consists of an artificial neural network organized in a primary neural layer
(where input data is collected), and an output neural layer
(where the predicted value would be obtained) (Figure 3).
Input variables are; i) Julian day, ii) precipitation, iii) humidity values, iv) insolation hours, and v) Olea pollen concentration), various intermediate layers (where the convergence work of the neural network would be facilitated
The ANNs learning process begins when the Olea pollen database are introduced in the input layer as an input
vector (Eq. 1). The information is propagated to the first
intermediate layer by a propagation function (Eq. 2). The
propagation function unifies all input data in a single value.
In equations 1 and 2, N corresponds to the number of input
neurons used as input variables in the developed ANN
models, wji corresponds to the weight (importance) between the input neuron j and neuron i in the intermediate
layer, and finally, the last equation term, bi, corresponds to
the bias value of intermediate neuron i.



x  x1 , x 2 , x3 ....x N



(1)

N

S i   w ji x j  bi

(2)

1

The signal obtained by the propagation function is
treated by the activation function to generate an output
value. We can used different activation functions to train
the ANN model. In this paper, we used the sigmoidal function (Eq.3) because it is one of the most recommended and
used in the literature [31-34].

yi 

1
1  e  si

(3)

The output value generated in the last neuron is used
by the ANN to calculate the error. If the error is lower than
the previously established margin, the ANN training ends.
In contrast, if the error is greater than the established error
value, the process continues until it reaches the established
error value.

The Artificial Neural Networks developed in this research require a high number of implementation networks
using the trial and error method to obtain the best ANN
model, to accurately determine the Olea pollen concentration. Due to this reason, different Neural Networks have
been implemented, changing the ANNs topology and their
cycles during the training phase. In the training phase, we
have used previously known training data from 1993 to
2008. In the validation phase, all ANN models have been
tested with the previously reserved years 2009 and 2010.
In our models, the input variables were; i) Julian day
(from 1 to 365), ii) daily precipitation (mm), iii) daily humidity value (%), iv) daily hours of insolation, and v) daily
airborne Olea pollen concentration (grains·m-3). The output
variable was Olea pollen value one day ahead.
The best ANN model implemented in this research has
five neurons in the input layer, and four neurons in the intermediate layer to predict the Olea pollen concentration in
the output layer. This model presents a determination coefficient, R2, of 0.4260 for training phase (years 1993-2008).
This result represents a big improvement compared with
the linear model (R2=0.020) [5]. For validation phase, the
best model presents a R2 of 0.2137 for year 2009, and a R2
of 0.1406 for 2010.
In Figures 4 and 5, we can see the real and predicted
values for validation phase obtained with the best ANN
model developed for Olea pollen concentration during the
main pollen season (MPS), that’s, the period of time where
the 95% of total annual pollen is concentrated. Figure 4
shows the MPS 2009 (continuous line) and Figure 5 shows
MPS 2010 (continuous line). We can see that the MPS
2009 begins on May 2 and finish on June 7 (Figure 4), on
the contrary, MPS 2010 is different, and it begins on May
22 and finishes on June 7.
We can see that the model is able to predict the peaks of
Olea pollen, but the adjustments for this year are not good
because the ANN model predicts the peak with a delay in
comparison to the real peak (time-lag). Figure 5 shows the
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FIGURE 4 - Values with one day ahead of airborne pollen concentration, real (▬) and predicted (---) obtained by the best ANN model during
the main pollen season (MPS) of 2009. Modified from Iglesias [5]

FIGURE 5 - Values with one day ahead of airborne pollen concentration, real (▬) and predicted (---) obtained by the best ANN model during
the main pollen season (MPS) of 2010. Modified from Iglesias [5]

real Olea pollen concentration and the predicted Olea pollen
concentration for the year 2010. In this case, we can see that
the lag is minor than in the previous year, however, the prediction regarding daily pollen concentration is also poor.

mosphere [36-38], that is, pollen concentration are
around 14,286% bigger than our studied case (maximum
469 pollen grains –year 2008- [5]). This low pollen concentration may hinder the prediction model results.

The model’s incorrect adjustments may be due to five
reasons;
i) The pollen concentrations in Ourense are very small in
comparison with other studied places in Spain. For example, in Jaen, Andalucía (South of Spain), there are
maximum values around 67,000 pollen grains in the at-

ii) Usually, Olea airborne pollen prediction implies some
difficulties due to its high dependence on meteorological factors, as well as the geographical situation of olives [35,36]. In this case in particular, it is thought that
the disagreement between real and predicted peak values can be related to the displacement of Olea airborne
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pollen from the South area (North of Portugal), where
there are significant olive plantations (around 100 km.).
iii) The behaviour in Figure 4 and Figure 5 (delay prediction -time-lag-) have been observed in other studies
[36]. This time-lag may be due to the influence of meteorological parameters; for example, a heavy rainfall
that reduces airborne pollen concentrations [36].
iv) Bad adjustments on predicted pollen concentration for
year 2010 may be due to the unusual MPS and the unusual pollen concentration all year long. A Mann-Whitney U test was used to determine the similarity between
the two pollen seasons. The Mann-Whitney U Test between 2009 and 2010 confirms that the two pollen seasons have different distribution (p=0.031). The MannWhitney U Test between training years 1993 to 2008
and year 2010 confirms that the pollen season for the
year 2010 has different distribution (p=0.013), and finally, a Mann-Whitney U Test between the training
years and year 2010 shows that the meteorological variables have the same distribution (p>0.191). Different
analysis suggests that there is a hidden variable that
may be influencing the Olea pollen concentration.

ommend the addition of recent experimental data to optimize the model.
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v) The last reason may be due to the low concentrations of
Olea pollen during the MPS (≈ 14 grains·m-3, Figure 2)
compared to other regions of Spain where had been predicted successful (Cordoba ≈ 920 grains·m-3) [39].
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ABSTRACT

1. INTRODUCTION

The allelopathic potential of plants depends on several
factors. It was proved, among other things, that the allelopathic activity of plants increases the deficiency of mineral ingredients, particularly nitrogen and phosphorus.
Therefore, it was assumed in the present study that the negative impact of water extracts from grass leaves can be mitigated by the fertilising ingredients supplied. Phosphorus is
one of the most important ingredients if the life of plants.
The objective of the present study was to determine the
impact of NH4H2PO4 on the allelopathic potential of water
extracts from the leaves of selected lawn grass species. The
impact was estimated based on the differences in the inhibition of the growth of Ph. pratense (acceptor) seedlings
under conditions of exposure to leaf water extracts (donors)
and the same extracts enriched with phosphorus. Bioassays
were performed in Petri dishes under laboratory conditions. The assessment of the initial growth and development of Ph. pratense under exposure to water extracts from
leaves of selected grass species used in various combinations (BP – without nutrient solution, PP  with nutrient
solution, PP + P  with nutrient solution and single dose of
phosphorus in the form of NH4H2PO4, or PP + 2P  with
nutrient solution and double dose of NH4H2PO4), significant differences were found both in the level of impact of
the particular donors as well as the effectiveness of mitigating their negative impact by NH4H2PO4.
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Allelopathy is one of the factors modifying the growth
and development of plants in multi-species communities
[1].
According to the literature, the allelopathic potential of
plants is determined by several factors which include amongst
others nutrient stress and water stress. It has been proven, that
the deficiency of mineral ingredients, mainly nitrogen and
phosphorus, in several species results in increased synthesis of
allelopathic compounds [2]. According to Juszczuk [3], the
activity of phenolic compounds increases in roots with a deficiency of phosphorus, whereas the presence of allelochemicals in the soil may reduce ion uptake by plants [4-8]. The
negative impact of allelopathic substances can be particularly
acute during the initial growth and development stages of
plants [9, 10].
In the present study, it was assumed that the negative
allelopathic impact of water extracts from grass leaves can
be mitigated, to some extent, by the fertilising ingredients
supplied [11]. Beside nitrogen, phosphorus has an extremely important role in the life of living organisms. It is
indispensable for the proper growth and development of
plants, and determines the level and quality of yield. It is a
constituent of nucleic acids, high-energy compounds and
pyrophosphates of metabolic significance. Phytin and orthophosphates, accumulated in the vacuole, constitute the
storage form of phosphorus [12]. As an ingredient of lipids,
phosphorus influences the properties of cytoplasmic membranes and, consequently, the transport of assimilates and
mineral ingredients. It takes part in the phosphorylation
and dephosphorylation of proteins, regulating the activity
of enzymes, transmission of intracellular signals and
transport across cytoplasmic membranes [13].
This study estimated the impact of phosphorus, used in
the form of NH4H2PO4 to fertilise grasses, on the mitigation of the negative effect of water extracts from vegetative
aboveground shoots (where the highest allelochemical
content occurs) of selected species of grasses on the germination of seeds and initial growth and development of
Phleum pratense.
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appropriate controls were prepared, where only distilled
water, distilled water with nutrient, distilled water with nutrient enriched with phosphorus, and distilled water with
nutrient with a double rate of phosphorus were applied to
the paper substrate.
The germination of Ph. pratense seeds was counted after 5 days. On the same day, the root length and seedling
height were measured. The results were processed statistically using the SAS v.91 program, with the use of singleand multi-factor variance analysis and Tukey's multiple
test. The means were divided into statistically uniform
groups, and the significance level of α ≤ 0.05 was adopted.
Mean values between which no statistically significant differences occurred are marked with the same letter.

2. MATERIAL AND METHODS
The experiments were conducted under controlled laboratory conditions, in Petri dishes, in order to avoid soil
and microbiological interactions. The investigations consisted of three series of experiments established according
to a completely randomized design, with four replicates.
The initial growth and development of Ph. pratense were
examined using the combinations shown in Table 1.
The water extracts were prepared from vegetative
aboveground shoots of Festuca arundinacea (Fa), Lolium
multiflorum (Lm), Lolium perenne (Lp), Phleum pratense
(Php) and Poa pratensis (Pp), collected during the propagation stage of the plants. The plant material (50 g of dried
leaves of each species) was submerged in 1000 ml of distilled water, and after 24 hours the solution was filtered
through filter paper. The extracts were kept at a temperature of 5 oC.
Twenty hand picked seeds of Ph. pratense were placed
on 3 layers of chromatography paper in Petri dishes (Whatman No3001917). The paper substrate was treated with 3
ml of leaf water extracts every day using the following
combinations: BP  leaf extract (without nutrient solution
and without NH4H2PO4); PP  extract enriched with nutrient solution; PP + P  extract enriched with nutrient solution and NH4H2PO4; and PP + 2P  extract enriched with
nutrient solution and 2 × NH4H2PO4. For each treatment,

3. RESULTS
The results showed that, compared to the control, the
germination of seeds was significantly inhibited by extracts
from the leaves of all donors, while the root length of this
acceptor was inhibited by extracts from F. arundinacea, L.
multiflorum and L. perenne only. In relation to the control,
the Ph. pratense seedling height was negatively influenced
by the extracts from the F. arundinacea and L. multiflorum
leaves only. The other extracts had a stimulating effect on
this parameter (Fig. 1).

TABLE 1 - Model of the experiment
Combination
Control object
Object studied
Denotation of treatment
1
Distilled water
Leaf water extracts
BP
2
Distilled water + Hoagland (2)
Leaf water extracts + Hoagland (2)
PP
3
Distilled water + Hoagland (2) + NH4H2PO4
Leaf water extracts + Hoagland (2)+ NH4H2PO4
PP + P
4
Distilled water + Hoagland (2) + 2 x NH4H2PO4 Leaf water extracts + Hoagland (2) + 2 x NH4H2PO4 PP + 2P
Hoagland 2 composition: Ca (NO3)2. 4H2O – 0.950 g.l-1; KNO3-0.610 g.l-1; MgSO4 . 7H2O - 0.490 g.l-1; NH4H2PO4 – 0.120 g.l-1; H3BO3 – 620.0 mg;
MnCl2 . 4H2O – 290.0 mg; CuSO4 . 5H2O – 60.00 mg; ZnSO4 . 7H2O – 60.00 mg; (NH4)6Mo7O24- 50.00 mg; KJ – 30.00 mg; CoCl2 – 60.00 mg.
Explanations: BP – without Hoagland 2 nutrient solution; PP – with Hoagland 2 nutrient solution; PP + P – with Hoagland 2 nutrient solution +
NH4H2PO4 - 0.120 g.l-1; PP + 2P – with Hoagland 2 nutrient solution + NH4H2PO4- 0.240 g.l-1
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FIGURE 1 - Germination of seeds, seedling height and length of Ph. pratense roots after treatment with Fa – Festuca arundinacea, Lm – Lolium
multiflorum, Lp – Lolium perenne, Php – Phleum pratense and Pp – Poa pratensis leaf water extracts and control treatments (K)
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than in the PP combination, and significantly better only in
objects treated with L. multiflorum (Fig. 3). Adding phosphorus to L. perenne extracts not only increased the seed
germination capacity in comparison with the BP combination (extracts and no nutrient solution), but the germination
was also similar to the control object with phosphorus.
The Ph. pratense seedling height was inhibited to the
greatest extent by L. multiflorum, F. arundinacea and followed by L. perenne extracts and due to their impact, were
significantly lower than the control objects. Also the seedlings of the acceptor (Php) were shorter than the control also
after exposure to Ph. pratense and P. pratensis extracts.
These differences were not statistically significant, however
(Fig. 4). Regardless of the donor, significantly lower Php
seedlings were observed in objects treated with grass leaf
extracts (BP) only. In the case of the other combinations
(PP, PP + P, PP + 2P), the seedlings were higher but the
differences between them were not significant. Thus, enriching the nutrient solution with additional phosphorus
doses did not impact the seedling height.

Regardless of the combination applied—BP, PP, PP+P
and PP + 2P—the poorest germination of the acceptor seeds
was observed under the influence of L. multiflorum and L.
perenne leaf water extracts. F. arundinacea extracts also significantly inhibited the seed germination (in comparison
with the control), while Ph. pratense and P. pratensis extracts had the smallest inhibitory effect. Regardless of the
donor, the highest parameters were observed in objects
where extracts were enriched with a nutrient solution and
one dose of phosphorus (Fig. 2). The negative impact of the
donors was also mitigated by the double dose of phosphorus
but the differences were insignificant in the case of objects
treated with extracts with a nutrient solution only.
Enriching leaf extracts with a nutrient solution and
phosphorus reduced their negative impact but this reduction
was significant only in objects treated with F. arundinacea,
L. multiflorum and L. perenne leaf extracts. The inhibitory effect of these extracts was already weakened after adding the
nutrient solution (PP). After adding phosphorus (particularly
a single dose), the seed germination was only slightly better
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FIGURE 2 - Ph. pratense seed germination depending on the donor (Fa – Festuca arundinacea, Lm – Lolium multiflorum, Lp – Lolium perenne,
Php – Phleum pratense and Pp – Poa pratensis) and treatment combination (BP – extracts without nutrient solution, PP  extracts enriched
with nutrient solution, PP + P or PP + 2P  extracts enriched with nutrient solution and P or 2P)
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FIGURE 3 - Ph. pratense seed germination under conditions of exposure to Fa – Festuca arundinacea, Lm – Lolium multiflorum, Lp – Lolium
perenne, Php – Phleum pratense and Pp – Poa pratensis leaf water extracts without nutrient solution (BP), extracts enriched with nutrient
solution (PP), extracts enriched with nutrient solution and phosphorus (PP + P) or double dose of phosphorus (PP + 2P), and under controlled
conditions (K) (H2O; H2O + nutrient solution, H2O + nutrient solution + P or 2P respectively)
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FIGURE 4 - Ph. pratense seedling height depending on the donor (Fa – Festuca arundinacea, Lm – Lolium multiflorum, Lp – Lolium perenne,
Php – Phleum pratense and Pp – Poa pratensis) and treatment combination (BP – extracts without nutrient solution, PP  extracts enriched
with nutrient solution, PP + P or PP + 2P – extracts enriched with nutrient solution and P or 2P)
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FIGURE 5 - Ph. pratense seedling height under conditions of exposure to Fa – Festuca arundinacea, Lm – Lolium multiflorum, Lp – Lolium
perenne, Php – Phleum pratense and Pp – Poa pratensis leaf water extracts without nutrient solution (BP), extracts enriched with nutrient
solution (PP), extracts enriched with nutrient solution and phosphorus (PP + P) or double dose of phosphorus (PP + 2P), and under controlled
conditions (H2O; H2O + nutrient solution, H2O + nutrient solution + P or 2P respectively)
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FIGURE 6 - Ph. pratense seedling root length depending on the donor (Fa – Festuca arundinacea, Lm – Lolium multiflorum, Lp – Lolium
perenne, Php – Phleum pratense and Pp – Poa pratensis) and treatment combination (BP – extracts without nutrient solution, PP  extracts
with nutrient solution, PP + P or PP + 2P  extracts with nutrient solution and P or 2P)
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FIGURE 7 - Ph. pratense seedling root length under conditions of exposure to Fa – Festuca arundinacea, Lm – Lolium multiflorum, Lp – Lolium
perenne, Php – Phleum pratense and Pp – Poa pratensis leaf water extracts without nutrient solution (BP), extracts enriched with nutrient
solution (PP), extracts enriched with nutrient solution and phosphorus (PP + P) or double dose of phosphorus (PP + 2P), and under controlled
conditions (H2O; H2O + nutrient solution, H2O + nutrient solution + P or 2P respectively) (Fa – Festuca arundinacea, Lm – Lolium multiflorum,
Lp – Lolium perenne, Php – Phleum pratense, Pp – Poa pratensis)

Compared to the seedling height in the BP combination (extracts without the nutrient solution), acceptor seedlings with a significantly higher plant height were observed
only after adding the nutrient solution (PP) to F. arundinacea leaf extracts and in objects where L. multiflorum extracts were enriched with phosphorus (PP + P or PP + 2P).
In comparison with the objects where extracts with the nutrient solution (PP) were applied, adding phosphorus did
not result in an increased growth rate of the acceptor seedlings in any case (Fig. 5).
Regardless of the combinations used, F. arundinacea, L. multiflorum and L. perenne. water extracts were
the strongest inhibitors of Ph. pratense root growth. The
application of Ph. pratense and P. pratensis extracts also
resulted in significantly shorter roots of the species tested
compared to the control objects (Fig. 6). Regardless of the
donor, the negative impact of the extracts tested (BP) was
reduced to the greatest extent by a single dose of phosphorus (PP + P).
The protective impact of a single dose of ammonium
phosphate (PP + P) was particularly noticeable in objects
with L. muliflorum and L. perenne leaf extracts, while it was
less marked in the case of Ph. pratense and P. pratensis
extracts. Applying a double dose in these objects did not enhance the positive impact of NH4H2PO4 either. Objects
treated with F. arundinacea extracts were the exception to
this positive impact. In comparison with objects where leaf
extracts (BP) were applied, significantly longer acceptor
roots were observed only under a double dose of phosphorus
(Fig. 7).

4. DISCUSSION
In the assessment of the initial growth and development of Ph. pratense (acceptor) exposed to water extracts
from leaves of selected grass species (donors) used in var-

ious combinations (BP – without nutrient solution, PP 
with nutrient solution, PP + P  with nutrient solution and single dose of phosphorus in the form of NH4H2PO4, or PP + 2P
 with nutrient solution and double dose of NH4H2PO4), significant differences were found both in the level of impact of
the particular donors as well as the effectiveness of mitigating their negative impact by NH4H2PO4. The specific
species and cultivars differ with regard to their capacity to
synthesize allelopathic compounds and thus have a varying
allelopathic potential [14].
The strongest negative impact on seed germination,
root length and seedling height of the acceptor was exerted
by F. arundinacea, L. multiflorum and L. perenne. The allelopathic properties of F. arundinacea and L. multiflorum
were confirmed by Smith and Martin [15] as well as Chung
and Miller [16]. Studies by Lipińska [17] also showed that
F. arundinacea leaf water extracts inhibited the initial
growth of other grass and legume species. The allelopathic
activity of F. arundinacea is also evidenced in studies by
Taylor and Grotewold [18] and Buera et al. [19]. Research
by De Bertoldi et al. [20] also showed a negative impact of
extracts from the biomass of F. arundinacea on seed germination capacity as well as root growth of L. sativa. Bourdot et al. [21], Kraus et al. [22] and Lipińska [23] indicated
the allelopathic properties of L. perenne. According to Bostan and Moisuc [24], the existence of areas free of plants as
well as the reduced diversity of species in the neighbourhood of L. perenne can result from the presence of allelopathic compounds. Among the donors studied, Ph.
pratense and P. pratensis demonstrated the weakest allelopathic impact. However, the application of extracts from
the leaves of these species resulted in weaker seed germination of the acceptor than the untreated control. P. pratensis shows an allelopathic impact towards certain grass and
legume species according to the literature as well [16,
25-27]. On the other hand, very few studies confirm the
allelopathic properties of Ph. pratense. It was found that
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Ph. pratense, a species of low competitive capacity,
could grow next to Elytrigia repens only thanks to its allelopathic activity [28].
It was observed that the growth of the tested species
was inhibited to a varying degree depending on the donor
and the parameter being estimated. Water extracts from the
leaves of the tested grass species inhibited Ph. pratense seed
germination and distinctly restrained its root growth. The
studies by Lickfeldtet al. [29] and Ilam and Begum [30] also
confirmed that the roots were more sensitive to the impact
of allelopathic substances than the aboveground shoots. The
lowest degree of inhibition was observed during the growth
of the aboveground shoots.
The present study demonstrated that, regardless of the
donor, the initial growth of acceptor seedlings was significantly greater in objects where leaf water extracts were enriched with the Hoagland (2) nutrient solution or additional
doses of NH4H2PO4 than in objects treated with leaf water
extracts (BP) only. In earlier studies by Lipińska and
Lipiński [6] concerning the mitigation of the negative allelopathic impact by means of magnesium fertilisation, it was
demonstrated that magnesium in the form of magnesium sulphate reduced the negative impact of water extracts from the
leaves of the grasses studied. In studies by Blum et al. [11],
it was also observed that the negative allelopathic impact
was lower in a mineral-rich environment than in the case
of mineral deficiency. It is believed that activated carbon
added to the substrate can considerably reduce the impact
of allelopathic compounds, including phenols [31]. Nilsson
et al. [32] also confirmed that the negative impact of Empetrum hermaphroditum on the neighbouring species was
lower because activated carbon absorbed allelopathic substances from the substrate. According to Blum et al. [33],
the presence of carbon compounds in the soil reduced the
concentration of the p-Coumaric acid that inhibits the
growth of Ipomoea hederacea. The authors above asserted
that the allelopathic impact of this acid was also modified
by a high nitrate content in the soil as nitrates caused an
increase in p-Coumaric acid concentration to the level
where it had a negative impact. Nitrogen availability, and
particularly nitrogen content in the soil, determines the
synthesis of cyanogenic glycoside (regarded as one of the
allelopathic compounds occurring in Sorghum bicolor) [2].
The level of nutrients also proved to be important in
the present investigation. Interesting seedling growth differences were recorded between objects where the nutrient
solution alone (PP) was used and objects additionally enriched with a single (PP + P) or double dose (PP + 2P) of
NH4H2PO4. The most effective mitigation of the allelopathic impact of leaf extracts and consequently, the highest
seed germination capacity and the longest seedling roots of
the acceptors, were observed in objects where a single dose
of phosphorus was applied. On the other hand, the seedling
height in the objects above was similar.
The effectiveness of mitigating the negative impact of
leaf water extracts also depended on the donor. At the stage

of the acceptor’s seed germination and root elongation, a
single dose of NH4H2PO4 (PP+P) proved the most effective, particularly in objects treated with F. arundinacea, L.
multiflorum and L. perenne leaf water extracts, where the
inhibitions were the strongest. However, a single dose of
phosphorus resulted in significantly greater seedling height
only in objects treated with L. multiflorum extracts. The
Hoagland 2 nutrient solution and a double dose of
NH4H2PO4 also proved to be quite effective in mitigating
the negative impact of extracts, particularly from F. arundinacea and L. perenne in the case of seed germination,
and from F. arundinacea in the case of the acceptor’s seedling height. The varying extent to which phosphorus reduces the allelopathic effect depending on its dose and donor conform with the results of research by other authors.
In the studies by Mahmoodi and Hamidi [34], phosphorus
was applied in various doses (0, 50, 100, 150 and 200 kg .
ha-1); a sufficient limitation of the growth parameters of
Sinapis arvensis under the influence of varying donor concentrations was obtained with the dose of 150 kg. Furthermore, studies by Ahmad et. al. [4] on the interaction of
phosphorus and microbes and their impact on the growth
and yield of Gossypium hirsutum L. proved that the 22 kg
 ha-1 dose of P was more effective and more economical
than 44 kg  ha-1. Plants usually take up much less phosphorus than nitrogen or potassium. Thus, the optimum
amount of this ingredient is smaller than the amounts of
other elements [12]. In the investigations conducted, the
concentrations of allelopathic substances in water extracts
from the leaves of the donors not only varied depending on
the donor but were at such a level that a single dose of phosphorus was sufficient to neutralise the donor, and increasing the dose did not lead to such spectacular effects. According to several studies [24, 25, 35], individual grass species, including those assessed in this study, differ with regard to the content of phenolic acids or flavonoids, i.e. allelopathic compounds.
Under field conditions, phosphorus compounds are not
easily available to plants, which may lead to morphological, anatomical, physiological and biochemical changes
[36]. At the initial stage of phosphorus deficiency, the root
length and root surface increases at the expense of the
aboveground part [12]. Plants have mechanisms thanks to
which they can obtain the necessary amounts of mineral
ingredients (provided that these occur in the soil surrounding the roots) by developing additional root hairs or secreting organic substances (organic acids, phenolic compounds) that can dissolve aluminium, ferric or calcium
phosphates. When a sufficient amount of easily soluble
phosphorus compounds is secured, these mechanisms can
be “suspended”, which enables a faster development of the
aboveground part of the plant [3, 37] as attested by the
seedling height observed after supplying ammonium phosphate (particularly a single dose). Furthermore, a better
supply of easily soluble phosphorus compounds can limit
the secretion of enzymes that lead to the decomposition of
phosphate esters [38-41].
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5. CONCLUSIONS
1.

The allelopathic potential varied and depended on
the donor species. The strongest negative impact
was exerted by F. arundinacea, L. multiflorum and
L. perenne.

2.

Enriching the water extracts with a nutrient solution
and additional doses of NH4H2PO4 minimised their
negative impact. The effectiveness of the nutrient
solution and ammonium phosphate varied and depended on the donor and the parameter estimated as
well as on the dose of the phosphate.

3.

The higher seed germination capacity and better
seedling growth of the acceptor under exposure to
water extracts enriched with mineral ingredients,
including NH4H2PO4, in comparison with extracts
without a nutrient solution, indicates the possibility
to mitigate the allelopathic effects of the donors by
applying ammonium phosphate fertilisation in the
initial growth and development stage of Ph.
pratense.
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ABSTRACT
A pilot-scale constructed wetland (CW) has been set
up in Ataköy Biological Treatment Plant (ABTP), Turkey.
Graded-sand and plastic ping-pong balls existed as a soil
simulation in the first reactor, treatment was based on floating duckweed (Lemna minor) in the second reactor. Effluent of Biological wastewater treatment plant was continuously pumped into the pilot-scale CW by different flow rates
and retention times. The average removal rates in the first
reactor were 78 % chemical oxygen demand (COD), 85 %
suspended solids (SS), 38 % ammonium nitrogen (NH3-N),
42 % total kjeldahl nitrogen (TKN), and 25 % total phosphorus (TP) considering the hydraulic retention time (HRT) of
6.7 days and the flow rate of 5.04 l/day, also 69 % COD,
70 % SS, 21 % NH3-N, 32 % TKN and 29 % TP considering HRT of 3.35 days and flow rate of 10.08 l/day. The
average removal rates in the second reactor were 29 %
COD, 42 % SS, 82 % NH3-N, 80 % TKN, and 10 % TP considering the HRT of 11.4 days and the flow rate of 5.04 l/day,
also 45 % COD, 52 % SS, 68 % NH3-N, 56 % TKN and
13 % TP considering HRT of 5.7 days and flow rate of
10.08 l/day. Results of this research show that the proposed
system is successful in terms of removal rates of pollutant
parameters when they are compared to those cited in literature. Low operational costs make it a proper alternative
especially for the developing countries.

KEYWORDS:
Constructed wetland, duckweed, graded-sand, nutrient, organic
matter, ping-pong balls, wastewater treatment.

1. INTRODUCTION
Wetlands are used in the secondary or tertiary stage of
wastewater treatment [1]. CWs not only have the advantages
of the natural wetlands, but they can also be controlled to
* Corresponding author

prevent improper conditions that may arise in natural wetlands [2]. In duckweed systems, as well as in other lagoon
systems, most of the biological activity is stimulated by
bacterium flora attached to the plant roots and suspended
in the water [3, 4]. Within these systems, plants form a
cover over the entire surface of the water. In some species,
the cover reaches 1-2 cm in depth so the plants start to grow
over one another [5, 6].
Duckweed has a high specific growth rate of 0.1–
0.35 g/g.day (ratio of the plant weight maturing within
1-day to the plant weight at the beginning). This growth
rate approaches that of bacteria and algae. The maximum
temperature for duckweed to growth is around 34 ºC. At
temperatures below 10 ºC, growth declines [7].
Within this study, removal capacity for organic matter
and nutrients from domestic wastewater was assessed using the CW pilot plant consisted of two reactors. First reactor consisted of graded sand and plastic ping-pong balls.
The first reactor was used primarily to reduce the suspended solids and also for the removal of the nutrients [8,
9]. Floating duckweed (Lemna minor) existed in the second
reactor.
Further treatment was applied for water coming from
algae stabilization ponds, aerated lagoons [10, 11]. Denitrification was applied before the discharge of wastewater
into a stream or lake. These were the two purposes for the
usage of the treatment based on duckweed [12, 13].
The main goal in this research was to conduct an innovative approach to increase the removal efficiency of the
pollutants in the wastewater. Similar systems for the same
purposes were being used and they are cited in literature
[14 - 16]. Reactors’ influents and effluents were analyzed
for pH, chemical oxygen demand (COD), suspended solids
(SS), ammonium nitrogen (NH3-N), total kjeldahl nitrogen
(TKN) and total phosphorus (TP).
Results show that the proposed CW pilot plant is successful in terms of removal efficiency for the above mentioned pollution parameters. It is easy to apply, cost efficient and also feasible for the further treatment of effluent
wastewater in environments.
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2. MATERIALS AND METHODS
A pilot-scale CW was set up at the ABTP to observe
the effect of duckweed on the treatment efficiency. The
CW pilot plant consisted of two reactors. The first reactor
had a size of 80x50x40cm (LxWxD). This reactor was
composed of four layers. These are ping-pong balls, gravel,
gravel-sand combination and sand. The first reactor was
used to reduce the suspended solids.
The second reactor contained duckweed (Lemna minor), and it had a size of 50x50x30 cm (LxWxD) sizes. The
water column in the reactor was 40 cm high. Four baffles
were installed within the reactor at an equal distance to
keep the plug flow and prevent duckweed heap in any corner of the reactor due to wind inductions. The two reactors
were connected by a cascade aeration unit made of polyvinylchloride (PVC).

The second reactor received water from the first reactor
using gravity. The aim of using the cascade aeration here
was to increase the dissolved oxygen level in the wastewater
entering the second reactor, and letting nitrification take
place. Two peristaltic pumps, referred to as P1 and P2, provide help to adjust the flow rate of the pilot scale CW. The
P1 pump transfers the wastewater from the pre-clarifier tank
(C) to the graded-sand reactor (B) where organic matter was
reduced by decomposing carbonaceous matter. Then, the
wastewater was fed into the floating duckweed reactor (D)
to see how much nitrate (NO3) was removed after passing
the cascade. During this operation, water flowing over the
cascade was nitrified by oxygen from the air, and converted
to nitrite (NO2) and NO3, respectively. Portion of the
wastewater arriving at point C was diverted to reactor B to
remark the amount of NO3 removed. P2 peristaltic pump
was used for this issue while wastewater was running over
the cascade by back-cycling (Fig. 1).

FIGURE 1 - Pilot-scale constructed wetland at Ataköy Biological Treatment Plant and first and second reactor compositions.
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The pilot-scale CW was fed by wastewater coming
from the pre-clarifier tank at ABTP. The capacity of ABTP
is 7650 m3/day. Wastewater treatment plant is composed
of pumping station, sand trap, primary settling tank, trickling filters, final settling tank, sludge collection tank, belt
press and sludge decompostition tank. The characteristics
of the pre-clarifier tank effluent are presented in Table 1.
In this study, the system was observed for two different
hydraulic retention times. According to the first scenario,
wastewater was fed into the system by the peristaltic pump
at the flow rate of 5.04 l/day with the hydraulic retention
times of 6.7 and 11.4 days for the first and second reactors,
respectively. Considering the second scenario, the flow
rate doubled as 10.08 l/day with the hydraulic retention
times of 3.35 and 5.7 days for the first and the second reactors, respectively (Table 1).
The first stage of the experiment was conducted from
October to December 2012; the second stage was conducted from February to March 2013. Wastewater samples
were collected from the reactor effluent at definite intervals
on each scenario. Samples were analyzed for pH, COD, SS,
NH3-N, TKN and TP. Standard methods for Examining
Water and Wastewater [17] were used for the determination of parameters. A, B, C and D refer to influent, the first
reactor effluent, the cascade effluent, and the second reactor effluent, respectively (Fig. 1). The samples taken from
points A, C and D were analyzed until the system reached
stability, after which a sample taken from point B was analyzed together with those three points. Samples were
taken at three-day intervals according to the first scenario,
every other day at the beginning of the second scenario
case and at three-day intervals afterwards.
In this research, Lemna minor was chosen as an aquatic
plant. To gain the best treatment, duckweed was harvested
at certain intervals. For the first scenario, the ambient temperature was 11°C with a minimum temperature of 1°C and
a maximum temperature of 19°C. At the beginning of the
study, biomass was harvested twice a week; during the last
three weeks of the first scenario, the harvesting frequency
lessened to two-week intervals. During each harvesting, an
average of 49 g of vegetation on a wet basis was collected.

For the second scenario, the ambient temperature was 01°C with a minimum temperature of -7°C (25 Mar. 2013,
with a -5.5°C average for the day) and a maximum of 6°C
(5 March 2013, with a 5°C average). Snow covered the reactors on some days of February and March. Despite the
snowfall during the second scenario, the biomass in the
second reactor was still present, although without increment in plant growth. For the second scenario, biomass was
harvested only once: 60 g on a wet basis [18].

3. RESULTS AND DISCUSSION
For the first scenario, wastewater flow-rate was 5.04
l/day; the hydraulic retention period was 6.7 days. Samples
were collected from the reactor effluent and COD, TKN,
NH3-N and TP parameters were analyzed. For the second
scenario, the flow-rate was 10.08 l/day; and the hydraulic
retention period was 3.35 days. Samples taken from the reactor effluent, and COD, TKN, NH3-N and TP parameters
were analyzed until the system became steady (Table 2).
The variation of pollutant concentrations in the first reactor
based on two different retention times is given in Table 3.
Based on each scenario, once the system reached steady
conditions, samples were taken from the cascade entry (B)
and from the end of the cascade (C). Then, TKN and NH3N analysis were conducted to find out the effect of the nitrification on cascade for nitrogen removal. For the first
scenario, inflow wastewater flow-rate was 5.04 l/day. The
samples were collected on the 38th, 41st, 44th days after the
system reached steady conditions. According to the second
scenario, the flow-rate was 10.08 l/day. The samples were
collected on the 29th, 32nd and 35th days after the system
reached steady conditions. See Table 4 for the analysis results.
On the first scenario, influent wastewater flow-rate
was 5.04 l/day and the hydraulic retention period was 11.4
days. Samples collected from the second reactor effluent
were analyzed for COD, TKN, NH3-N and TP parameters
until the system reached steady conditions. In the second
scenario, water was fed into the system at the flow-rate of

TABLE 1 - The characteristics of the pre-clarifier tank effluent.
Parameter
pH
CODa (mg/l)
TKN(mg/l)
NH3-N(mg/l)
TP(mg/l)
SS(mg/l)

Sampling time
11
11
10
10
10
11

Scenario

Flow rate
(l/day)
5.04
10.08

Maximum
7.34
243
35.8
33
2.7
75

Minimum
7.14
178
25.6
19.6
1.59
38

Average
7.22
215
30.6
22.7
2.04
50.3

First Reactor, 34 liter

1
2
a

Standard Deviation
0.07
21.8
3.63
4.03
0.36
11.9

Second Reactor, 57 liter

Hydraulic retention
time (days)
6.7
3.35

Flow rate
(l/day)
5.04
10.08

COD concentration in a 24-hour composite sample taken from the primary settling tank on 23/10/12 was 259 mg/l.
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Hydraulic retention
time (days)
11.4
5.7
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TABLE 2 - Analysis results for the first reactor according to the first and second scenarios.

Date in 2012
31 October Entry
02 November
08 November
11 November
14 November
17 November
20 November
23 November
26 November
29 November
02 December
05 December
08 December
11 December
14 December
17 December
Average
Date in 2013
18 Feb., Entry
20 February
22 February
25 February
01 March
05 March
08 March
12 March
15 March
19 March
22 March
25 March
Average

Time passed,
(days)
2
8
11
14
17
20
23
26
29
32
35
38
41
44
47
Time passed
(days)
2
4
7
11
15
18
22
25
29
32
35

First Reactor in the First Scenario
SS, mg/l
COD, mg/l
44
233
3
34
9
39
21
82
2
35
10
35
2
39
3
42
6
52
7
31
2
54
14
73
7.2
47
First Reactor in the Second Scenario
SS, mg/l
COD, mg/l
49
16
21
15
14
17

227
59
65
57
62
61

TKN, mg/l

NH3-N, mg/l

TP, mg/l

35.8
17.4
15.1
11.8
17.9
17.4
17.4
19.6
18.5
17.9
23.5
23.5
25.6
13.4
14.6
19.6
18

33.0
10.6
12.3
11.8
14.6
14.0
15.1
17.4
19.0
16.8
20.2
16.8
18.5
11.2
12.2
15.9
15

2.68
2.28
2.10
1.43
1.73
1.63
1.49
1.18
1.65
1.25
1.28
1.20
1.37
1.5

TKN, mg/l

NH3-N, mg/l

TP, mg/l

28.6
21.2
18.3
14.8
21.0
23.5
21.9
23.5
19.0
21.3
21.8
20.3
21

21.3
16.8
14.0
10.6
16.8
15.1
18.5
19.6
15.7
19.3
19.6
18.5
16.8

1.97
1.38
1.16
1.27
1.41
1.37
1.54
1.78
1.61
1.59
1.80
1.61
1.5

TABLE 3 - The variation of pollutant concentrations in the first and second reactors based on two different retention times.
Retention time (days)
6.7
3.35
Retention time (days)
11.4
5.7

SS, mg/l
Inflow
Outflow
48.5
7.2
54.6
16.5
SS, mg/l
Inflow
Outflow
7.2
4.2
16.2
7.8

COD, mg/l
Inflow
Outflow
215
47
197
61
COD, mg/l
Inflow
Outflow
46.9
33.5
67.6
37.3

10.08 l/day; the hydraulic retention time was 5.7 days. See
Table 4 for the analysis results. The variation between pollutant concentrations for the retention times of 5.7 and 11.4
days in the second reactor is presented in Table 3.
In the graded-sand system, a large amount of organic
matter as well as total phosphorus removal takes place because of suspended-solids removal. The suspended solids
(SS) were composed of organic matter and total phosphorus (TP). Therefore, the organic matter and nutrient removal rate were assumed to be related to suspended solids
removal rate. The primary removal mechanisms of total
kjeldahl nitrogen (TKN) and ammonium nitrogen (NH3-N)
in the first reactor were filtration, anaerobic decomposition

TKN, mg/l
Inflow
Outflow
31,1
18
30.2
20.5
TKN, mg/l
Inflow
Outflow
18.2
3.6
20.6
9.1

NH3-N, mg/l
Inflow
Outflow
24,3
15
21.4
16.8
NH3-N, mg/l
Inflow
Outflow
15.2
2.7
16.8
5.3

TP, mg/l
Inflow
Outflow
2
1.5
2.1
1.5
TP, mg/l
Inflow
Outflow
1.55
1.4
1.5
1.3

and nitrification in the cascade aeration. As it is seen from
the results, the effect of cascade aeration unit was declined
at lower hydraulic retention times. Decreasing the hydraulic retention time in the first reactor at the second scenario
caused decline of the removal efficiencies of all the parameters except total phosphorus (TP) removal rate. Total
phosphorus concentration in influent during the second
scenario was higher than the total phosphorus concentration in the first scenario whereas the effluent concentrations were the same in both scenarios. This shows the increment in phosphorus removal efficiency. We may decide
that in CW systems the effect of packing materials on overall treatment efficiency is higher with a smaller hydraulic
loading. Removal rates in percent are shown in Table 5.
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Experiments show that packing materials in constructed
wetlands (CWs) are efficient for the suspended solids (SS)
and the organic matter removal. Also, the nutrient removal
rate in the CWs was limited with the suspended part of it. In
the second reactor, which was designed as an aquatic plant
system containing duckweed (Lemna minor), the study conducted for two different retention times. The effluent water
concentrations from the first reactor changed due to the different hydraulic loadings (Table 5).

It was noted that the SS removal rate increased when
the hydraulic retention time decreased [19, 20]. Results
have pointed out lower COD removal rate when the hydraulic loading decreased. It is obvious that the higher the
organic matter loading is, the greater the COD removal rate
is. But, COD removal rates remained rather low when compared to those in the literature cited, for example, between74-78% for 3.3 cm pond depth, 3 days HRT; and
72% for 14 cm pond depth, 7 days HRT [21]. Also, as high

TABLE 4 - The analysis results based on the first and scenarios.

Date in 2012
08 December
11 December
14 December
17 December
Date in 2013
19 March
22 March
25 March
Date in 2012

Second Reactor - First Scenario

Influent, average
08 November

8

9

24

3.4

3.4

2.71

11 November

11

9

29

5.6

2.2

1.78

14 November

14

3

36

2.8

2.2

1.55

17 November

17

3

32

2.2

1.7

1.04

20 November

20

3

30

2.2

2.2

1.37

23 November

23

3

27

2.2

1.7

2.05

26 November

26

4

35

3.4

3.4

1.17

29 November

29

2

51

2.8

2.2

0.99

02 December

32

2

40

2.8

2.8

1.02

05 December

35

-

-

1.7

1.7

1.07

08 December

38

-

-

7.3

3.9

1.05

11 December

41

-

-

7.3

3.4

1.17

14 December

44

-

-

2.2

4.4

1.12

17 December

47

4

31

4.5

2.6

1.25

-

4.2

33.5

46.2

2.7

1.38

Influent, average

-

16.2

68

20.6

16,8

1.50

2013, 20 February

2

5.7

1.1

1.13

22 February

4

12.6

7.3

1.10

25 February

7

7.5

5.0

1.15

01 March

11

11.0

6.7

1.10

05 March

15

6.1

1.7

1.08

08 March

18

8.8

5.0

1.34

12 March

22

15 March

25

Average

Second Reactor-Second Scenario

Flow-rate of 5.04 l/day
TKN, mg/l
NH3-N, mg/l
Time passed (days)
B (inflow)
C (Outflow)
B (inflow)
C (Outflow)
38
28.0
25.6
19.6
18.5
41
20.9
13.4
18.5
11.2
44
20.1
14.6
16.7
12.2
47
27.9
19.6
21.8
15.9
Flow-rate of 10.08 l/day
TKN, mg/l
NH3-N, mg/l
Time passed (days)
B (inflow)
C (Outflow)
B (inflow)
C (Outflow)
29
21.3
21.3
19.6
19.3
32
21.9
21.8
20.2
19.6
35
21.3
20.3
19.6
18.5
Time passed,
SS,
COD,
TKN, mg/l
NH3-N, mg/l
TP, mg/l
(days)
mg/l
mg/l
7.2
47
18.2
15.2
1.55

12

6

10

43

53

27

8.4

5.0

1.70

10.0

6.7

1.39

19 March

29

8.9

5.6

1,37

22 March

32

10.0

6.7

1.61

25 March

35

3

26

10.6

7.3

1.52

Average

-

7.7

37.2

9.1

5.3

1.31
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TABLE 5 - Removal efficiencies and the effluent water concentrations of the first and second reactors.
Reactor
1st
2nd
Reactor
1st
2nd

Retention time
(days)

Flow rate (l/day)

6.7
3.35
11.4
5.7
Scenario

5.04
10.08
5.04
10.08
Hydraulic loading
m3/ha.day
157.5
315
336
672

1
2
1
2

SS,
mg/l
85
70
42
52
SS, mg/l

COD,
mg/l
78
69
29
45
COD, mg/l

7.18
16.2
4.64
7.75

47
67.6
33.7
37.2

a rate as 90-97% of COD removal rate has been reported
with a 20-day period of hydraulic retention time [22, 23].
Another study, however, reported that COD removal rate depends on the effluent ammonium (NH4) concentration [24].
Lowering the hydraulic retention time resulted in a decline
in TKN and NH3-N parameters. The removal rates were closer
to those in the literature. With the shorter hydraulic retention time, lower TKN and NH3-N removal rates were observed. When the second reactor operated with the hydraulic
retention time of 11.4 days, the removal efficiencies for
TKN and NH3-N were 80% and 82%, respectively, with effluent concentrations of 3.6 mg TKN/l and 2.7 mg NH3-N/l.
When hydraulic retention time was lessened to 5.7 days according to the second scenario, the removal efficiencies
measured were 56% TKN+ and 68% NH3-N, with average
effluent concentrations of 9.06 mg TKN/l and 5.29 mg
NH3-N/l. These removal efficiencies are close to those in
literature cited where TKN removal efficiencies for the
HRT of 12 days are mentioned as 94%; and for 10 days, it
is mentioned as 75-89% [25 – 27]. Besides, the maximum
NH3-N removal efficiencies for HRT of 5 and 10 days are
80% and 90%, respectively [28]. According to our estimations, 30-47% of the total nitrogen removal rate is because
of the duckweed (Lemna minor). Also 8-24% because of
the biofilm dependent on the duckweed cover, and 20-27%
because of the nitrification and denitrification take place
within the biofilm above the duckweed. Vermaat and Hanif
[25], Galanopoulos et al. [29] and Monette et al. [30], respectively noticed that 30%, 20% and 13% of the total nitrogen is removed by duckweed. As a result, 76-82% of the
total nitrogen removal is “related” to the duckweed. Total
phosphorus (TP) influent and effluent concentrations in the
second reactor for the first scenario were 1.55 mg/l and
1.38 mg/l, and for the second scenario were 1.50 mg/l and
1.32 mg/l, respectively. TP removal rates were lower when
compared to those in literature. Because the microbial hydrolysis of large phosphorus molecules was slow, biomass
growth was restricted. Another reason for low TP removal
rates must be C:N:P ratio, which was not suitable for proper
microbial and duckweed growth. A phosphorus removal of
77% was reported for an organic loading of 0.08 g TP/m2day
with a hydraulic retention time of 20 days [22]. Vermaat
and Hanif [25], Monette et al. [30] and Bouali et al. [31],

Removal Efficiency ( %)
TKN,
NH3-N, mg/l
mg/l
42
38
32
21
80
82
56
68
TKN, mg/l
NH3-N, mg/l
18.3
20.1
3.6
9.06

15.1
16.8
2.7
5.29

TP, mg/l
25
29
10
13
TP, mg/l
1.55
1.5
1.38
1.32

respectively remarked that the duckweed was responsible
for 56%, an almost negligible amount and 7% of the TP
removal. Vermaat and Hanif [25] also noticed that 31-71%
of the TP removal because of absorption by the biomass
above it. Thus, 63-83% of the total removal would be related to the duckweed. It has also been noted that biomass
growth may be inhibited by the slow microbial hydrolysis
of large phosphorus molecules since the reduction of total
phosphorus concentration is at the same rate only with biologically available O-PO4-3 [32]. Low phosphorus removal
efficiency in the duckweed system during this research may
be explained by this phenomenon. There was little change in
the TP removal rates in the second reactor. In an experimental study conducted with duckweed, it was observed that
PO4-P removal efficiency did not change substantially with
the HRT between days 3 and 6. Removal efficiencies as high
as 77% TP and 97% ortho-P with only 2.4 mg P/l in effluent were reported for an HRT of 12 days [18]. Besides 56%
TP and 81% ortho-P was removed for 10 days HRT [25 –
27]. Thus, the treatment systems constructed with aquatic
plants are noted as suitable for secondary and advanced
treatment stages. It was thought that the CWs are feasible
for medium to high populated places.

4. CONCLUSION
Pilot-scale constructed wetland (CW), which consisted
of two reactors, was implemented in Atakoy district of Istanbul, Turkey, for treating organic matters and nutrients.
In the first reactor, graded-sand and plastic balls existed as
a soil simulation; and in the second reactor, floating duckweed (Lemna minor) existed. Treatment systems employing duckweed are suitable for secondary and tertiary treatment stages, feasible for further treatment of effluent
wastewater in environments ranging from small residential
areas to urban regions with a high population density. Low
operational costs make this system a suitable alternative in
developing countries. In the first reactor; the average removal rates were 78 % COD, 85 % SS, 38 % NH3-N, 42 %
TKN, and 25 % TP considering the hydraulic retention
time (HRT) of 6.7 days and the flow rate of 5.04 l/day. Also
69 % COD, 70 % SS, 21 % NH3-N, 32 % TKN and 29 %
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TP were removed considering HRT of 3.35 days and flow
rate of 10.08 l/day. In the second reactor; the average removal rates were 29 % COD, 42 % SS, 82 % NH3-N, 80 %
TKN, and 10 % TP considering the hydraulic retention
time (HRT) of 11.4 days and the flow rate of 5.04 l/day.
Also 45 % COD, 52 % SS, 68 % NH3-N, 56 % TKN and
13 % TP were removed considering HRT of 5.7 days and
flow rate of 10.08 l/day. Results of this research show that
in the graded-sand system, a tremendous amount of organic
matter as well as total phosphorus removal takes place because of suspended-solids removal and filtration. According to the results of this project, CWs are proposed to be
constructed to assist domestic wastewater treatment around
the natural lakes and reservoirs situated in watersheds.
These watersheds can provide the potable or necessary water supply of Istanbul. Hence, the project fulfilled its purpose. Further studies should be conducted to have a better
understanding of the local climate effect on the treatment
efficiency of the wastewater parameters addressed by these
systems. Considering the results of this study, researchers
from different regions of the world can decide on the feasibility of using these CWs for researches that are conducted in their countries. This paper has the potential on
focusing on a target reader in water quality sector.

[8]
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SHORT-TIME EFFECTS OF ENVIRONMENTAL
CONDITIONS ON 3,4-DICHLOROANILINE UPTAKE IN RICE
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ABSTRACT
The effects of light quantity and relative humidity on
the uptake of 3,4-dichloroaniline in rice (Oryza sativa L.
cv. Dion) plants grown hydroponically were investigated.
Results revealed that under high light quantity/low relative
humidity conditions plants showed a noticeable higher uptake capacity for 3,4-dichloroaniline compared to high
light quantity and low light quantity/high relative humidity
conditions, irrespective of time (24, 48 and 72 h). In addition, under low relative humidity conditions plants removed the total amount of the initial applied 3,4-dichloroaniline from the growth solution after 72 h. Plant growth,
as expressed by fresh weight, seems to have no considerable impact on the increased uptake of 3,4-dichloroaniline
by plants under low relative humidity conditions throughout the experimental period. Finally, under low relative humidity conditions plants subjected to high 3,4-dichloroaniline concentration were found to exhibit a significant and
quick uptake ability.
KEYWORDS: Oryza sativa; dichloroaniline; absorption; light quantity; relative humidity.

1. INTRODUCTION
3,4-Dichloroaniline (DCA) is a chloroaniline utilized
as an intermediate in the production of herbicides and azo
dyes [1]. It can be released to the environment through several ways e.g. as a degradation metabolite of propanil [2]
and diuron [3]. DCA is reported to be toxic to living organisms e.g. immunotoxicity, nephrotoxicity and splenotoxicity to mammals [4], toxicity to plants [1] and additionally
presents adverse effects on growth, reproduction and survival of specific crustaceans [5].
High concentrations of DCA, varying from 16.5 to
470 μg L-1, have been detected in Spanish rice paddy waters [6] and attributed to the rapid degradation of propanil.
Primel et al. [7] assessed the contamination risk of surface
* Corresponding author

waters adjacent to irrigated rice farming in Brazil, after the
monitoring of propanil degradation, which resulted in high
DCA concentrations of 567 μg L-1. Based on their results
they recommended the maintenance of irrigation waters after propanil application in order to avoid watercourse contamination with the herbicide and with its rapid degradation metabolite (DCA). The monitoring of DCA dissipation in different rice management systems revealed the detection of higher concentrations (147 μg L-1) in paddy water early after herbicide application, indicating a higher risk
for water network contamination at that period [8].
In Greece there is no available information on detected
concentrations of DCA in waters. Surveys on the status of
pesticide pollution in surface waters, however, reveal that
pesticide classes mostly detected include herbicides widely
used in corn, cotton and rice production [9]. In particular, the
southern part of the Axios river basin is considered as one of
the main rice cultivation regions in Greece, where rice is cultivated under flooded conditions, increasing thus the probability of water contamination. The almost uniform distribution of propanil residues across the basin is attributed to rice
cultivation, given that concentrations of propanil as high as
20 μg L-1 have been measured in river samples [10].
The present study deals with the effects of environmental conditions on the uptake of DCA by rice plants. Previous
studies on the uptake of DCA by various plant species
mostly focuses on its metabolic fate [11] whereas in general,
only a few experimental data are available on the DCA uptake ability by crop plants under various environmental conditions [12-14]. On the other hand, rice (Oryza sativa L.) is
the most important cereal crop planted on 11% of the
world’s cultivated land and it consists a primary food source
for half of worldwide population, since almost one fourth
of the calories consumed by humans derives from this cultivation [15]. The rice plants show, in general, significant
potential to extract hazardous environmental contaminants
e.g. heavy metals [16] and trace elements [17] from nutrient solution whereas they also decrease the amounts of organic pollutants e.g. atrazine and metolachlor in contaminated soils [18]. The present study focuses then on the
short-term effects of light and humidity conditions on the
uptake of DCA by rice plants.
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2. MATERIALS AND METHODS
2.1 Experimental material and conditions

Certified seeds of the Japonica type rice (Oryza sativa
L. cv. Dion) widely cultivated in Greece [19] were used.
Seeds germinated in plastic pots (filled with moist perlite) in
a growth chamber (GRW-1000 TB/CMP2, Chryssagis,
Greece) at day/night temperature (T) 28/20 ± 0.4oC (mean ±
standard error of mean) and 80 ± 2% relative humidity (RH)
under a 14 h photoperiod (P) with a photon flux density
(PFD) of 460 μmol m-2 s-1 provided by cool daylight fluorescent (F 36 W/54-765, Sylvania, USA) and neutral light
halogen metal halide (Powerstar HQI-TS, 400 W, Osram,
Germany) lamps. All environmental parameters were measured using appropriate sensors (model 809 L 0-100, Wilh.
Lambrecht GmbH, Germany; accuracy ± 0.3oC at 0oC and ±
2.5% for T and RH, respectively and model LI-COR, Nebraska, USA; sensitivity of 8 μΑ per μmol m-2 s-1 for PFD).
Note that the PFD value of 460 μmol m-2 s-1 provided an average daily light quantity (DLQ) of 23.18 ± 1.0 mol m-2 d-1.
Values of environmental conditions are shown in Table 1.
Seedlings of a uniform vigour were selected from the
germination pots at the 1st leaf stage. Αfter the removal of
all root-bond perlite, the immersion of roots in aqueous sodium hypochlorite solution (1%) and their immediate rinsing, the seedlings were placed in appropriate cups containing 80 mL of standard ¼ strength Hoagland’s solution [20]
which provided sufficient support of the stems and contact
of roots only, with the aforementioned solution. After their
remaining for 3 days to the environmental conditions described above (28/20oC, 80% RH, 23.18 mol m-2 d-1 DLQ)
the seedlings were transferred to new cups each containing
80 mL of the standard ¼ Hoagland’s solution plus 100 μΜ
of DCA (1296 μg DCA in methanol per cup), after a rinsing
of the roots with deionized water. The plants were grown
in the DCA solution (DCAS) under different environmental conditions (Table 1). It is important to note that these
conditions were selected carefully considering the climatic
T, radiation and RH data of the rice cultivation period and
regions in Greece. According to these considerations, the
low light and high relative humidity combination was not
evaluated since it is not representative of the environmental
conditions of the rice cultivation regions in Greece.

Thus, there were three times of analysis, 1st, 2nd and 3rd
day’s responding to 24, 48 and 72 h, respectively. For each
analysis, DCA uptake by the rice plants was calculated by
subtracting the measured concentration of DCA in the
DCAS from the concentration of DCA initially added to the
growth solution. At the same time, the fresh weight (FW) of
the plants (shoots and leaves) was measured.
Taking into account the complete removal of DCA exhibited by the plants at the 3rd time of analysis (TIME) under the hLQ/lRH conditions, it was considered appropriate
to test the uptake ability for higher DCA concentrations by
rice plants. For this purpose, at the 2nd TIME the remaining
DCAS in the hLQ/lRH conditions, was replenished with
the initial concentration of DCA (1296 μg per cup) up to
the volume of 80 mL. Thus, in this case, a new analysis of
DCA uptake was performed for plants grown in the replenished DCAS for 24 h.
2.2 Quantitative determination of DCA in the growth solution

By performing preliminary tests using the same cups,
environmental conditions and DCAS omitting the rice
plants, it was confirmed that no sorption of DCA to the
cups took place. Following the experimental procedure described above it was also confirmed that the applied initial
concentration of DCA remained the same, excluding thus
its microbial or other transformation/transfer processes.
Preliminary tests using the same cups, environmental conditions and Hoagland’s solution containing only methanol
(0.2 mL per cup), revealed no effects of this solvent on rice.
In each analysis, after the removal of rice plants from
the cups, the remaining DCAS was diluted with deionized
water to the initial volume (80 mL). Subsequently, the concentration of DCA was determined colorimetrically [21] in
3 mL aliquots using an ultraviolet/visible spectrophotometer (Jasco V-530, USA) by performing absorbance measurements at 555 nm and the limit of detection was estimated as 3.6 μg DCA per 3 mL aliquot, according to the
linear regression method [22]. The colorimetric method
has been routinely used for the quantification of DCA in
soil solution with comparable results to those obtained
from the application of the High Performance Liquid Chromatography (HPLC) method [23].
2.3 Statistical analysis

TABLE 1 - Environmental conditions during rice growth.
1

2

3

4

DLQ
RH
P
(mol m-2 d-1)
(%)
(h)
hLQ/hRH7
23.18±0.9 (460)6 80±0.2
80±0.2
14
28/20±0.45
9.73±0.5 (193)
lLQ/hRH
23.18±0.9 (460) 40±0.1
hLQ/lRH
1
T: Temperature, 2DLQ: Daily Light Quantity, 3RH: Relative Humidity,
4
P: Photoperiod, 5:mean ± standard error of mean, 6The number in parenthesis is the value of photosynthetic photon flux density (PFD),
7
hLQ/hRH: high daily Light Quantity/high Relative Humidity, lLQ/hRH:
low daily Light Quantity/high Relative Humidity, hLQ/lRH: high daily
Light Quantity/low Relative Humidity.

Rice

T
(oCday/oCnight)

DCA uptake was calculated for a period of 3 days,
every 24 h, after the placement of the plants within DCAS.

The first experiment was carried out according to the
two-factor completely randomized design. The factors were
TIME with three levels (1st, 2nd, 3rd day) and the environmental condition (EC) with three levels too (hLQ/hRH, lLQ/hRH,
hLQ/lRH). There were 6 cups (replications) per level of each
factor, 4 plants per cup and 2 sets of experiments, in order
to reduce possible random effects [24], totally 432 rice
plants. Also, the experimental cups were rotated within
each plot daily, so as to ensure as possible as uniform exposure of plants to environmental conditions. The experiments led to similar results and thus, data of only one of
the experiments are presented here. The significance of effects of TIME and EC, separately on the uptake of DCA by
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the plants as well as on their FW, was estimated by analysis
of variance (ANOVA). Where appropriate, means were
compared using Tukey’s HSD test. The second experiment
under hLQ/lRH conditions involved two treatments (6 cups
and 4 plants per cup) for the comparison of the DCA uptake
by rice plants grown in the replenished DCAS and of the
DCA uptake by rice plants grown in the non replenished
DCAS and was carried out according to t-test. Statistical
analysis was performed using SPSS version 8.0 for Windows. Results were considered to be significant at P≤0.05.

3. RESULTS AND DISCUSSION
Both time of analysis and environmental condition affected significantly the uptake of DCA by rice plants as well
as their fresh weight as shown in Table 2, according to
ANOVA estimation. The interaction of the aforementioned
factors was significant in the case of the DCA uptake.
TABLE 2 - Analysis of variance for the effects of time of analysis
(TIME) and environmental condition (EC) on the uptake of DCA by
rice and on its fresh weight (FW).
Uptake of DCA1
(μg plant-1)

FW2
(mg plant-1)

df3
FV4
TIME5
2
279.67***
34.22***
EC6
2
197.67***
4.52*
4
26.42***
0.34ns
TIME x7 EC
1
DCA: 3,4-dichloroaniline, 2FW: Fresh Weight , 3df: degrees of freedom,
4
FV: value of variance ratio, 5TIME: Time of analysis (1st, 2nd, 3rd day),
6
EC: Environmental Condition (high daily light quantity/high relative humidity, low daily light quantity/high relative humidity and high daily light
quantity/low relative humidity), 7x: interaction, ***,*: significant at
p≤0.001 and 0.05, respectively, ns: not significant (p>0.05).

The uptake of DCA by experimental plants is shown
in Table 3. Results of Tukey’s HSD test show that the
plants took up significantly greater amounts of DCA from
the DCAS in hLQ/lRH compared to hLQ/hRH and
lLQ/hRH conditions, independently of analysis time. It is
interesting to note that under hLQ/lRH conditions the rice
plants took up noticeable amounts of DCA even from the
1st measurement day (almost 54% of its initial amount)
whereas at the 3rd day’s analysis the experimental plants
took up the total concentration of DCA under the aforementioned conditions. Also, at the same time the uptake of
DCA under hLQ/lRH was almost 80% more than its respective amount under lLQ/hRH conditions. Under hRH
conditions, DLQ appeared to have no consistent effect on
the uptake of DCA by the rice plants, considering the
whole experimental period.
On the other hand, a significant increase of the DCA
uptake by the rice plants was observed at the 3rd TIME, irrespective of environmental condition (Table 3). A significant increase of the DCA uptake took place in the case of
the hLQ/lRH conditions.
The pronounced impact of lRH on plant uptake of
DCA (Table 3) could be attributed possibly to the increased

TABLE 3 - Influence of time of analysis and environmental conditions on the uptake of DCA by rice.
Uptake of DCA1 (μg plant-1)
Time of analysis (days)
1
2
3
hLQ/hRH 2
121.5±3.663 a4 a5 144.3±12.42 a4 a 226.5±4.52 b4 b
lLQ/hRH
135.8±1.30 a a5 148.3±2.52 a a 180.7±3.13 a b
hLQ/lRH
174.4±3.16 b a5 207.5±6.96 b b 324.0±0.006 c c
1
DCA: 3,4-dichloroaniline, 2hLQ/hRH: high daily Light Quantity/high
Relative Humidity, lLQ/hRH: low daily Light Quantity/high Relative Humidity, hLQ/lRH: high daily Light Quantity/low Relative Humidity,
3
mean ± standard error of mean, n=6, 4In each column entries with different letters indicate significant differences between different environmental conditions at p≤0.05 according to Tukey’s HSD test, 5In each row entries with different letters indicate significant differences between different time of analysis (days) at p≤0.05 according to Tukey’s HSD test, 6In
this case, the standard error of mean is zero because no differences were
observed among replications.
Environmental
conditions

plant transpiration which is expected under the aforementioned conditions. A similar hypothesis was suggested by
Droulia et al. [12] given that maize plants grown under low
relative humidity conditions presented significantly higher
DCA uptake compared to high relative humidity conditions. Kuwagata et al. [25] reported a higher daily transpiration for rice plants grown under low relative humidity
conditions compared to the respective transpiration under
high relative humidity conditions.
Table 4 shows the FW of rice plants under the examined environmental conditions and TIME. The effect of the
growth environment on the aforementioned plant parameter is confirmed by its significant difference between
hLQ/hRH and lLQ/hRH conditions, according to Tukey’s
HSD test, highlighting thus the importance of high DLQ on
rice FW under high relative humidity conditions. On the
contrary, no significant differences of the plants’ FW were
noticed between lRH and hRH conditions. Thus, under
lRH conditions the plants’ growth as expressed by their
fresh weight, seems to have no considerable impact on the
increased uptake of 3,4-dichloroaniline by the rice plants
throughout the experimental period. Additionally, results
of the Tukey’s HSD test show that the FW was increased
significantly day by day.
TABLE 4 - Influence of time of analysis and environmental conditions on the fresh weight (FW) of rice.
FW1 (mg plant-1)
Time of analysis (days)
Marginal
mean
1
2
3
hLQ/hRH2
44.38±2.383 50.42±4.12
58.35±0.51
51.054 b
lLQ/hRH
40.77±1.10
44.58±2.73
52.85±1.03
46.07 a
hLQ/lRH
42.16±1.81
48.75±1.15
58.96±1.93 49.96 ab
47.92 b
56.72 c
Marginal mean
42.444 a
1
FW: Fresh Weight, 2hLQ/hRH: high daily Light Quantity/high Relative
Humidity, lLQ/hRH: low daily Light Quantity/high Relative Humidity,
hLQ/lRH: high daily Light Quantity/low Relative Humidity, 3mean ±
standard error of mean, n=6, 4The effects of environmental conditions and
analysis time on FW were analyzed according to Tukey’s HSD test, separately because there was no interaction between them.
Environmental
conditions

The rice plants subjected to the DCAS replenishment
under hLQ/lRH conditions took up significantly (t value:
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-5.895) greater amounts of DCA (389.7 μg plant-1) from
the DCAS, after 24 h, compared to the non treated plants
(324.0 μg plant-1). It is important to note that the experimental plants grown for 24 h in the replenished DCAS were
capable of removing more than 60% of the total concentration of DCA and most importantly in a short-time period.
Herbicide precursors of DCA (e.g. propanil), are rapidly metabolized to DCA after their application to rice
fields when plants are very young [26]. Based on the fact
that DCA persists as bound residue in soil, Still et al. [27]
interpret the radioactivity in the rice grains as DCA that
was temporarily immobilized in soil as humic complex and
was made available (through microbial metabolism) for
root uptake during the grain ripening period. Considering
the above, they conclude that little or no health hazard can
be associated with the consumption of market rice, given
that serious intoxication might result from the consumption
of 104 servings, while a lethal dose might be present in 106
servings. However, detection of DCA (0.01-6.19 μg L-1) in
the urine of non-occupationally exposed people [28] raises a
concern for people living in agricultural areas. DCA adducts
to haemoglobin (Hb) have been identified in agricultural
workers even 4 months after the last propanil application in
rice-paddies and assessed as effective markers for monitoring human exposure to DCA from agricultural sources[29].
The levels of exposure to propanil have been assessed by determining the urine concentration of DCA in agricultural
workers [30], indicating also a direct effect of the herbicide
on selected immune parameters. Furthermore, methemoglobinemia incidents following exposure to DCA emphasize
the hazards inherent in herbicide manufacture [31].
Our experimental results highlight the potential of rice
plants for high DCA uptake under specific conditions of
cultivation, which enhance, furthermore, the removal of
this pollutant in a short period. The information obtained
could be used as a first step in designing efficient cleanup
strategies involving intrinsic plant characteristics to accumulate high chloroaniline concentrations in plant biomass.

4. Significant differences were noticed between hLQ/hRH
and lLQ/hRH conditions as regards to the fresh weight
of the rice plants.
5. The plant growth throughout the experimental period,
as expressed by its fresh weight, seems unrelated to the
increased uptake of DCA by the rice plants under lRH
conditions.
6. Under lRH conditions the rice plants exhibited significant uptake ability for high DCA concentration in a
short period of time.

4. CONCLUSIONS
From the present study the following conclusions can
be drawn:
1. The rice plants took up significantly greater amounts of
DCA from the growth solution under high light quantity/low relative humidity (hLQ/lRH) compared to high
light quantity/high relative humidity (hLQ/hRH) and
low light quantity/high relative humidity (lLQ/hRH)
conditions, independently of time.
2. The rice plants took up the total amount of DCA in
hLQ/lRH conditions, after 72 h.
3. A significant increase of the DCA uptake by the rice
plants was measured at the 3rd time of analysis, irrespective of environmental condition whereas in the case of
the hLQ/lRH conditions, a progressively, significant increase of the DCA uptake took place.
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ABSTRACT
The areal distribution and environmental impact of
pollutants from present and past industrial activities are often difficult and expensive to be properly assessed and yet
their evaluation is of paramount importance in accurate epidemiologic studies. We address the case of widespread,
long-lasting occurrence of particulate emission from an
electric arc furnace (EAF) and investigate the potential of
mosses as ubiquitous trap where airborne dust can be held
and stored for many years. Solid particles from moss samples collected up to 15 km from the EAF plant are investigated. Magnetic spherules, which have been identified as a
typical product of EAF manufacturing process, are suggested to be a suitable proxy for associated toxic organic
components, e.g. dioxins and polychlorinated biphenyls
(PCBs). A new expeditious, easy and inexpensive environmental monitoring to detect and characterize past and present pollution is here proposed.

KEYWORDS: magnetic spherules; Electric Arc Furnace Dust;
monitoring; moss; Scanning Electron Microscopy.

1. INTRODUCTION
Electric arc furnace (EAF) manufacturing process involves production of airborne pollutants both as solid particles (dust and smoke), and as organic and inorganic substances in the gaseous state. At any time, the composition
of the emission depends on the composition of the molten
raw material and on the effectiveness of measures implemented to minimize the emissions. Emissions of particulate matter and gaseous compounds occur at all production
stages. Dust formation and composition in EAF is detailed
in Guézennec et al. [1]. These authors show that there is a
* Corresponding author

strong link between mechanism of formation and chemical
composition of spherules. Physical transformations of dust
precursors, such as condensation of the vapours, rapid solidification of the fine projections in contact with a colder
atmosphere, reaction with the carrier gas is responsible for
the enrichment of low boiling heavy metals (Zn, Pb, Cd)
and other hazardous pollutants, as dioxins and polychlorinated biphenyls (PCBs), in the solid particulate matter. The
amount of dust produced can vary between 15 and 25 kg
per tonne of steel [1]. Production of steel by melting of iron
scrap from recycling may produce emission of particular
toxicological impact such persistent organic pollutants
(POPs), including Polychlorinated Dibenzo-p-Dioxins and
Dibenzofurans PCDD/Fs, polychlorinated biphenyls (PCBs)
and polycyclic aromatic hydrocarbons (PAHs) [2-6], together with heavy metals (e.g. Zn, Pb, Cd) concentrate in
the particulate fraction [7].
Primary emissions formed inside the EAF are directly
captured through the so-called fourth hole and conveyed
along the aspiration ducts down to filter bags where most
of the emissions is eventually discharged. The residual gas
and dust, of some micrometres in size are expelled from the
stacks. Due to the dust suppression strategies, particulate
matter from primary emission is generally fine-grained and
uniform in size [1, 8-10]. This dust contains high concentration of hazardous compounds and has to be disposed in
specific sites.
Secondary “fugitive” emissions mainly originate during
charging of scrap into the open furnace and tapping from it,
with significant release of fumes and particulate matter. The
particulate matter shows a wide range of shapes and compositions, depending on its formation mechanism [1].
Part of the emission is captured by secondary systems
of ventilation, but some escape abatement systems, diffuse
inside and outside the plant and can be further dispersed
during handling and storage operations. Fugitive emissions
represent the bulk composition of the emission, including
particulate matter and gaseous compounds and can be responsible for significant environmental pollution.
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In the Valsugana Valley (Trento province, NE Italy),
near the town of Borgo Valsugana, an EAF has been operating since 1979.
Between 2009 and 2010 the Provincial Environmental
Protection Agency (APPA) undertook an environmental
investigation along the Valsugana Valley targeting a belt
of about 50 km centred on the EAF site at Borgo Valsugana
[11]. The investigation included the quantitative determination of heavy metals and persistent organic pollutants
(POPs) in 29 samples of soils, carried out following the
Italian legislation in force (D.Lgs. n 152; 3 Aprile 2006).
The results of the investigation indicated an unusual concentration of some heavy metals (e.g. Zn, Pb), above the
limits set by legislation for soil intended for public and residential use. It also showed that the average amounts of dioxin toxicity equivalents in soils from Borgo Valsugana
and soils from areas far from the EAF plant were almost
identical. Twelve samples only were found to contain PCBs,
except for those dioxin-like.
The unusual concentration of heavy metals was explained as likely to represent a natural background, an interpretation that appears compatible with the occurrence of
sulphide and oxide mineralization in the upper Valsugana
Valley.
Altogether, the results of the investigation were interpreted as not sustaining a significant environmental deterioration, especially connected with the steel plant emissions.
However, the conclusion drawn by APPA appeared in contrast with direct observations of prominent leakage of fumes
from various points of the plant and several episodes of dust
fallout reported for decades by local inhabitants.
Based on this evidence, an independent environmental
investigation was undertaken from, and on behalf of, a
group of medical doctors affiliated to the Italian section of
the International Society of Doctors for the Environment
(ISDE). Given the uncertain attribution of heavy metals
anomaly in soil, either to natural background or to anthropic
source, the new investigation focused on the characterization
and comparison of dust collected inside the steel plant with
dust deposited on the roof of buildings and on many other
surfaces, including soil, in an area up to 1.5 km far from the
steel plant. In targeting the contribution of anthropic pollution, the main advantage of analysing dusts, instead of soil,
is that the results are unequivocal, as they are not masked
by the overall chemical and mineralogical properties of the
substrate. The analysis of dust samples collected at various
sites and on various surfaces (see later) outside the steel
plant showed high content of dioxins, dioxin-like-PCBs
and heavy metals, with the same pattern as those obtained
from dusts collected directly inside the steel plant [12], indicating the connection of hazardous pollutants with the
steel plant emission. At the same time, we undertook a mineralogical, micro-chemical and morphological investigation on dust samples, with the aim of characterizing the
particulate matter and of identifying easy-to-detect fingerprints of the emission, achieving the goal of testing a direct
and inexpensive monitoring tool conceived with the aim of

investigating the areal influence of present and past EAF
related airborne pollution.
The area was also studied in the following years
through conventional and unconventional approaches that
confirmed the importance of assessing the role of fugitive
emissions [3-6].

2. MATERIALS AND METHODS
2.1 Sampling strategies

Mosses are being used for over 40 years in environmental biomonitoring for their aptitude to absorb and accumulate contaminants (bioaccumulation) and for their
morphologic and genetic response to contaminants (bioindication) [13, 14]. In the present study mosses are not used
either as bioaccumulators or as bioindicators, but simply as
a convenient and ubiquitous trap where airborne dust can
repeatedly settle and remain stored for years.
Because of its pervasive diffusion and because of its
peculiar texture that is capable of retaining and storing sizable dust grains, we chose moss as a potentially proper tool
to target the distribution of airborne dusts and, hence, possible associated pollution.
Since sampling was aimed first at checking the distribution of the EAF fallout, mosses were collected, between
2009 and 2011, along the Valsugana Valley at different altitude along its sides and at various distances from the steel
plant (Fig. 1).
A total of 48 moss replicate samples was collected
from colonies developed on rocks, soil, stone walls (Fig. 2)
and, sometimes, directly on old covers and gutters. As a
comparison, 8 samples of moss were also collected outside
the Valsugana Valley in mountain areas far from industrial
settlements (namely in Sella and Fersina Valleys). They
provide a baseline for comparison. Dusts trapped in local,
naturally grown mosses, provide an overall comprehensive
record of dust fallout since the beginning of moss exposure
but cannot discriminate between past and recent contributions or shares from different sources. To identify the contribution of a specific source and discriminate it from the
contribution of other possible sources, it is obviously essential to first characterize the targeted emission, by directly
sampling it at its source. With this aim, we also investigated
dust collected from within the EAF plant, from sand-silt sediments of the Rosta Fredda stream that receives its effluent
water, and also dust collected on surfaces purposely prepared and placed at various distance in the surroundings of
the EAF. For this last samples, glass and plastic plates, with
perfectly clean and smooth surfaces were used and the dust
was removed by feathers and sealed hand magnets.
In autumn 2011, after some retrofitting measures had
been implemented in the EAF, sampling of dust was broaden
to include seasonable elements such as grape leaves and
sorghum cob located 80 m north and south of the EAF and
others between 2 and 4 km west.
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FIGURE 1 - Samples location map. Circles = dust; triangles = moss (upwards = optical microscope analysis; downwards = SEM analysis). The
star indicates the EAF location.

FIGURE 2 - Example of an old, widespread moss colony developed on a dry-stone wall.

2.2 Sample preparation

2.3 Optical microscopy

Moss were dried in oven at 60 °C for one night, gently
shacked to gather the loose part, and then crushed and sieved
to collect the remaining coarser part. The sieved fraction
<0.4 mm was spread on a sheet of paper and magnetic particles were separated by using a small magnet, covered with a
thin tissue.

Magnetic and non-magnetic particles from each sample (either concentrated from moss or from other substrata,
including dust directly collected inside the steel plant) were
examined by stereomicroscope and optical polarizing petrographic microscope. Analysis at the stereomicroscope
showed that magnetic spherules are easy to be identified
thanks to their regular, spherical shape and that they tend
to attract each other forming chain segments. Examination
at the optical microscope was carried out on small amounts
of grains immersed in liquid of known refractive index.
This technique allows to easily distinguish metallic phases
from vitreous spherule and from silicate or carbonate mineral grains from airborne sediments likely deriving from
the substrate and referable to the outcropping sedimentary,
magmatic and metamorphic rock formations.

Samples of dust collected on various surfaces were
first observed with the stereomicroscope and then magnetically separated. The magnetic separation was initially carried out using the Frantz isodynamic magnetic separator,
which allows modulating the intensity of the magnetic field
and is very useful in isolating fragments of moss containing
micro quantities of magnetic dust. We realized later that
the amount of magnetic particles present in mosses and in
dust collected from other surfaces was high enough to be
successfully and expeditiously concentrated with a less sophisticated magnetic device such as a common (albeit
strong) magnet.

2.4 Scanning Electron Microscopy (SEM)

A CamScan MX2500 SEM (Scanning Electron Microscope) has been used, equipped with a LaB6 cathode and a

4604

© by PSP Volume 24 – No 12b. 2015

Fresenius Environmental Bulletin

four quadrant solid state BSE (Backscattered Electrons)
detector.
For X-ray microanalysis an EDAX-EDS (Energy Dispersive Spectroscopy) system was used.
The analytical conditions were: accelerating voltage =
20 kV, filament current ~1.8 A, filament emission ~60 μA,
beam current ~100 nA, working distance ~25-27 mm.
Observation by BSE is used to identify evident compositional differences among particles (brightness in the
grey-shaded image is directly related to the mean atomic
number). X-ray microanalyses were carried out to detect
and estimate the elemental composition of targeted particles. X-ray spectra are added to BSE images to qualitatively
represent the chemical composition of the analysed particles.
In the presentation of these data, symbols are used, for example Fe-O, to indicate that the analysed particle is composed mainly by iron and oxygen, not giving further information on the oxidation state or the stoichiometry.
In the presented spectra, labels for some minor elements, oxygen included, are intentionally omitted. Oxygen
slightly revealed in mostly metallic particles can be reasonably interpreted as a thin oxide layer covering the particles.
In all the spectra, the y-coordinate indicates the relative intensity of peaks and the x-coordinate displays energies ranging between 0.4 to 12.0 keV.
2.5 X ray powder diffraction (XRPD)

XRPD analysis was occasionally performed in order to
check the mineral content of some samples. XRPD data
were recorded on a PANalytical θ-θ diffractometer (Cu radiation) equipped with a long fine-focus Cu X ray tube operating at 40 kV and 40 mA and a RTMS detector (X’Celerator). The active length (detector aperture) is 2.122°. The
data were collected in the angular range 3–67° in 2θ in continuous mode. The program High Score Plus (PANalytical)
was used for phase identification.

3. RESULTS AND DISCUSSION
Observations and analyses done on the samples are
briefly resumed in Table 1, and described in more detail in
the following chapters.
3.1 Samples collected inside the EAF plant

I1 - The sample, collected on a step of the stair (catwalk) that lead to the roof of the plant, is a fine grey-brown
dust mostly attracted by the magnet. The remaining nonmagnetic fraction consists of light grey to white granules.
This sample is representative of fugitive emission.
Optical examination shows that dust is characterized
by the presence of opaque or translucent (vitreous), almost
always optically isotropic, spherules and irregular granules
(Fig. 3).
X-ray diffraction analysis shows that the magnetic
component is mainly magnetite-franklinite, hematite and
wüstite whereas the non-magnetic component is mostly calcite, quartz, larnite, portlandite, zincite, and periclase.
SEM images of Figs. 4 and 5 show the different dimensional, morphologic and compositional characters of the
most magnetic and less magnetic fractions. In Fig. 5, examples of spherules with low (or absent Fe) and of star-like
Fe-rich surface textures are shown. The composition of the
individual spherules (both metallic and silicate) can be homogeneous or heterogeneous. Similar remarks apply also
to the non-spheroidal particles (flakes, plaques, ellipsoidal
pedunculated, with irregular contours).
I2 - This sample appears like a brown-reddish soft powder. The SEM-EDS analysis, carried out on bulk sample, indicates a composition with high contents of Fe, Zn, Mn, Pb
and Cl in presence of Pb-rich and (Fe, Zn, Pb)-rich spherules (Fig. 6a).
I3 - The pouring of the hot slag and its cooling by water
spray (with incidental explosive episodes) takes place in a

TABLE 1 – Prevailing mineral content of the examined samples (I 1-4 collected inside the EAF plant; O 1-6 collected outside the EAF plant),
obtained by XRD or inferred from optical microscopy. The amount of magnetic spherules found in the samples is also estimated; magnetic
particles were absent only in the O6 sample. EDS analysis, focusing on metal elements, suggests a similar signature recognizable in all the
analysed particles, systematically revealing the prevalence of Fe, as expected, and the presence, in minor and various amounts, of nearly always
the same other metals (Mn, Zn, Cr, Pb).

I1
I2
I3
I4
O1
O2
O3
O4
O5
O6

Prevailing mineralogy
(XRD or optical microscopy)
magnetite, hematite, wüstite, calcite, quartz, larnite, portlandite, zincite, periclase
calcite, larnite, portlandite
magnetite, haematite or wüstite
quartz, feldspars, carbonates, phyllosilicates; magnetite, haematite or wüstite
-
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Magnetic
spherules
+++
+
+
++
++
++
+
+
+
No

Metal elements
(SEM-EDS)
Fe, Zn, Mn, Pb, Cr; all abundant
Fe, Zn, Mn, Pb; all abundant
Fe abundant; minor Mn, Cr
Fe abundant, minor Mn, Cr; trace Zn
Fe abundant; minor Mn, Zn, Cr
Fe abundant; minor Mn, Zn, Cr, Pb
Fe abundant; minor Mn, Zn, Cr
-
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FIGURE 3 - (a) opaque (metallic) and translucent (vitreous), spherules and irregular granules from dust collected inside the EAF and representative of diffuse emission. Grain size is homogeneous and fine; (b) metallic and vitreous spherules from Rosta Fredda stream. The coarser
grain size results from water flow selection. Magnetic spherules attract each other forming small chains. Subangular transparent grains are
carbonate from sediments; (c) magnetic spherules separated from moss show smaller size, depending on their distance from the source. Optical
microscopy, transmitted light.
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FIGURE 4 - SEM image of the magnetic fraction of EAF dust collected from a catwalk inside the plant (sample I1).

FIGURE 5 - SEM image of the less magnetic fraction of EAF dust collected from a catwalk inside the plant (sample I1).
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dedicated box. In an adjacent square, the slag is fragmented
and piled in the open. A round centimetre lapillus (15 g in
weight), ejected on the roof of the shed as a result of an
explosions in the area of slag cooling, is shown in Fig. 6b,
c, d. This sample (Fig. 6b) is made of a metallic dendritic
to spherulitic phase developed in a matrix of prevailing Carich phases, consistent with the presence of calcite, larnite,
portlandite. In the metallic portion Fe is dominant, with
also abundant Mn and Cr (Fig. 6c, d).
Dust similar to that represented by the lapillus may be
raised from the square and scattered due to material handling, mobile plants traffic, wind gusts etc., giving a contribute to the dispersion in air of pollutants.

I4 - The sample was collected where the waste water of
the plant merge into the Rosta Fredda river. Due to the water
flow, the finer fraction of the sediment is continuously removed leaving the coarser silt-sand fraction in place.
Under polarizing microscope the sample shows the
presence of spherules and irregular granules, opaque or
translucent, almost always optically isotropic (Fig. 3). The
variety of particles is confirmed at the SEM (Fig. 6e, f, g),
with abundance of metallic spherules and flakes of mainly
metallic Fe or Fe-O, compatible with magnetite, haematite
or wüstite, with and without Mn. Spherules with dendritic
and “faceted” textures are also frequent, composed of (Fe,
Mn, Cr)-O in a Ca+Fe silicate matrix.

FIGURE 6 - SEM images of EAF dust collected inside the plant: (a) dust from filter bags (sample I2); (b-d) dust from slag box and park slag
(sample I3); (e-g) sediment from waste water collected in the Rosta Fredda River (sample I4).
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FIGURE 7 - SEM images of dust collected outside the plant: (a) dust collected on a building 1,5 km far from the plant (sample O1); (b, c)
magnetic fraction of dust collected from a flat surface inside an open building 300 m far from the plant (sample O2).

3.2 Samples collected outside the EAF site

O1 - This sample is the magnetic fraction separated
from dust collected on a ledge in the attic of a building,
1500 m east from the plant. Also in this sample, a huge
variety of particles is reported (Fig. 7a), with morphology
and composition similar to those collected from inside the
plant and described in chapter 3.1. The vesicular shape of
iron particles (round porous structure having a “Suisse

cheese” appearance) is observed also here in both metallic
and silicate spherules.
Similar dusts, collected from other 5 buildings located
between 700 and 1500 m east of the plant, were analysed for
dioxin and PCB contents. The corresponding toxic equivalent
concentration calculated for these samples is 61.2-19.1 ng
WHO-TEQ/kg d.w. (PCDD/F) and 14.1-5.3 ng WHOTEQ/kg d.w. (dioxin-like PCB). In all samples dioxin-like
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PCBs contribute nearly 25% to the overall WHO-TEQ [12].
Although the concentration of individual PCDD/F congeners
varies from location-to-location, congener profiles are almost
identical at each sampling site. This character appears also in
the 12 dioxin-like PCB congeners, the congener 126 being
the principal contributor to the overall TEQ. Typical
PCDD/F congener profile of these samples of dust is
shown in Fig. 10.
O2 - This sample is dust deposited through an open
window on a flat surface placed inside the attic of a private
house.
The morphological, composition and size variability of
particles observed in the dust from inside the attic (Fig. 7b,
c) is comparable to that of previously described sites, being
spherules and other particles both metallic (mainly Fe-O
with amounts of Zn and Cr), oxide and silicate compounds.
Here, in addition, these occurrences indicate the capacity
of hazardous dust to penetrate laterally also inside covered
buildings.
O3 - Under the microscope, dust collected from window ledges shows the presence of magnetic particles both
as spherules and abundant flakes.

O4 - A total of 48 samples of moss were collected along
the Valsugana Valley at distance up to 15 km far from the
Borgo Valsugana EAF plant. Moss samples collected around
the EAF site, indicated in Fig. 1, were investigated. The inorganic component separated from moss was first studied
under stereomicroscope and transmitted light microscope.
The non-magnetic fraction is composed of common rock
minerals (quartz, feldspars, phyllosilicates, carbonates) and
contains also fragments and vitreous spheres not related to
natural sources. The fraction attracted by magnet includes
some few mineral flakes as biotite and chlorite comprised in
a large number of irregular shaped fragments and minor
spheres, both optically opaque (Fig. 3).
SEM analyses have been performed on the magnetic
fraction of four selected samples (downwards triangles in
Fig. 1) collected at different distances at the four cardinal
directions respect to the plant. In a representative selection
of SEM images (Fig. 8 and Fig. 9) the spheroidal particles
are privileged because considered as the most characterizing element in terms of size, morphology and composition.
The dimensional range varies between sub-micron up to
hundreds of microns in mosses close to the plant. The morphology is extremely various: both whole and fractured

FIGURE 8 - SEM images of magnetic particles entrapped in moss collected up to 15 km from the EAF site in different localities (sample O4):
(a-c) Zaccon; (d-f) Castagnè.
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FIGURE 9 - SEM images of magnetic particles entrapped in moss collected up to 15 km from the EAF site in different localities (sample O4):
(a) Ospedaletto; (b-d) Visle.

spheres, often empty, star-like, polygonal, dendritic, and
definitely smooth surface textures occur. As regards the
composition, iron (as metal or oxides, like magnetite,
haematite, wüstite or other compounds) is prevailing because of the magnetic method of selection, combined to
different amounts of Cr, Mn and Zn. Other phases containing Fe, Ca, K, Si, Al, etc. are also frequent as silicates or
oxides. A description of some representative features, related to the SEM images reported in figures, is given as
follows.
Zaccon (2 km west, Fig. 8 a, b, c): (a) (Al, Ca, Fe)-O
magnetic spheres and flakes, with traces of Cr and Mn. (b)
Micron-size particles lodged in the moss texture: a perfectly smooth sphere reveal a silicate glass composition. (c)
Framboidal Fe-O sphere entrapped in the moss texture.
From this site the largest spheres and granules have been
collected (see also Fig. 3, spherules in chains and clusters).
Castagnè (2 km north, Fig. 8 d, e, f): moss colony on a
roofing tile of an isolate building in a timber tree forest,
350m above the EAF site. (d) A sphere with star-textured
surface, revealing a silicate glass composition, is enclosed
in a moss. (e) A Fe(Cr, Mn)-O sphere with dendritic texture
is entrapped in the moss. (f) Detail of the spongy inner of
a Fe(Mg, Cr, Mn)-O sphere.
Ospedaletto (5 km east, Fig. 9 a): from this site very
small spheres (few tens of microns) occur showing mostly
a Fe(±Zn)-O composition.
Visle (0,3 km south, Fig. 9 b, c, d): (b) Fe(Cr, Mn)-O
vesicular ovoid with micro-spherules set on its surface; (c)

100µm size sphere with polygonal texture and Fe-O composition, possibly magnetite, haematite or wüstite crystals;
(d) sub-micron size Fe+Zn spherules merge on the surface
of a large sphere of Fe(±Zn)-O composition, compatible
with the magnetite-franklinite series.
O5 - Several spherules (max. 60 micron) were detected
by optical microscopy on dust from vine leaves and sorghum cob, 80m north and south of the EAF respectively;
smaller spherules were observed also in dust from new,
clean surfaces properly arranged between 2 and 4 km to the
west. These dust samples were collected after retrofitting
measure, while the EAF plant was still not operating and
likely derive by remobilization of outdoor, accumulated
dusts.
O6 - Moss collected in areas far from the EAF plant,
in valleys geographically separated by ridges, were investigated, as potential “blank”. No magnetic particles were
detected in these samples.
3.3 Sample comparison

Bulk samples of dust collected inside and outside the
steel plant are constituted of a great variety of isolated, magnetic, heterogeneous spherules and plaques with irregular
shape and metallic luster agglomerate of finer particles, vitreous, silicate spherules. Morphologic and chemical characterization of dust samples allowed unambiguously identifying the magnetic spherules as a distinguishing feature of
solid emission from the EAF of Borgo Valsugana.
An in-depth discussion on the distribution and toxicological implication of dioxins and dioxins like-PCB is be-
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yond the scope of this paper, however the close association
of EAF dust with dioxins and dioxins like-PCB in samples
collected inside the EAF and the similarity of dioxins and
dioxins like-PCB pattern obtained from selected samples
outside the EAF indicates that the magnetic spherules represent a convenient, easy-to-detect and robust proxy not
only to single out EAF fallouts but also, indirectly, the areal diffusion of hazardous pollutants.
Magnetic component separated from moss shows strict
similarities, albeit smaller compositional and dimensional
variability, with dust bulk samples collected inside and in
the surrounding of the EAF, proving a common source.
The smaller variability observed in the magnetic fraction extracted from moss may be explained by gravimetric
selection of particles during airborne transport and by the
selective chemical alterability of particulate during time.
Significant leaching can actually take place under chemical-physical conditions of soils affected by microbiological
activity [9]. Under such conditions, Zn would be mobilized
by tartaric acid > oxalic acid> water; whereas Pb would be
mobilized by tartaric acid> water> oxalic acid.
Primary and secondary emissions show distinct compositional, morphological and dimensional characteristics, as
shown in Fig. 6a (primary dust from filter bag) and Fig. 4
and 5 (secondary, fugitive dust). Secondary, fugitive dusts
are distinguished by their larger dimensional, morphological,
and compositional range. Optical and SEM observation show
that magnetic particles contained in dust from the catwalk,
from the lapillus and from Rosta Fredda stream sediments
are overall identical in shape, morphology and composition

and can therefore be assumed as a robust proxy of the EAF
fugitive emissions.
Morphological and chemical characters of magnetic
spherules separated from moss indicate their connection
with fugitive emissions. The ecotoxicological significance
of these emissions is mainly due to the presence of organochlorinated compounds (dioxins and PCBs) present in the
gas phase and in free forms adsorbed on the dusts. Dust samples collected on the roofs of several buildings of Borgo
Valsugana show PCDD/F + PCBs content up to 75.3 ng
WHO-TEQ/kg d.w. [12].
Profiles shown in Fig. 10 illustrate the contribution of
individual PCDD/F congeners to WHO-TEQ of a dust sample (19.1 ng WHO-TEQ/kg d.w.) [12] and fugitive emissions (2.5 ng WHO-TEQ/Nm3) detected on May 2011 in the
secondary system downstream of the extractor hood [15].
The apparent consistency of the dust profile with the emissions profile further proves the relationship of PCDD/F dust
with fugitive emissions.
At present, after recent retrofitting, the estimated fugitive dust emission escaping from the Borgo Valsugana
EAF plant is around 2-5 kg per hour [15]. For 30 years before retrofitting the fugitive emissions were much higher
and it is expected that hints of this pollutants are still detectable in the surroundings.
3.4 Present and past pollution

The particles found in the moss and dust from Borgo
Valsugana are good indicator of the source of emissions
but give no indication on their history and intensity. Inves-

FIGURE 10 - PCDD/F congener profiles: 1 refers to dust collected on a building at 1500 m from the plant and 2 to fugitive emission sampled in the
secondary system of aspiration. On ordinate the % contribution of individual congener to the total TEQ: 19.1 ng/kg dust (1) and 2.5 ng/Nm3 of
emission (2). Data taken from [12, 15].
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tigation carried out after the retrofitting of the EAF on particulate dust deposited on vine leaves and panicles of sorghum, located 80 m north and south of the steel plant, still
showed the presence of magnetic spherules (max. 60 micron). Smaller magnetic spherules were observed also on
all surfaces arranged between 2 and 4 km to the west. These
findings prove the current deposition of particulate matter
which, as morphology and magnetic character, is definitely
comparable to that captured by moss, confirming the feasibility of the proposed method, based on magnetic separation,
as an adequate tool for a speedy and reliable monitoring.
Formation of magnetic spherules, similar to those described in this study, is also reported in airborne emissions
of incinerators, cement plants and coal fired power plants
[16-18]. However none of them occurs in the investigated
area of the Valsugana Valley. Possible alternative source
of magnetic particles, such as high vehicular traffic (wear
of brake discs and metal components of the tire) [19-24],
do not show the typical spherules here described.
The presence of submicron spherules is also reported in
the residues of combustion of heating systems [25]; however
these spherules have much smaller and distinctive size.

case, with organochlorine compounds emission (e.g.
dioxins and PCBs) makes them an alarm bell of possible
environmental deterioration and calls for further
investigation.
6. The characterization of magnetic spherules represents a
convenient proxy to determine the areal distribution of
past environmental pollution and has thus relevant
implication for epidemiologic studies.
7. Definition of the areal distribution of this proxy is
relevant also for modelling of air dynamics and can be
used as a predictive tool to detect and bound regions of
intensive environmental deterioration.
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4. CONCLUSIONS
1. Sampling criteria set by the Italian legislation (D.Lgs. n.
152, 3 Aprile 2006) for investigation on soil contamination, are not exhaustive in detecting and describing
the environmental impact linked to past airborne fugitive
emissions, as explained in the present work.
2. We delineate an expeditious, easy and inexpensive
environmental monitoring based on magnetic separation
of particulate embedded in mosses, a natural, ubiquitous
and thus suitable medium. The biological longevity of
mosses makes them a very profitable sentry for timeintegrated monitoring. The separation of magnetic
spherules is easy and immediate; their first identification
can be done by optical microscopy.
3. Magnetic spherules were extracted from all mosses
collected in an area with a radius of about 15 km around
the EAF (at 400 m a.s.l.), on both sides of the valley and
at altitude higher than 1000 m (a.s.l.). Although
qualitative, this method allowed a preliminary investigation of wide zones possibly affected by EAF pollution.
The relevance of a quick and economic monitoring for
preliminary decision about soil utilization or exploitation
is obvious.
4. Morphological, dimensional and chemical characterization by SEM is used to constraint the origin of magnetic particulate. Direct comparison with particulate
emissions from potential sources can prove their
provenance.
5. While the magnetic spherules themselves can be
dangerous or not depending on the amount of associated
heavy metals, their common association, as in the present
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ABSTRACT
The aim of this study is to determine the inhibitory effect of copper towards butyrylcholinesterase (BChE) activity. Using the Lineweaver-Burk plot, Puntius javanicus
BChE activity was found to be noncompetitively inhibited
by copper. The maximal velocities of untreated (control)
BChE, 0.5 and 10 mg/L copper-treated BChE are 53.70,
31.81 and 14.30 Umg-1, respectively, while the biomolecular
constant (Km) values of both tests shows no significant difference (p>0.05). The in vitro IC50 of copper ion to the BChE
was found to be 0.0948 (0.0658 to 0.1691) mg/L. In vivo tests
showed that in the presence of 0.1 mg/L copper, the BChE
activity was slightly higher compared to the untreated control. Copper sulfate at 0.3 mg/L concentration showed no
significant inhibition compared to control. However, the
activity decreased with increasing copper concentrations of
0.5, 1.0 and 5.0 mg/L, with the remaining activity at 87.60,
84.60 and 73.00 %, respectively. This study suggests that
BChE isolated from P. javanicus liver tissue is a potentially
new source of biomarker for copper contamination.

KEYWORDS:
Butyrylcholinesterase (BChE), P. javanicus, Copper

1. INTRODUCTION
The increased global usage of copper and their release
into the environment as a result of many agricultural, metal
industries and mining activities may cause negative implications on the biota [1]. Copper and its products are of high
concern due to frequent leaching into runoff water that eventually harm aquatic organisms. A study by Okoye et al. [2]
mentioned that copper is non-biodegradable and it tends to
be bioaccumulated in biological systems. Throughout this
* Corresponding author

process, the concentration of copper would be increased exceeding the internal available concentration and lead to
physiological and biochemical alteration caused by toxic effects of this compound [3]. This circumstance depends on
the level of concentration, time of exposure or both parameters [4-6]. The liver is the main target of toxicant accumulation because it is the site of multiple detoxifying enzymes
such as glutathione S-transferase [7], glutathione peroxidase
[8] and cholinesterase [9]. Unfortunately, those enzymes
tend to be inhibited by copper ion [10-12] . Cholinesterase
(ChE) activity is related to animal behavior because the main
function of this enzyme is for terminating the actions of the
neurotransmitter acetylcholine [13, 14]. But, the inhibition
of ChE by copper may affect the swimming performance of
fish as well as altering the natural behavior and the rate of
survival [11, 15]. Other toxicants also showed the relationship between inhibition of ChE activity with behavior alteration in both vertebrates and invertebrates [16, 17]. Previous studies utilised ChE as a biomarker of inhibitors such
as carbamate and organophosphate [18, 19]. However,
other types of toxicants such as textile dyes [20], heavy
metals [21, 22], detergents [23, 24] and pollutant mixture
[25] may inhibit ChE activity and thus ChE could be used
as a biosensor for these compounds.
ChE such acetylcholinesterase (AChE) and BChE can
be distinguished based on tissue distribution, substrate
specificity, kinetic properties and inhibitor reactivity [26,
27]. AChE is mostly found in brain tissue while BChE is
mainly synthesised at the liver before being distributed into
the circulatory system [28, 29]. Due to the BChE being located at the main deposition of toxicants, this enzyme will
become a target to be inhibited by compounds such as copper through the interaction between amino acids of BChE
and the positive charge of copper. Thus, this situation allows the possibility of using BChE as an alternative biomarker to evaluate the level of copper toxicity in many
species.
P. javanicus is a member of the carp family and is economically significant as a farmed fish in Malaysia. According
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to the production statistics, the total world production for this
species reached 28,000 tonnes per year [30]. P. javanicus are
bred either in cage farms or cultured conditions. The wild
type of this species is a food source for Malaysian native
tribes and local residents. However, the water for the fish
farms are sourced from rivers where are being increasing
polluted by nearby activities such agriculture and heavy industries. Moreover, these activities ultilised or produce copper-rich compounds such fertilizer, pesticides and industrial
wastes. Thus, the ultilisation of P. javanicus as a part of biomonitoring programme is needed to assess the water quality as well as maximizing fish production that is free from
toxicants, especially copper.
In this study, isolated ChE from a local freshwater fish,
P. javanicus was tested to (1) characterise the type of inhibition using copper ion and different substrate concentrations; (2) determine in vitro effect of copper on BChE activity and IC50 determination; (3) determine in vivo effects
of copper sulfate on BChE activity.

2. MATERIALS AND METHODS
2.1 Test organism

P. javanicus was obtained from Aquaculture Development Centre, Bukit Tinggi, Pahang. Only disease-free fish
were selected for experimentation. During 15 days of acclimatisation in fully areated and chlorine-free tap water, fish
were fed with commercial fish food pellets. Water were renewed two times per week to maintain the cleanliness and
to eliminate the interfering by-products of respiration and
excretion during acclimatisation.
2.2 Extraction and enzyme activity determination

P. javanicus were killed by decapitation and the whole
liver was dissected out immediately. The liver was ground
using mortar and pestle followed by homogenisation using
an Ultra-Turrax T25 homogeniser. Liver were homogenised in 0.1 M sodium phosphate buffer pH 7.5 containing
2 mM phenylmethylsulfonyl fluoride (PMSF) with a ratio
of 1:4 (w/v). The homogenisation process was carried out
at 4 °C. The crude extract was then subjected to ultracentrifugation at 100,000xg in a Sorval® Ultra Pro 80-TH-641
for one hour at 4 °C to separate the large cell debris. The
pellet was discarded and the supernatant was used in the
purification procedures using affinity chromatography, as
described in Tham et al. [19] but with slight modifications.
Procainamide sepharyl 6B which act as the purification
matrix was packed into the column and allowed to settle to
obtain a bed height of 5 cm. 400 µl of supernatant was
loaded into the matrix followed by 6 ml of of washing
buffer (20 mM sodium phosphate buffer, pH 7.5) to wash
out all of the unbounded protein. 6 ml volumes of elution
buffer (20 mM sodium phosphate buffer containing 1.0 M
sodium chloride, pH 7.5) were then applied directly to the
matrix to isolate the bounded protein from the matrix. 1 ml
fractions were collected into Eppendorf tubes until the end

of the elution process. Enzyme activity was determined
for each fraction using the method of Ellman et al. [31] and
the fraction with the highest activity was concentrated and
dialysed using 15 ml Viva SpinTM tube at 5000xg at 4 °C
for 10 minutes. The purified BChE samples were stored at
-25 °C until subsequent use.
2.3 In vitro tests
2.3.1 Kinetic study and the effect of inhibitor

P. javanicus BChE was assayed to determine the maximal velocity (Vmax) and biomolecular constant (Km) in the
presence and absence of copper ion with varying concentrations ranging from 50 µM to 1000 µM. Based on the
method developed by Dixon [32], BChE activity was measured at 0, 0.5 and 10 mg/L concentration of copper ion to study
the inhibition kinetics and the activity was expressed as the
amount of butyrylthiocholine iodide (μM) broken down by
BChE per minute. The specific activity was given as μmole/
min/ mg of protein or U mg-1 of protein and was calculated on
the basis of an extinction coefficient of 13.6 mmole-1.cm-1. Inhibition patterns were determined from double reciprocal
plots of velocity versus initial substrate concentration for
each concentration of inhibitor. Each kinetic activity was
analysed using GraphPad Prism 5.0 software.
2.3.2 Half inhibitory study

P. javanicus BChE was assayed to determine the concentration of copper ion that inhibits 50% of BChE activity. 1 mM of butyrylthiocholine iodide was used as the substrate of the assay system. BChE was exposed to various
concentrations of copper ion ranging 0.01 to 10 mg/L. IC50
values were calculated from a plot of remaining BChE activity against copper concentration using GraphPad Prism
5.0 software.
2.4 In vivo test

P. javanicus was exposed to copper(II)sulfate to determine the effect of BChE activity towards it. Prior to the
study, six fish tanks were filled with different final concentrations of copper sulfate solution (0, 0.1, 0.3, 0.5, 1.0 and
5 mg/L). Nine P. javanicus specimens were placed into
each tank and exposed to the copper solution for 96 hours.
Feeding was suspended a day prior the experimentation.
The extraction and determination of BChE activity were
then carried out using 1 mM of butyrylthiocholine iodide
as a substrate.

3. RESULTS AND DISCUSSIONS
3.1 In vitro effects
3.1.1 Kinetic value and inhibition behavior determination

In this study, inhibition of P. javanicus BChE by copper ion was investigated, with butyrylthiocholine used as the
substrate. Preliminary screening showed that copper ion significantly inhibited purified BChE compared to impure
sample (supernatant). Figures 1a and 1b shows the effect
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FIGURE 1a - Michaelis-Menten curve of P. javanicus BChE in the presence and absence of copper was generated by the GraphPad PrismTM
software. The error bars represent mean  standard deviation of three replicates. U/mg is referred to μmole/min/mg of protein.
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FIGURE 1b - Lineweaver-Burk plots of 1/[S] vs 1/v for inhibition of P. javanicus BChE from in the presence and absence of copper ion.
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TABLE 1 - Comparison of Vmax and Km for untreated and treated
copper with butyrylthiocholine iodide as the specific substrate of P. javanicus ChE.
Vmaxapp (95% Confidence
intervals); U mg-1
53.70 (50.47 to 56.93)
31.81 (29.37 to 34.25)
14.30 (12.86 to 15.75)

Kmapp (95% Confidence intervals);
µM
177.4 (140.00 to 214.90)
177.1 (129.4 to 224.90)
179.7 (116.40 to 243.00)

of copper ion towards BChE activity for control, 0.5 and
10 mg/L treatment. Michaelis-Menten curve and kinetic
value were obtained using GraphPad Prism 5.0 software
(Fig. 1a). The Lineweaver-Burk plot for the activity of untreated and 10 mg/L copper-treated BChE shows that copper
acts as a mixed-type inhibitor of the BChE activity that decreases the Vmax value and increases Km value compared to
the untreated BChE except for 0.5 mg/L copper treatment
which Km value almost similar with the control (Fig. 1b).
Table 1 shows the Km value of untreated, 0.5 and 10 mg/L
copper-treated BChE that were measured using GraphPad 5
Software which are 177.40, 177.10 and 179.70 µM, respectively. Calculation by one way ANOVA considered that Km
value for both tests have no significant differences (p>
0.05) and inhibition strength categorised by copper ion towards P. javanicus BChE is noncompetitive, which the inhibition behavior was similar to those reported by Rattanakit and Liawruangrath, [33] and Abdullah, [34].
The results of the present study indicated that P. javanicus BChE was inhibited by copper at different concentrations with different degrees of inhibition, as also shown by
previous studies such as by Vieira et al. [11] and Tilton et al.
[35]. In the obtained Lineweaver-Burk plot (Figure 1b), the
lines for the untreated BChE and treated BChE with 10 mg/L
concentrations of copper ion intersected to the left of the 1/V
axis and above the 1/[S] axis, with a decrease in Vmax and,
conversely, an increase in Km except for 0.5 mg/L show
similar intersection with control but lower in Vmax value,
indicating that copper ion inhibition is of the mixed type or
noncompetive type. However, the results from statistical
analysis present the similar Km, and then the inhibition is
not mixed; noncompetative type. However, this study is in
agreement with copper inhibition studies on other types of
ChE such the study done by Saluja and Kumar, [36] where
copper sulfate noncompetitively inhibited AChE isolated
from Rattus norvegicus stomach. Mixed-type inhibition of
copper towards AChE was also reported by Nemcsók et al.
[37] where the enzyme was isolated from Cyprinus carpio
with in vivo and in vitro exposure to copper. This inhibition
behavior suggests that copper inhibits ChE activity by
binding at both free enzyme and the enzyme-substrate
complex at different equlibrium constant of the interactions
[38]. However, BChE was previously reported to show
noncompetitive type of inhibition on inorganic mercury
[39, 40], and mixed-type inhibition on cadmium, zinc and
aluminium ion [41]. The in vitro inhibitory effect of copper
on the activity of this enzyme is significant although some
report have suggested a certain extent of nonbiotic inhibitory effect of copper on the Ellman reagent [31]. For instance

Catalytic efficiency ratio
(Vmaxapp/Kmapp)
0.30
0.18
0.08

Frasco et al. [21] have studied the inhibitory effect of copper on the yellow Ellman complex. Their studies have
shown that at the highest concentration of copper used in
their work ie. 10 mM, there is less than 10% depletion of
the TNB complex which is responsible for the production
of the yellow color in the Ellman’s assay. Hence, the bias
factor due to copper complexing with the yellow Ellman’s
assay is likely not responsible for the inhibitory effect of
copper seen in this work
3.1.2 IC50 determination

Different concentrations of copper ion on P. javanicus
BChE showed a concentration-dependent inhibitory effect
on BChE enzymatic activity. Figure 2 shows the percentage remaining activity of BChE using butyrylthiocholine
iodide as substrate. BChE activity significantly decreased
as the concentration of copper ions increased. The IC50
value was obtained and summarised in the Table 2. IC50 of
in vitro test was measured at 0.0948 mg/L with the limit of
detection (LOD) of 0.0326 mg/L and limit of quantification
(LOQ) of 0.1877 mg/L. In vitro exposure of copper was
proved to inhibit other sources of ChE such sea snail; N. lapillus and M. lineata [42], rat [43] and white worm; Enchytraeus albidus [15], where the IC50 of copper was calculated at 5.87 mg/L, 12.17 mg/L, 0.30 mM and 0.0579 mM,
respectively. However, de Souza Dahm et al. [44] showed
that copper had no significant in vitro effect towards ChE
isolated from the digestive gland of Helix aspersa. Lower of
IC50 values correspond to the higher toxicity in the system.
120

Percentage Activity (%)
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(mg/L)
Control
0.5
10
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80
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40
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0.1
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0.5

Copper concentration (mg/L)

FIGURE 2 - The activity of P. javanicus ChE has been screened at
different concentration of copper ion. The IC50 value has been calculated with GraphPad Prism 5 software with type analysis of nonlinear
regression by the equation of one phase exponential decay.
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TABLE 2 - The half inhibitory of P. javanicus ChE activity analysis
using GraphPad Prism 5.0 software.
Concentration (mg/L)
IC50
0.0948
95% Confidence inter0.0658 to 0.1691
vals
*LOD
0.0326
*LOQ
0.1877
*LOD=Limit of detection, LOQ=Limit of quantification
3.2 In vivo effect

Results presented in Figure 3 shows that the activity of
P. javanicus BChE exhibited differential effects of exposure to copper sulfate at the concentration of 0, 0.1, 0.3,
0.5, 1.0 and 5.0 mg/L. During the study, none on the fish
died within the exposure time (96 hours). At the end of the
treatment, erratic swimming behaviour was observed in the
group that was exposed to Cu at 1.0 and 5.0 mg/L. This
erratic behaviour was also observed in the works of Tilton
et al. (2011) [35] who studied the effect of copper on Danio
rerio. The only signs of distress observed were erratical
swimming. Untreated fish (0 mg/L) served as a control for
this study. At 0.1 mg/L of copper sulfate, the activity of
BChE increased significantly by 6% compared to the control. Treatment at 0.3 mg/L of copper sulfate lowered the
BChE activity to 95.41% but statistically show no significant
difference with control (p>0.05). However, at higher copper
sulfate concentrations, the percentage activity was decreased
to 87.60, 84.60 and 73.00% for 0.5, 1.0 and 5.0 mg/L treatments, respectively. One way ANOVA showed that each of
these treatments significantly lowered the BChE activity
compared to the control (p>0.05).

Pecentage Activity (%)

110

*

90

4. CONCLUSION

*
*

70

50
Control

because of its capability to assess the copper toxicity both in
vivo and in vitro. Cunha et al. [42] reported that copper only
gave in vitro effect on sea snail ChE activity but not in vivo.
In vivo testing of cholinesterase from Danio rerio showed
increased enzyme activity after exposure to 0.06 mg/L of
copper [47]. However, in the present study, copper significantly decreased the ChE activity except for a small activation effect of the 0.1 mg/L treatment compared to the
control and other treated samples. This activation effect is
related to the other function of copper which acts as cofactor in small amounts as mentioned by Glusker et al. [48]
where metal ions facilitate the binding of substrates towards enzyme to form the enzyme-substrate complex.
Metal ions such as iron were shown to be capable of activating ChE activity at a low concentration [49]. However,
at higher levels, the metal ions are able to inhibit the activity of the ChE by binding at the imidazole, sulfhydryl and
carboxyl groups which then blocked the substrate binding
at the active site [50]. Bainy et al. [51] mentioned that
lower concentrations of metal ion can lead to the synthesis
of ChE via by up-regulation of the ChE gene in order to degrade the accumulation of acetylthiocholine in the neurotransmitter junction. From the observations, the increase of
copper concentration is associated with a decrease in the activity of ChE. Tilton et al. (2011) [35] mentioned that the
decreasing swimming velocity is related to the inhibition of
ChE after exposed with Cu and chlorpyrifos. Therefore, the
measurement of ChE activity from the liver of P. javanicus
could be used as a biomarker of copper exposure. Although
ChE are not a selective biomarker as it is sensitive to other
toxicants as well, it would be a good candidate biomarker for
copper pollution in the Ranau area in Sabah. Extensive copper mining in this are from the Mamut Copper Mine have
resulted in several reported pollution cases due to the episodic rupture of pipes caring the acid mine drainage [52].

0.1
0.3
0.5
1
Copper Treatment (mg/l)

5

FIGURE 3 - The in vivo effect of P. javanicus ChE activity exposed
with different concentrations of copper ion. Each error bar indicated
as mean  standard deviation of three replicates. * represent for significantly different compared to the control (p<0.05)

There was no doubt that in vivo exposure of copper
may affect other enzymes such the inhibition of digestive
and detoxifying enzymes, [42, 45] and upregulation of antioxidants [46]. However, BChE was preferable in our study

This study shows that copper inhibited P. javanicus activities from the lowest to the highest concentration treatment either in vitro and in vivo, while the initial activation
of the 0.1 mg/L treatment for in vivo study is related to
hemeostasis balance and further study is needed to confirm
this observation. These results suggest that the disruption
of ChE activity may decrease the main function of ChE
which leads to impairment of fish behavior such as swimming and food consumption. Thus, P. javanicus ChE is a
good candidate for application as a biomonitoring tool of
copper contamination. Further studies are needed to evaluate the effect of other toxic compounds toward P. javanicus
ChE activity to ascertain the effectiveness of ChE as a tool
to detect other types of contaminants.
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HEAVY METAL ACCUMULATION IN THE SEDIMENTS
OF THE LITTORAL ZONE OF A DEEP ALKALINE LAKE
Metin Caglar*
Fırat University, Fisheries Faculty, Elazig, Turkey

ABSTRACT
Lake Hazar is the second deepest lake in Turkey with
a maximum depth of 210 m. The lake is significant due to
its ecological and recreational value, as well as fisheries.
Concentrations of various heavy metals (Cu, Cd, Co, Cr,
Fe, Mn, Ni, Pb and Zn) were analyzed in the bottom sediments collected from different depths (2,4,6,8,10,15 and 20
m) of the littoral zone around the lake in order to determine
the degree of heavy metal accumulation in Lake Hazar. Of
all metals, Fe was found to be have the highest concentration in the sediment samples, followed by Mn. However,
the concentrations of Co and Pb were under detectable levels. Concentrations of all heavy metals varied depending
on the depth and direction of the littoral zone of the lake.
However, there was a weak correlation between heavy
metal accumulation and depth. Most of the littoral region
of Lake Hazar appeared to be either unpolluted or slightly
polluted with heavy metals, with the exception of Fe, the
only metal which was found to have accumulated in dangerous concentrations in the sediments. The difference between depths, directions and the variables was found statistically insignificant (P>0.05).
KEYWORDS:
Sediment, heavy metal, accumulation, Lake Hazar, Turkey.

1. INTRODUCTION
Pollution and contamination of the soil, water, and air
have become inevitable as a result of anthropogenic activities. Environmental pollution by toxic metals has increased steadily since the industrial revolution, thereby
causing serious ecological problems [1]. Besides, heavy
metals find their way into aquatic systems, rivers, lakes or
oceans through atmospheric fallout, dumping wastes, accidental leaks, runoff of terrestrial systems and geological
weathering [2-5]. Heavy metals discharged into aquatic
ecosystems can constitute a serious health hazard. Thus,
there has been a growing interest in heavy metals over the
last three decades, since most of them were reported to be
highly toxic to both aquatic organisms and humans [6].
* Corresponding author

Sediments which provide habitats to many aquatic organisms are polluted with various kinds of hazardous and
toxic substances, including heavy metals. So, they are considered an important carrier, as well as a sink of heavy metals in the hydrological cycle [7-9].
Lake Hazar is of tectonic origin and situated 1248 m
above sea level. The lake is located at 52012ı-440. The surface area of the lake and its basin are 80 km2 (20x4 km) and
273 km2 respectively. Lake Hazar is the second deepest
lake of Turkey with a maximum depth of 210 m and the
average depth of the lake is estimated at 93 m [10]. It is one
of the rare recreational places for Elazig and neighboring
cities. Besides its ecological significance as an alkaline
lake, it also inhabits an endemic fish species (Aphanius
asquamatus Sözer 1942). It has considerable potential in
terms of fisheries. However, the lake has been under threat
of pollution, since it is bound to receive wastes from settlements in the vicinity and, to some extent, emissions from
vehicles passing by. The lake is also facing danger of siltation due to high degree of erosion.
Many sources give rise to heavy metal pollution, and
under certain environmental conditions, heavy metal accumulation may reach a toxic concentration, causing ecological damages. In fact, the whole aquatic systems can suffer
from pollution (excessive pollution) caused by industrial and
household waste discharges. Consequently, water quality
and irrigation value either decrease or are lost. Thus, examination of heavy metals, particularly those causing toxicity, is
significant in all ecosystems. However, only a few studies
[10-14] have been performed on the pollution in Lake
Hazar.
The present study aimed to determine the heavy metal
accumulation in the littoral zone of Lake Hazar in order to
reveal whether a threat of heavy metal pollution exits for
the lake. The concentrations of heavy metals are determined based on samples taken from different depths (from
2 to 20 m) and directions of the littoral region of the lake.

2. MATERIALS AND METHODS
Sampling sites were selected in the east, west, north
and south littoral zones of the lake (Fig. 1). Sediment samples were collected with Ekman dredge from the depths of
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FIGURE 1 - Map of Lake Hazar (Elazığ, Turkey), the locations of study area ( )

2, 4, 6, 8, 10, and 20 m. The sediments were sieved using 65
mesh stainless screens to remove larger particles, and then
dried. The dried samples were placed in decomposition
beakers and treated with concentrated sulphuric and nitric
acids. The sealed vessels were evaporated to dry on a hot
plate. The samples were acidified with nitric acid to pH<2
(as acidification minimizes the absorption of metals into the
wall of the containers) and stored at 40C. After digestion, the
residues were diluted to 25 mL with 2.5% of HNO3 [15]. The
metal analyses were carried out using an Atomic Absorption
Spectrophotometer (Perkin Elmer Model 370).

Nonparametric Wilcoxon test was used to determine
the significance of the difference between parameters. The
difference between depths/directions and the variables was
found to be statistically insignificant (P>0.05).

3. RESULTS
The concentrations of heavy metals in the sediments
collected from different depths in the littoral zone of Lake
Hazar are presented in Table 1.

TABLE 1 - The concentrations of heavy metals in the sediment of the littoral region of Lake Hazar at different depths (mg/kg).

North littoral
South littoral
West littoral
North littoral
South littoral
East littoral
West littoral
North littoral
South littoral
East littoral
West littoral
North littoral
South littoral
East littoral
West littoral
North littoral
South littoral
West littoral
South littoral
East littoral

Cu
2m
55.542
15.239
19.018
4m
13.98
26.574
68.136
17.758
6m
20.277
16.499
13.98
10.202
8m
21.537
11.461
13.98
8.9421
10 m
8.9421
13.98
10.202
20 m
10.202
11.461

Cr

Ni

Mn

Zn

Fe

Co

62.5
28.571
46.429

16.759
*
19.444

110.4
99.4
272.4

12.998
12.982
35.982

36818
19091
28864

0.0314
0.064

60.714
51.786
10.714
42.857

33.333
19.444
*
10.185

146.4
210.4
120.4
177.4

31.982
9.232
10.982
17.732

34727
26591
18864
29773

0.077
0.0476
0.0276

92.857
26.786
75
46.429

47.222
19.444
28.704
14.815

250.4
90.4
151.4
128.4

13.482
11.482
11.982
12.732

44091
21136
32500
23864

0.0276
0.0376
0.077

64.286
23.214
32.143
37.5

19.444
5.5556
28.704
10.185

172.4
147.4
210.4
86.4

18.982
18.482
14.232
9.482

34318
20000
27273
28182

0.054
0.0502
0.0276
0,0602

41.071
33.929
46.429

19.444
10.185
10.185

103.4
105.4
105.4

27.982
11.232
12.982

24545
26136
18864

0.0276
0.0276

26.786
39.286

14.815
10.185

75.4
221.4

20.642
26.732

72727
27045

0.0314
0.0602
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FIGURE 2 - The pollution level in littoral zone of Lake Hazar according to EPA [16] (mg/kg). A: Not polluted, B: Slightly polluted, C:
Severely polluted.

At 2 m depth, concentrations of Cu, Cr, Ni, Mn, Zn,
Fe and Co varied between 15-55 ppm; 28-62 ppm; 1619 ppm; 99-272 ppm; 12-35 ppm; 19000-37000 ppm;
and 0.03-0.06 ppm, respectively. The highest concentrations of Cu, Cr and Fe were found in the north, while those
of others were determined in the west shore of the lake. In
contrast, all the lowest values were recorded in the south
littoral zone (Table 1).
At 4 m depth, concentrations of Cu, Cr, Ni, Mn, Zn, Fe
and Co varied between 13-68 ppm, 10-60 ppm, 10-33 ppm,
120-210 ppm, 9-31 ppm, 18864-34727 ppm, and 0.020.07 ppm respectively. The highest concentrations of Ni,
Cr, Zn and Fe at this depth were determined in the north

littoral zone, whereas that of Cu was found in the east and
those of Mn and Co were obtained in the south littoral zone.
The lowest values were also analyzed in different directions (Table 1).
Variations in the concentrations of heavy metals at 6 m
depth occurred as follows: 10-20 ppm for Cu; 26-92 ppm
for Cr; 14-47 ppm for Ni; 90-250 ppm for Mn; 11-13 ppm
for Zn; and 21000-44000 ppm for Fe. The highest concentrations of all the heavy metals were determined in the
north littoral zone, except that of Co, which was found in
the west. The lowest values for Mn, Zn, Fe, Cr and Co were
analyzed in the sediments of the south littoral zone and
those of Cu and Ni were in the west (Table 1).
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At 8 m depth, concentrations of Cu, Cr, Ni, Mn, Zn, Fe
and Co varied between 8-21 ppm; 23-64 ppm; 5-28 ppm;
86-210 ppm; 9-18 ppm; 20000-34000 ppm; and 0.02-0.08
ppm, respectively. The highest concentrations of Cu, Cr,
Zn and Fe were determined in the north littoral zone, whilst
those of Ni and Mn in the east. The lowest values of Cr, Ni
and Fe were recorded in south, whereas those of Zn, Mn
and Cu in the west littoral zone. However, it was exceptional that the lowest concentration of Co was identified in
the east (Table 1).
Concentrations of Cu, Cr, Ni, Mn, Zn and Fe at 10 m
depth ranged between 8-14 ppm; 34-46 ppm; 10-19 ppm;
103-105 ppm; 11-27 ppm; and 18000-26000 ppm, respectively. The highest concentrations of Zn and Ni were recorded in the north, while those of Cu, and Fe in the south
littoral zone. Only the highest concentration of Cr was recorded on the west side of the lake. It is worth noting that
concentrations of Mn and Co were almost similar in all littoral zones. The lowest values of Cr and Zn were recorded
in the south, while those of Cu and Fe in the north littoral.
However, it was exceptional that the lowest concentration of
Ni was found in both the south and west littorals (Table 1).
At 20 m depth, concentrations of Cu, Cr, Ni, Mn, Zn,
Fe and Co were analyzed only in the sediments taken from
the south and east littoral zones. The highest concentrations
of Fe and Ni at this depth were recorded in the south,
whereas those of Cu, Cr, Mn, Zn and Co in the east littoral
(Table 1). It is apparent from Fig.2 that most of the littoral
sediments of Lake Hazar are either not polluted or slightly
polluted with heavy metals, except with Fe, which is the
only metal accumulated in dangerous concentrations in the
sediments of Lake Hazar. In addition, there is severe pollution caused by Cu at 2 m (north) and 4 m (east); and by
Cr at 6 m (north). These findings indicate that a threat of
heavy metal pollution possibly exists for Lake Hazar.
4. DISCUSSION
The concentrations of heavy metals analyzed in the
present study (Fig.2) are evaluated and compared with the
dangerous and permissible concentrations proposed by
Anonymous [16], (Table 2) [17].
It is worth mentioning that the concentrations of Fe
was the highest at all depths and in all directions in the littoral zone of Lake Hazar. However, Fe was also found to
have the highest concentration among all the heavy metals

analyzed in certain lakes of Turkey [13,18, 19], in the deposits of several lakes in south-eastern Poland [20], and
elsewhere [21]. This may be explained by the metal content
of the geological structure of the lake basin. It should also
be remembered that Fe is one of the most abundant metals
in the earth crust (Table 2). Thus, one should expect that in
areas characterized by metal-bearing formations, these
metals will be found in high concentrations in the water
and sediments of the area.
The major sources of heavy metal pollution in marine
and freshwater ecosystems are domestic effluents, power
plants, metal plants, and dumpsites [22]. There is no power
or metal plant in the vicinity of Lake Hazar. However, there
are two towns (Sivrice and Gezin with populations of 4236
and 2284, respectively) and summer resorts located around
the lake. In addition, there are animal farms and agricultural lands in the vicinity of the lake. Thus, household sewage from settlements and runoff water from animal farms,
agricultural lands and dumpsites appear to be the major
sources of heavy metal pollution in Lake Hazar. This suggestion is in harmony with that of Nriago and Pacyna [22]
who emphasized that domestic wastewater effluents and
dumping of sewage sludge are the major sources of metal
pollution, especially pollution from As, Cr, Cu, Mn, and N,
in marine and freshwater systems.
It is a well-known fact that inflows induce eutrophication and pollution in a lake. There are three streams (Kürk,
Zıkkım and Behrimaz streams) flowing into Lake Hazar.
These inflows may naturally be considered among the possible sources of heavy metal accumulation in the sediments
particularly in the parts they flow into. Furthermore, the
north and east littorals receive household sewage from settlements nearby, along with two main inflows from east.
Thus, one may safely assume that severe Co and Cr pollution in the north littoral is caused by runoffs and the inflows
discharging in this part. In fact, the study of Sen et al. [14]
showed that runoff connected with dumpsites had higher
concentrations of heavy metals than that coming from other
sites with no dumps. Therefore, severe pollution caused by
Co and Cr in the north littoral may possibly be related to
runoffs passing through the dumpsite areas of the settlements. Nevertheless, it is necessary to determine heavy
metal loads of the inflows, before making any comments
on their effect on the heavy metal accumulation in Lake
Hazar. Runoff coming from farms and agricultural lands
should also be examined in this respect.

TABLE 2 - Sediment proposed by Anonymous [16], (mg/kg)
Heavy Metal
Pb
Zn
Fe
Ni
Cd
Cr
Cu

Not Polluted
<40
<90
<17 000
<20
<25
<25

Slightly Polluted
40-60
90-200
17 000-25 000
20-50
25-75
25-50

Severely Polluted
> 60
> 200
> 25 000
> 50
>6
> 75
> 50
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16
80
50 000
100
1000
200
70
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Solecki and Chibowski [20] studied the deposits of
several lakes in south-eastern Poland for the accumulation
of several heavy metals. In Lake Piaseczno with a maximum depth of 38 m, they measured the maximum concentrations of Cu, Mn and Zn at 10 m and the highest concentration of Fe at 6 m. In contrast, minimum concentrations
were analyzed either at 2 m or 4 m depths. A similar situation was observed in other Polish lakes, namely Masluchowskie (maximum depth 8 m) and Zalew Zemborzycki
(maximum depth 3 m), where concentrations of all of the
heavy metals measured (Cu, Mn, Zn, Cu, Sr, Pb, Ba) were
found to increase in relation to depth, although the depth of
the lake varied only between 1 and 3 m and 1 and 8 m.
These findings clearly demonstrate that concentrations of
heavy metals increased in proportion to depth in the deposits of Polish Lakes. However, in Lake Hazar the depths at
which minimum and maximum concentrations of heavy
metals were measured did not show any clear relation to
increasing or decreasing depths, since both the lowest and
the highest concentrations were determined at varying
depths. Consequently, it does not seem possible to make
any comment about whether the concentrations of heavy
metals increased or decreased by depths in the present
study. Still, one may think that the depths between 2 and
20 m in the present study and between 1 and 8 m in the
Polish lakes are not enough to give rise to a difference in
the accumulation of the chemicals. Tunca et al. [23] studied Cd, Cr, Mn and Pb in the sediments in Yenicaga Lake
and found that the concentrations of these metals stood at
0.8 µg/g, 92.8 µg/g, 1143 µg/g and 16 µg/g, respectively.

5. CONCLUSION
Concentrations of each metal at the same depth varied
considerably depending on the direction of the littoral zone
in Lake Hazar. In fact, the differences between the concentrations of the same metal at the same depth(s) in different
directions of the lake were quite noticable, as in the case of
Zn, the concentration of which was 129 ppm at 2 m depth
in the north littoral, but only 12 ppm at the same depth in
the south part. Similarly, the concentration of Zn at 20 m
depth was only 0.6 ppm in the south and 26 ppm in the east
littoral. This difference may be attributed to the discharge
of these metals in different concentrations through inflows
(runoff, running waters) in different parts of the lake. In
addition, it should be remembered that the concentration of
contaminants depends on many factors, including the particle characteristics sorption/desorption capacity, and existing substances in nature [24]. Thus, although it has often
been concluded that deeper sediments show relatively low
concentrations of pollutants, this assumption does not always hold true, particularly if the grain size of sediments
varies significantly with depth. This is also the case for
Lake Hazar.
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WATER CONTAMINANTS IN Cyprinus carpio
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ABSTRACT
There is an increasing need for an effective tool to estimate the risks derived from the large number of pollutants
released to the environment by human activities. Typical
screening methods are highly invasive or lethal to the fish.
Recent reports exhibit that fish scales biochemically respond
to a wide range of contaminants, including toxic metals, organic compounds, and endocrine disruptors. The present
study evaluated the effects of the surface water contaminants
on Cyprinus carpio in the Ravi River by comparing DNA
extracted non-lethally from their scales to DNA extracted
from the scales of fish collected from a controlled fish farm.
A single, random sampling was conducted. Fish were broadly
categorised into three weight groups (W1, W2 and W3). Experimental samples in the weight groups W1, W2 and W3 had
an average DNA concentration (µg/µl) that was lower than
the control samples. All control samples had a single DNA
band; whereas the experimental fish samples in the weight
group W1 fish had 1 to 2 bands, the experimental samples
in the weight group W2 fish had two bands and the experimental samples in the weight group W3 fish had fragmentation in the form of three bands. These bands exhibit the
effects of pollution on fish in the Ravi River. On the basis
findings of this study, we propose that fish scales can be
successfully employed as a new non-lethal tool for the
evaluation of the effect of surface water contaminants.
KEYWORDS: Fish scales, Cyprinus carpio, heavy metals, non-invasive, DNA fragmentation

1. INTRODUCTION
A wide variety of pollutants have been identified in the
environment consequent to urbanization, industrialization
and new technological developments [1]. The quality of
water of major river systems is getting rapidly degraded
due to the massive discharge of industrial waste, domestic
* Corresponding author

sewage, and pollutants of varied origins. Such exploitation
has given rise to a long list of challenging problems, especially in Asian countries [2]. In Pakistan increasing human
population and establishment of industries in urban areas
of the Punjab province, a majority of toxic chemicals and
efflux producing industries are situated in and near Lahore.
Due to the non-availability of purifying facility in the system and absence of treatment plants for industrial and metropolitan effluents, stable and persistent toxic elements and
trace metals discharged into the Ravi River and pollute the
aquatic habitat [3]. Fish in the Ravi River at Balloki accumulated higher values of Fe and Ni as compared to other
locations [4]. It is further stated fish liver and kidney as the
highest depository organs in fish from this river. The water
and sediment ofu2 this river, stretching from Lahore to
Balloki Headworks, was heavily polluted with Cd, Cr, Co,
As, Pb, Hg, Ni, and Cu [5].
There is an increasing demand for development of
methods to assess the risks caused by various pollutants released to the environment by various uncontrolled human
activities. Environmental toxicology is the quantitative and
qualitative study of the harmful effects of various human
activities and naturally occurring chemical contaminants.
Biological tools like bio-analytical systems, bioassays, biomarkers and biosensors provide us with detection systems
for signaling a potential danger to the environment. Early
detection will prevent ultimate damage to environmental
sources. Ideally, a warning system in ecosystems like biosensors and biochemical responses (biomarkers) as well as
the classical effect-related bioassays would not only give
us the initial threshold of damage, but these signals will
also help to devise strategies to control any such damage
and to adopt precautionary measures.
Biosensors can be classified according to the bioreceptor elements involved in recognition and according to the
physicochemical transduction elements. The main classes
of bio-receptors used in environmental studies of organic
pollution are: enzymes, antibodies, DNA and whole cells.
DNA’s structure is very sensitive to the influence of environmental pollutants, such as heavy metals [6], polychlorinated biphenyls (PCBs) [7, 8] or polyaromatic compounds
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(PAHs) [9]. These substances have a great affinity to DNA,
and cause mutagenesis and carcinogenesis in fish. So, it is
very attractive to use DNA-containing systems, for example, DNA-based biosensors [10, 11] to perform genotoxic
assays, or for rapid testing of pollutants for mutagenic and
carcinogenic activity.
Some physical agents, such as high temperature, UV
rays and other radiations, can induce DNA damage. For example, UV rays can induce thymine dimerization to produce thymine dimmers. There is many chemicals which are
the major source of water pollution that can cause DNA
damage, such as the base molecular isomerization, O2,
H2O2. Furthermore, trace metals, medicine, pesticide and
their metabolites, may also affect the fish and other aquatic
animals and ultimately cause DNA damage. Heavy metal
may have no direct damage to DNA, but they can cause
oxidative damage of DNA [12, 13]. Alkylating agent can
also cause serious DNA damage because of the alkylation
of bases [14]. DNA’s structure is very sensitive to the influence of environmental contaminants, such as trace metals [6, 14], polychlorinated biphenyls [7] and polyaromatic
compounds [9]. So, it is very convenient to use DNA-based
biosensors [10] to perform genotoxicity assays or for rapid
identification and presence of contaminants for mutagenic
and carcinogenic activity.
Traditional methods for detecting pollutants in fish tissues are based on the sacrifice of fish in order to assess the
bioaccumulation of trace metals in various tissues to know
risk if any for the human population on consumption of fish
as food. These conventional test methods are though very
practical, they can be laborious. The sensitivity of fish to
trace concentrations of contaminants is well documented.
There is great need for non-invasive, biologically relevant
biosensors for the determination of the effects of surface
water pollutants on fish species. Traditional screening
methods are highly invasive or lethal to the fish. Recent
studies exhibited that fish scales biochemically respond to
a wide variety of contaminants, including toxic metals, organic compounds, and endocrine disruptors
Fish are present at the highest trophic level of the
food chain, and therefore, may bio magnify contaminants
from the food and in addition, they can bio accumulate
pollutants from the water [15, 16]. The aim of this experiment was to use fish scales as non-lethal biosensors for
various heavy metal contaminants. Our hypotheses were
that 1) biomarkers in fish scales can be used as pollutant
biosensor and 2) these biomarkers can be used as a reliable contaminant monitoring tool.

2. MATERIALS AND METHODS
2.1 Study area

The Ravi River is located along the India–Pakistan border and meanders substantially along the alluvial plains of
the Amritsar and Gurdaspur districts of Punjab before entering Lahore, Pakistan. After passing through Lahore, the river

turns at Kamalia and then debouches into the Chenab River,
south of Ahmadpur Sial. In the trans-boundary Ravi River,
which meanders in and out of India and Pakistan, and in urban areas of Lahore, the pollution levels are reportedly very
high and are attributed to the careless disposal of large
amounts of industrial and agricultural wastewater and the
faulty drainage systems in both countries. The river sediments are highly contaminated and have become a secondary source of pollution in the river, even though some controls over unauthorized discharges into the river have been
put in place. The influence of water pollution was assessed
on 18 samples of Cyprinus carpio (nine experimental and
nine control samples). The experimental samples were collected from the Ravi River near Shahdhra, Lahore, Pakistan,
and controls were collected from a fish hatchery located on
the Sitiana Road in Faisalabad, Pakistan. A single, random
sampling was conducted, and available fish samples were
generally categorized into 3 categories: W1 (500 to 1000 g),
W2 (1001 to 1500 g) and W3 (1501 to 2000 g).
2.2 Water Sampling

The water samples were collected in polypropylene
bottles. Before sample collection, all bottles were washed
(with dilute nitric acid and then with River water). All bottles
were labeled with date and sampling station for heavy metal
analysis. Replicated water samples of about one liter were
collected from about 30 cm depth of surface water from the
predetermined locations. The water samples were preserved
in 55% HNO3 and stored at 4 ºC in the refrigerator.
Standard methods as described by [17] were followed
to determine various parameters of these water samples.
All chemicals were of analytical grade and bought from
Merck. The blanks and calibration standard solution were
also analyzed in the similar manner as for the samples. The
instrument calibration standards were made by diluting
standard (1,000 ppm) supplied by Merck, Germany. A
known 1,000 mg/L concentration of all the above mentioned metal solution was prepared from their salts. All reagents used were of analytical grade.
2.3 Analytical procedures and analysis of fish muscles:

Fish muscles were chopped into approximately 10-g
pieces. Whole-body muscles were digested using the wet digestion method according to the procedure described by [18].
2.4 Sample collection of fish scales

As a non-invasive method, fish scales were selected as
experimental materials because this technique did not harm
the fish. The fish scales were collected in polyethylene
bags by gently scraping the caudal portion of the body with
forceps. The captured fish were released back into the river
after measuring size and recording body weight. The samples were stored in a refrigerator for further analysis.
2.4 DNA extraction

DNA was extracted from fish scales by following the
method of [19, 20]. Approximately 50 mg scales were taken
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from each sample, dried on filter paper. Scales were cut
into small pieces and placed into 2 ml Eppendorf tube containing 940 µl Lysis buffer (200 mMTris-HCl, pH 8; 100
mM EDTA, pH 8 250 mM NaCl), 30 µl Proteinase K. (10
mg/ ml), 30 µl RNAse (10 mg/ml), and 30 µl 20% SDS
solution. The contents of the tubes were incubated at 48 °C
for 45-50 minutes using water bath (Mummers, WB 14). The
appropriateness of the incubation temperature was studied in
a separate experiment, by incubating scale samples from C.
carpio at different temperatures viz. 42ᵒ, 44ᵒ, 46ᵒ, 48ᵒ, 50ᵒ,
52ᵒ and 54ᵒC. After incubation, an equal volume of phenol:
chloroform: isoamyl alcohol (25:24:1) was added to the tubes
containing list scale cells. Then the contents were mixed by
gently inverting the tubes for 10 minutes to precipitate proteins and the other contents of nucleic acid. Then the tubes
were centrifuged at 12000 rpm for 10 minutes using a centrifuge machine Hermle Labortechnik GmbH (type: Z216).
The top aqueous layer was transferred into 1.5 ml Eppendorf tube without disturbing interphase and lower phase.
The DNA was precipitated by adding an equal volume of
isopropanol and 0.2 volumes of 10 M ammonium acetate
solution, inverting the tubes gently several times. Then the
tube was centrifuged at 14350 rpm for 10 minutes. The supernatant was removed by pouring, taking care to avoid the
loss of DNA pellets. The pellets were washed with 500 µl
chilled 70% ethanol; air dried and re-suspended in 200 µl
TE buffer pH 7.5.
After ensuring complete solubility of DNA, the purity
factor (A260/A280 nm) was measured spectrophotometrically and its integrity was checked by loading 10 μl DNA
preparation (2 μl extracted DNA, 2 μl dye and 6 μl
sterile water) on 0.7% agarose gel and stained with ethidium bromide by the following method. 40 ml 1XTris-acetate-EDTA (TAE) buffer and the 0.28g agarose were
added in the flask. Heated the solution in the microwave
oven for 30 seconds, swirl and reheat before its boiling.
When starts boiling then swirl again to dissolve the agarose. The flask placed in a 55-65º C on a stir plate to cool.
The gel apparatus prepared for casting the gel while the
agarose is cooling. Just prior to pouring the gel, add Ethidium bromide to dissolve in agarose and swirl to mix.
Poured the gel into the casting tray and adjust the comb to
keep the wells perpendicular and waited to cool and harden
the gel (20-30 minutes). The quantity and quality of the
DNA were compared by loading 0.2 μl Lambda Hind III
DNA standard marker (by Thermoscientific, UK stock
cans. 500 ng/μl).

3. RESULTS
In this experiment, the concentration of various metal Cd,
Cu, Pb, Hg, Ni, As and Zn were assessed in Cyprinus carpio collected from the Ravi river. The concentration of Cd,
Cu, Pb, Hg, Ni, As and Zn in water samples from the Ravi
river and a control pond and was determined as
0.023±0.003, 0.45±0.001, 0.013±0.001, 0.056±0.001,
0.11±0.002, 0.035±0.002 and 0.098±0.001; 0.012±0.002,
0.20±0.001, 0.006±0.001, 0.023±0.001, 0.06±0.002,
0.016±0.001 and 0.036 ±0.001mg l-1, respectively. The
concentration recorded from water analysis reflected the
order of occurrence of heavy metals to be Cu > Zn > Ni
>Hg > As> Cd >Pb (Table 1). The levels of selected trace
metals, including Cd, Cu, Pb, Hg, Ni, As and Zn in the muscle tissue of Cyprinus carpio under investigation in this study
are presented in the Table 1. Cyprinus carpio captured from
the Ravi River and control site was examined for the selected
metal concentration. The ranking order of the heavy metals in
the fish muscle from the river Ravi was as: Zn (434.88±5.66),
Cu (55.70±2.35), As, (8.55±1.10), Ni (7.84±0.88), Pb
(4.88±0.48), Cd (2.81±0.12), Hg (2.33±0.26) (mean;
mg/kg dry wt.). The concentration of Cd, Cu, Pb, Hg, Ni,
As and Zn in the muscle of Cyprinus carpio captured
from the control site was detected as 1.10±0.27,
20.66±1.80, 2.03±0.16, 1.01±0.11, 2.26±0.45, 3.12 ±0.66
and 190.11±6.23 mg/kg dry wt. , respectively. The concentration of Cd, Cu, Pb, Hg, Ni, As and Zn in the gills, liver
and kidney in Cyprinus carpio captured from the Ravi river
were determined as: gills (0.31±0.11, 2.14±0.56, 0.10±0.04,
0.07±0.03, 1.76±0.23, 1.02±0.001 and 10.17±1.06 mg/kg dry
wt., respectively), liver (4.67±0.44, 73.77±2.15, 7.79±1.19,
5.85±0.53, 13.71±2.23, 11.94±0.89 and 457.24±5.67 mg/kg
dry wt., respectively) and kidney (3.35±0.65, 52.71±2.91,
5.95±0.71, 4.96±0.52, 9.91±1.11, 8.51±0.78 and 392.71±4.65,
respectively). The level of Cd, Cu, Pb, Hg, Ni, As and Zn in
the gills, liver and kidney in Cyprinus carpio procured from
the control site were determined as: the gills 0.12±0.05,
0.42±0.12, 0.003±0.00, 0.003±0.00, 0.35±0.0.07, 0.20±0.00
and 4.44±0.56 mg/kg dry wt., respectively), liver (1.89±0.0.34,
7.91±2.13, 4.71±0.62, 2.62±0.24, 4.88±0.45, 0.81±0.11 and
200.75±4.81 mg /kg dry wt., respectively) and kidney
(1.52±0.23, 20.71±1.26, 6.11±0.58, 3.38±0.42, 4.06±0.71,
0.43±0.03 and 14.55±3.45 mg/kg dry wt., respectively) (Table 2). There existed significant differences among the fish
organs for the bioaccumulation of all heavy metals (Table 2).
Accumulation of Zn in the 4organs of fish exhibited the highest level. Cu, Ni, Pb and As was also accumulated in significantly higher (P≤ 0.01) concentration in muscles, gills,

TABLE 1 - Metal concentration in water from River Ravi and control site
Hg

Ni

As

Zn

River Ravi Surface Water mgl-1

0.023±0.003b

Cd

0.45±0.001a 0.013±0.001a

Cu

Pb

0.056±0.001d

0.11±0.002c

0.035±0.002e

0.098±0.001

Control site Surface Water mgl-1

0.012±0.002b

0.20±0.001a 0.006±0.001a

0.023±0.001d

0.06±0.002c

0.014±0.001e

0.036±0.001

Means with similar letters in a row are statistically similar at P ≤ 0.05.
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TABLE 2 - Metal concentration (mg/kg dry wt.) in tissues of Cyprinus carpio from River Ravi and control site
Fish
Organs

Sampling Site

Cd

Cu

Pb

River Ravi
2.81±0.12e
55.70±2.35b
4.88±0.48
Control site
1.10±0.27e
20.66±1.80b
2.03±0.16
River Ravi
0.31±0.11d
2.14±0.56b
0.10±0.04e
Gills
Control site
0.12±0.05d
0.42±0.12b
0.003±0.00f
River Ravi
4.67±0.45f
73.77±2.15b
7.79±1.19e
Liver
Control site
1.89±0.0.35d
7.91±2.13b
4.71±0.21c
River Ravi
3.35±0.65e
52.71±2.91b
5.95±0.71e
Kidney
Control site
1.52±0.23e
20.71±1.25b
6.11±0.58c
Means with similar letters in a row are statistically similar at P ≤ 0.05.
Muscles

Hg

Ni

As

Zn

2.33±0.26e
1.01±0.11e
0.07±0.03f
0.003±0.00e
5.85±0.53f
2.62±0.24e
4.96±0.52f
3.38±0.42f

7.84±0.88d
2.26±0.45d
3.74±0.23c
0.35±0.07c
13.71±2.23c
4.88±0.45c
9.91±1.11c
4.06±0.71d

8.55±1.10c
3.12±0.66c
3.02±0.002g
0.20±0.00e
11.94±0.89d
0.81±0.11f
8..51±0.78d
0.43±0.03f

434.88±5.66a
190.11±6.23a
10.17±1.07a
4.44±0.56a
457.22±5.67a
200.75±4.81a
392.71±4.65a
14.55±3.44a

liver and kidney in fish procured from the Ravi river. The
fish liver and kidney accumulated higher quantities of Cu,
followed by Cu, Pb and Hg.

TABLE 5 - Two-way AVOVA analysis testing the effect of pollution
and interaction (treatment x weight) for DNA concentrations (µg/µl)
in the scales of Cyprinus carpio of different weight categories from the
Ravi River and a control site.

Control and experimental samples of Cyprinus carpio
were distributed in three weight groups; W1, W2 and W3.
The mean weights and lengths of both control and experimental specimens from different weight categories were not
statistically different (P>0.5). DNA concentrations of the
control samples ranged from 1.24 to 1.79 µg/µl, whereas,
DNA concentrations of the experimental samples ranged
from 0.82 to 1.51 µg/µl (Tables 3 and 4). The comparison of
the means showed non- significant differences in the DNA
concentration in scales of different weight categories of
fish collected from the Ravi River (Table 5).

Effect
Df
F
p
1
14.08
≤ 0.01
Treatment
2
0.52
ns
Weight
2
0.64NS
ns
Treatment x Weight
12
Error
17
Total
The F and p values are given for each variable, ns-not significant

TABLE 3 - DNA concentrations (µg/µl) extracted from Cyprinus carpio of different weight categories from the Ravi River and a control
site.
Controlled
samples
(gm)
510.00
905.00
990.00
1180.00
1240.00
1490.00
1715.00
1910.00
2000.00

DNA Conc.
µg/µl

Experimental
samples (gm)

DNA Conc.
µg/µl

1.44
1.39
1.34
1.24
1.32
1.76
1.74
1.79
1.39

525.0
880.0
940.0
1160.0
1370.0
1495.0
1730.0
1920.0
2005.0

1.32
1.12
1.04
0.71
1.21
1.41
1.30
1.06
0.78

TABLE 6 - Two way AVOVA analysis, testing the effect of pollution
and interaction (treatment x height) for DNA concentrations (µg/µl)
in the scales of Cyprinus carpio of different weight categories from the
Ravi River and a control site.
Effect
Df
F
P
1
13.06
≤ 0.01
Treatment
2
0.49
ns
Weight
2
0.61NS
ns
Treatment x Weight
12
Error
17
Total
The F and p values are given for each variable, ns-not significant

TABLE 4 - Minimum and maximum DNA concentrations observed
in Cyprinus carpio of different weight categories from the Ravi River
and a control site.
Weight categories

Comparison of means
Categories
Treatment
Control Site
River Ravi
1.39±0.16c
1.32±0.20c
W1
1.44±0.35b
1.41±0.24a
W2
1.79±0.42a
1.36±0.28b
W3
Means sharing similar letter in a row or in a column are statistically nonsignificant (P>0.05).

Minimum DNA Conc. Maximum DNA Conc.
(µg/µl)
(µg/µl)
Control
Ravi River
Control
Ravi River
W1
1.34
0.82
1.44
1.32
W2
1.24
0.71
1.76
1.41
W3
1.39
0.78
1.79
1.36
The concentrations in experimental and control fish were highly significantly different (P<0.01)

Comparison of means
Categories
Treatment
Control Site
River Ravi
1.38±0.12c
1.33±0.23c
W1
1.55±0.35a
1.06±0.15c
W2
1.46±0.42b
1.39±0.22c
W3
Means sharing similar letter in a row or in a column are statistically nonsignificant (P>0.05).

The effect of habitat on the quality of DNA was determined by running the extracted DNA on an agarose gel.
The DNA extracted from the control samples showed its
integrity by appearing as a single band in all of the samples,
whereas the DNA extracted from the Ravi River samples
appeared in more than one band, exhibited fragmentation.
DNA fragmentation was determined by counting the number of bands, the size of the fish and indirect exposure of
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the fish to its habitat. In each of the weight groups, the
DNA concentrations of the fish samples from the river
were lower than those of the control fish samples (Table 6).
All the fish scale sample of control the site had a single
band (Figure 1), whereas the samples from the Ravi River
in weight group W1 had 1 to 2 bands. The fish in weight
group W2 had 2 bands. The fish in weight group W3 from
the Ravi River had a variable number of bands. The fish
that were less than 1800 grams had two bands, and fish that
weighed between 1900 grams and above had three bands,
showing fragmentation (Figure 2).

4. DISCUSSION
The results of this study, exhibit pollution effects, and
these results are in agreement with [21] and [22], who also
reported the effect of pollution in the Indus River. In this
study we utilised fish scales to evaluate pollution levels,
and the findings reported here are in conformity with [23],
which indicated that fish are the most suitable aquatic or-

ganisms with which to evaluate environmental pollution.
The metal accumulation trends in fish organs at two sampling sites varied significantly. However, the fish at the
Ravi River showed the higher accumulation of metals. The
heavy metal bioaccumulation in fish comes from two different routes of intake; free ions and simple compounds
dissolved in water or taken up directly through the epithelium of the skin, gills and the alimentary canal while others,
accumulate in food organisms on which fish feed in their
habitat [4]. Thus, the heavy metals when released into the
river may enter the food chain (plankton) and accumulate
in the fish body as assessed during this experiment.
The DNA concentrations in the fish scales procured
from the control site were higher than the DNA concentrations in fish scale samples from the Ravi River. These
findings are in agreement with [24], to the extent that the
pollutants such as pesticides appears as potential inhibitor
of DNA synthesis. Although [24] isolated DNA from
gonad tissue (1mg/ml), however, in this experiment 50 mg
of scale samples was processed for both control and experimental fish. In this study better findings were achieved

FIGURE 1- Agarose gel electrophoresis of Cyprinus carpio from the control site.

FIGURE 2 - Agarose gel electrophoresis of Cyprinus carpio from the Ravi River.
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mixing the scales with a cell lysis solution containing urea.
Thus, it is possible that these pollutants of the River Ravi
have inhibited the enzyme necessary for DNA synthesis. In
the present study, larger fish had more bands, representing
greater fragmentation and demonstrating that these fish had
experienced longer exposure to the polluted environment.
These findings are agreeing with [25], who reported that
pollutant exposure leads to corresponding increases in
DNA damage. These results are also in agreement with
[26], who suggested that changes in DNA might have longlasting effects, but that the self-repairing capability of
DNA may affect the precise interpretation of the relevant
bioassays.
When the qualities of the samples were observed, fragmentation was found in all of the experimental samples,
but not in any of the control samples. Our results were in
line with the findings with [27]. The present results regarding fragmentation are also in agreement with [28], who reported the level of DNA damage in cells, and [29], who
assessed that the state of DNA fragmentation in cells was
affected by pollution. The DNA fragmentations determined in the present study were caused by pollution in the
Ravi River. Several scientists have reported that metals
may induce genotoxicity in fish inhabiting polluted water
bodies [30]. Arsenic is a pollutant involved in the fragmentation of DNA in Channa punctatus [31]. The findings of
the present study are substantiated by the findings of [5,
32-34], all of whom have demonstrated that heavy metal
pollution affects the health of fish, which can ultimately be
transferred to humans by way of the food chain.

an alarming level of heavy metals which are needed to be
monitored regularly. We are of the view fish scales can be
successfully employed as non-lethal tool for assessing a
damage caused by pollutants in aquatic ecosystems.
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Finally, at the sites under study, there has been observed alarming levels of some toxic metals like As, Cd,
Pb, and Hg, which are needed to be monitored regularly.
Previous studies on heavy metal contamination of fish species from River Ravi were limited, but the results obtained
in this study indicate that this fish species contain dangerous levels of heavy metals. The results of this study exhibited that fish scales biochemically responded to toxic metals. We observed that fish scales can be easily collected
non-lethally from fish to evaluate fish scales as businesses
for different contaminants in freshwater ecosystems. We
are of the view screening for contaminants using fish scales
provides a rapid, inexpensive, non-lethal and biologically
relevant first pass indicator of water quality for sensing the
presence of bioactive chemicals in surface water and the
exposure to such compounds by endangered and threatened
fish species. This technique could be used with any scalebearing fish species. Further studies are required to validate
the use of fish scales as a non-lethal tool for assessing the
effect of surface water contaminants.
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ABSTRACT
Plant available arsenic (As) is not defined by its total
content but by the various forms in soil. The aims of this
study were to determine the amounts of As phases in soils
extracted in the vicinity of the antimony mines; to study
soil surface processes affecting formation of most mobile
phases of As and the identification of sources of As phases
in C soil horizon. Five fractions of soil As were determined
by sequential extraction analyses (As F1, As F 2, As F 3,
As F 4 and As F 5) in A and C horizons. The identification
of the origin of As fractions were made by mean of principal component analyses (PCA) including Pearson correlations. The amount of the most mobile forms of As (As F1
and F2) was below 1%. The content of As F1, As F2 and
As F4 decrease with soil depth, while aqua regia As and
phases F3 and F5 increase with depth. Principal component
analyses (PCA) showed that the content of As F2 is affected by anthropogenic factor and the content of As F4 by
biological factor. In C horizon, As F2 and F4 are influenced
by the leaching processes in soil. Arsenic F5 is bound to
sediment rocks. The soil surface processes increases the
availability of As in soil. The most mobile forms of As
were found in deeper soil horizon that is due to the leaching
of As with water from biological sources. The content of
semi available phase of As F3 increases with depth, with
stronger bounds due to the linkage to the amorphous Fe hydroxides.
KEYWORDS:
arsenic, soil, sequential extraction, PCA

1. INTRODUCTION
Arsenic (As) is a toxic element that can be released
into the environment both through natural processes (volcanism or rock weathering) and from anthropogenic sources
(mining, smelting, agricultural uses, tanning operations,
wood treatment, pesticide manufacturing, and coal burn* Corresponding author

ing) [1, 2]. Especially, in the vicinity of a mining area As
poses a high health risk in comparison with other toxic
trace elements [3]. Arsenic serves as an indicator element
at geochemical investigations when identifying mineral deposits, because it is associated element in antimony ore [4].
Arsenic levels in uncontaminated, non-treated soils seldom
exceed 10 mg/kg [5]. In Serbia, an average content of arsenic is near the world-average level that is 11 mg/kg [6].
However, content of total forms of As doesn’t explain its
bioavailability due to the complexity of different forms of
As in soil. The main forms of As present in soils are arsenate (As (V)) and arsenite (As (III)) [7]. Arsenic sorption
on soil particles is one of the most important processes that
immobilize this metalloid. Many studies have been devoted to arsenic sorption on well characterized minerals or
soil particles (clay, oxides of Al, Fe, Mn, calcium carbonates and/or organic matter) [8, 9]. Identification of
sources of toxic elements, such as arsenic is possible by
applying the multivariate analysis after the 5-step sequential analyses [10, 11].
Sequential extraction was performed according to the
procedure suggested by Tessier et al [12]. This method is
one of the most used methods for multi-elemental sequential extraction, which is applied in many studies over the
past 3 decades [13, 14]. It is a very useful tool for operatively comparing the chemical bindings of a wide array of
elements including potentially toxic metals and metalloids
like As, in spite of this element being mobilized as an anionic species [15, 16]. Some studies report that in arsenic
contaminated soils the primary arsenic mineral assemblage
can be weathered forming secondary, thermodynamically
stable mineral. Precipitation of arsenic compounds could
occur either (i) after their adsorption onto soil colloid surfaces or (ii) by direct precipitation of arsenic solid phases
[8, 17]. Generally, these secondary minerals are considered
to be composed mainly of arsenates.
This study aimed the identification the sources of different As fractions and their bounds and redistribution due
to ore mining in two soil horizons: surface (A horizon) and
the horizon on the geological substrate (C horizon), under
higher As concentrations of geological origin.
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2. MATERIALS AND METHODS
The studied area of 8.6 km2 is situated at 43°37′40′′ 43°39′8′′ latitude and 20°11′22′′ - 20°13′47′′ longitude and
located in the vicinity of Lisa village, of Ivanjica municipality, west Serbia Complete soil survey including 27 representative profiles with accompanying semiprofiles, with
delineation of the boundaries for each soil types and their
spatial distribution were conducted (Figure 1). This resulted in creation of soil map at scale 1:10000 with all the
accompanying elements (maps of main agrochemical characteristics, maps of erosion, maps with total content of microelements, map of soil acidification, map of content of
mobile aluminum etc).
Analytical results revealed that concentration of arsenic was above the maximum allowed. Therefore further research was concentrated on As in soil surface horizon, and
in the horizon overlaying the parent rock. Soils of study
area were presented by Leptosol and Cambisol [18] on hard
limestoneand silicate chlorite schist predominate. The soil
is characterized as acidic, with high humus content, very
low in available phosphorus and satisfactory content of
available potassium. Detailed positions of sampling are
given in the paper by Cakmak et al. [19], with changes depending on the profile depths (Fig.1).
After air drying, samples were ground in an inert steel
crusher with 2 mm mesh. Further, for the analysis of As the
sample was sieved in 150μm mesh. Total contents of C and
N were determined on CNS analyzer after grinding samples to powder in agate mortar.

Soil pH was determined with a glass electrode pH meter in a 1: 2.5 water solution. Soil total C and N were measured with an elemental CNS analyzer, Vario model EL III
(Elementar Analysensysteme GmbH, Hanau, Germany; [20].
Soil granulometric composition was performed using the
pipette method [21].
Available P and K were determined by the AL-method
of Egner-Riehm [22]. Exchangeable Al was determined by
the titration by the titration method after Sokolov: extraction with 1 m KCl (1:2.5) followed by shaking for 1 h and
titration with 0.01M NaOH [23].
Total arsenic and other microelements were digested
in aqua regia (L.) [24]. Total sulphur was determined after
digestion with concentrated HNO3. Furthermore, the soil
was subjected to a 5-fraction sequential extraction by modified Tessier method [25] : step I – adsorptive fraction (F1)
(CH3COONH4mol/L); step II – bound to carbonates, and
easily reducible (F2) (NH2OH•HCl 0.1 mol/L); step III –
moderately reducible bound to Fe and Mn hydroxide (F3)
((NH4)2C2O4 0.2 mol/L and H2C2O4 0.2 mol/L); step IV –
organic-sulfide (30% H2O2+ CH3COONH4 3.2 mol/L)
(F4); step V – residual (HCl 6 mol/L) (F5). After the digestion the content of microelements and sulfur was determined with ICAP 6300 optical emission spectrometer
(Thermo Electron Corporation, Cambridge, UK).
All chemical analyses were performed in two analytical replications. The “J.T. Baker Analyzed reagent” (Inductively Coupled Plasma Standard, Netherland) standardsample was used for creating the calibration curve with
three reading of blank samples, which allowed correcting

FIGURE 1 - Studied area and sampled points
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the results where necessary. For the verification of the results, the referent soil was determined for As (ERM-CC141
loam soil, Belgium, with exact concentration of arsenic soluble in aqua regia toward determining the accuracy of
measuring apparatus). The data was subjected to the statistical analyses for Pearson correlations and principal component analyses, [26].

3. RESULTS
Content of aqua regia arsenic averaged 37120 and
44656 µg kg-1 in A and C horizon, respectively, where in
the C horizon content of As was for 20.3% higher than in
A horizon (Table 1).

TABLE 1 - Content of As in soil fractions from sequential extractions and from aqua regia digestion
Aqua regia soluble*
F1a
F2
F3
A horizon, µg kg-1
3765
ND
ND
3340
Min , µg/kg
135850
87.67
159.98
40634
Max, µg/kg
37120
7.51
54.16
18463
Average, µg/kg
36184
22.79
109.27
14310
SD
74.075
0.015
0.108
36.84
% from sum
C horizon, µg kg-1
2645
ND
ND
1326
Min , µg/kg
187450
ND
21.05
98780
Max, µg/kg
44656
ND
3.11
25398
Average, µg/kg
52369
ND
6.08
26027
SD
71.37
ND
0.005
40.59
% from sum
120.3
ND
5.84
137.56
As % in C of A
*-part of the data for aqua regia soluble As were also used in Cakmak et al. [19]

F4

F5

F1+F2+F3+F4+F5

ND
88.86
19.57
23.07
0.039

2135
140779
31568
36428
62.99

6914
181491
50112
47548

ND
41.26
5.63
10.06
0.009
28.78

1032
187166
37164
50341
59.39
117.73

5387
257593
62571
72479

FIGURE 2 - Content of individual fractions of arsenic in A horizon

FIGURE 3 - Content of individual fractions of arsenic in C horizon
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TABLE 2 - Correlation coefficients between soil parameters and different fractions of As
A horizon
pH in H2O
CaCO3
Organic C
Total N
avail P
avail K
Exch. Al
As aqua regia
Cd aqua regia
Co aqua regia
Cr aqua regia
Cu aqua regia
Fe aqua regia
Mn aqua regia
Mo aqua regia
Ni aqua regia
Pb aqua regia
Sb aqua regia
Zn aqua regia
Clay
Sulfur
As F1
As F2
As F3
As F4
As F5
C horizon
pH in H2O
CaCO3
Organic C
Total N
avail P
avail K
Exch. Al
As, aqua regia
Cd aqua regia
Co aqua regia
Cr aqua regia
Cu aqua regia
Fe aqua regia
Mn aqua regia
Mo aqua regia
Ni aqua regia
Pb aqua regia
Sb aqua regia
Zn aqua regia
Clay
Sulfur
As F1
As F2
As F3
As F4
As F5

As, aqua regia soluble

As F1

As F2

As F3

As F4

As F5

.600**
.229
.302
.307
-.139
.133
-.305
1.000
.574**
.091
.307
.017
.267
.283
.665**
.006
.818**
.798**
.174
.593**
.588**
.053
.268
.868**
.528**
.946**

-.317
-.077
.028
.032
-.187
-.347
.479*
.053
-.355
-.270
-.275
-.425*
-.394
-.270
-.100
-.375
.078
-.145
-.466*
-.212
-.100
1.000
-.050
.051
.325
-.049

.051
-.039
.382
.394
.588**
.342
-.133
.268
-.121
.013
-.209
-.205
-.220
.304
.003
-.222
.208
.321
-.026
-.183
.241
-.050
1.000
.465*
.684**
.126

.460*
.184
.157
.169
.002
.196
-.316
.868**
.298
.283
.068
-.139
.070
.427*
.441*
-.149
.658**
.607**
.048
.320
.378
.051
.465*
1.000
.553**
.696**

.243
.311
.620**
.627**
.153
-.009
-.106
.528**
.033
-.321
-.154
-.316
-.194
.086
.118
-.321
.478*
.438*
-.091
.038
.633**
.325
.684**
.553**
1.000
.413*

.684**
.189
.382
.379
-.180
.182
-.378
.946**
.735**
.060
.474*
.182
.430*
.228
.710**
.148
.838**
.827**
.320
.755**
.642**
-.049
.126
.696**
.413*
1.000

As F3
.239
.202
.266
.407*
-.303
-.169
-.339
.908**
.522**
.070
.428*
.131
.422*
.000
.245
-.013
.602**
.677**
-.112
.760**
.010
.020
1.000
.265
.779**
.779**

As F4
.357
.662**
.658**
.151
-.198
-.125
-.288
.206
.025
-.171
-.165
-.250
-.135
.272
-.046
-.277
.209
.170
-.052
.016
.660**
.653**
.265
1.000
.096
.096

As F5
.489*
.184
.347
.710**
-.228
-.112
-.456*
.966**
.791**
-.066
.678**
.401
.640**
-.117
.391
.258
.742**
.854**
.142
.857**
.173
-.061
.779**
.096
1.000
1

As, aqua regia soluble
.426*
.205
.340
.653**
-.272
-.139
-.457*
1.000
.713**
-.016
.597**
.292
.567**
-.052
.369
.141
.727**
.842**
.039
.842**
.130
-.001
.908**
.206
.966**
.966**

As F1
NDa
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

As F2
.141
.136
.735**
.097
-.029
-.126
-.073
-.001
-.122
-.129
-.218
-.333
-.228
.215
-.023
-.288
.239
.044
-.065
-.170
.609**
1.000
.020
.653**
-.061
-.061

The amount of As F1 in A horizon ranged between 087.67 µg kg-1 that is 0.015% from its total content (sum of
F1-F5) (Table 1). In the C horizon the concentration of As
F1 was below detection limits. There were found positive
correlations in A horizon between As F1 and exchangeable
Al, and negative correlation between As F1 and aqua regia
Cu and Zn (Table 2). Also, As F1 was in a significant correlation with Al F1, Fe F1 and Cr F1 (Table 3).

The amount of As F2 in C horizon was much lower
than in A horizon (54.16 and 3.11 µg kg-1 in A and C horizons, respectively). The portion of As F2 in a total As content decreases with depth being only 0.005% in C horizon
(Table 1). In A horizon there was a significant positive correlation of As F2 with the available P and As F3 and F4
(Table 2). In C horizon there was observed a positive correlation with soil organic carbon, total sulfur, As F4, and
Na F2 (Table 3).
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TABLE 3 - Correlations between fractions of As and other microelements

F
As 1
As 2
As 3
As 4
As 5

F1
F2
F3
F4
F5

As 1
As 2
As 3
As 4
As 5

F1
F2
F3
F4
F5

A horizon
Al
.650**
.057
.402
.448*
.800**
C horizon
/
.187
.677**
.423*
.821**

Ca
-.203
.062
.427*
.403
.151

Cd
-.036
.119
.060
.222
.702**

Cr
.846**
.021
.123
.013
.528*

Cu
-.159
-.165
-.148
-.317
.444*

Fe
.552**
.128
.002
-.037
.631**

K
-.265
.178
.181
.148
.437*

Mg
-.281
.166
-.150
.155
.042

Mn
-.326
.320
.080
.334
.401

Na
-.052
.144
-.142
.058
.790**

Ni
-.061
-.128
-.231
-.286
.514*

Pb
.196
-.184
.505*
.332
.940**

/
.283
.406*
.679**
.067

/
.363
.493*
.345
.775**

/
.134
.509*
-.111
.678**

/
-.179
.041
-.304
.561**

/
.269
.421*
.117
.731**

/
-.046
.417*
.640**
.731**

/
.125
-.221
.405*
-.002

/
.193
.045
.662**
.306

/
.513*
-.108
.160
.844**

/
-.204
-.087
-.150
.585**

/
.073
.640**
.439*
.888*

Amount of As F4 was similar to As F1 and As F2. The
average content of As F4 was 19.57 and 5.63 µg kg-1 in A
and C horizons, respectively, where in C horizon it was
28.78% of that in A horizon. Similar to the previous two
fractions, the As F4 amounted less than 1% of the total (Table 1). In both horizons, As F4 was in correlation with soil
organic carbon, total sulfur and As F2 (Table 2). In A horizon there was observed a correlation with total N and aqua
regia soluble As, Pb, Sb and As F5. In C horizon there
wasa positive correlation of As F4 with CaCO3. In both horizons there was a correlation of As F4 with Al F4 (for A
and C horizons, respectively), while in C horizon there is
also correlation with the following elements of fraction 4:
with Ca, K, Mg, Pb and Mn (Table 3).
The arsenic of third fraction (As F3) amounted much
higher content than previously discussed fractions, composing the 36.84 and 40.59 % of the total As (sum of As
F1-F5), in A and C horizons, respectively. The C horizon
accumulated 26027 µg kg-1 of As F3, that is for 37.56%
higher than in A horizon (Table 1). In both horizons there
was observed significant correlations with Pb, Sb, Cd and
Asaqua regia and with As F2 and F5 same as with Ca F2
and Pb F2 (Table3). In A horizon, there was found correlations between As F3 with Mn and Mo. In C horizon, As F3
was correlated with Cd, Cr, Fe aqua regia and total N and
clay (Table 2). As F3 were bound to the following elements: F3: Al, Ca, Cd, Cr, Fe, K, and Pb (Table 3).
Quantitatively and qualitatively the arsenic of fifth
fraction (As F5) behaved similarly as As F3, with the content representing 50% of total As. The C horizons accumulated 37164 µg kg-1 of As F5, that is for 17.73% higher than
in A horizon. In both horizons, the correlations of As F5
with microelements and clay are similar. By the content of
As F5 the A and C horizons differ only by significant correlation with total N in C horizon.

4. DISCUSSIONS
4.1. Surface horizon (A)

According to the quantitative characteristic the determined arsenic is separated into two groups. The group

whose faction in the total arsenic content was less than 1%
with a decrease in the C horizon (1, 2 and 4 fractions in
sequential analysis), and the group, which was about 30%
of total As that represented by 3 and 5 fractions of As, with
an increase with soil depth.
The As F1 and As F2 fractions are most mobile fractions that represent most available fractions of As [27].
There is a possibility of decreasing the As F1 due to immobilization and complexation with Zn and Cu on the Al and
Fe oxides by forming the clusters with arsenate and due
their precipitation [28]. This is confirmed by the negative
correlation of As F1 with Zn and Cu aqua regia (Table 2).
This fraction of As might be affected by ions, which easily
dissociate or form out sphere complexions with arsenate,
such as exchangeable Al and Al F1([29,30], what is confirmed by the correlations (Table 2) as well as correlation
of As F1 with Al F1 (Table 3).
Probably the most available As (As F1) could be found
in the beginning stage of formation of out sphere complexes
on Fe oxides [30], what is confirmed by significant correlation of As F1 with Fe F1. The detected correlation between
As F1 and Cr F1 (Table 3) is due to the similarity of complexation of chromate and arsenic on the Fe oxides [31].
From the other hand, the competition of certain elements for the same adsorptive area may increase the content
of most mobile fractions of As. So, the increase of As F2 was
affected by the available P (Table 2) due to the competition
of these two anions [32, 33]. These processes indirectly can
be explained from the correlation of the As F2 and As F3,
where the competition takes place in fraction 3 (Table 2).
The As F4 is bound to soil organic matter, and is very
hard and stable comparing to the fractions As F1 and As
F2. This is confirmed by the established correlations with
soil carbon and total nitrogen and the accompanying elements in those complexes such as total S [34, 35]. Pb aqua
regia [5], Cd aqua regia [36]. The bounds between Al F4
and As F4 and their correlation (Table 3) are explained by
the complexes of Al and As with soil humus [37]. On contrary to the first two fractions, the As F4 significantly correlated with aqua regia soluble As and As F5 (Table 2),
indicating that the arsenic of surface horizon of the studied
soil is mainly of geological origin.
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The multivariance factor analysis showed that the As
F2 is influenced by anthropogenic factor, because it belongs to the same group as available P and K, whose content in soil is mainly originated from fertilizer (PC4 explains 9.55%), while the As F4 is bound to organic matter
on the soil surface (PC3, 14.34%) (Table 4). This implies
that these two fractions are linked to the soil surface processes. The As F1 has no clearly defined factor affecting it,
meaning that it is influenced by the combination of factors
related to the effects of weathering (Table 4). The correlation between As F3 and F5 with aqua regia soluble As
points out on their similar origin (PC2, 20.66%).
Arsenic F3 is mainly bound to oxides of Mn as indicated by their correlation (Table 2). Correlation of As F3
with amorphous Mn compounds indicates the weaker
bounds of As, because the bounds of As with Fe oxides is
stronger, as reported by [10]. Significant correlation between As F3 and As F5 with aqua regia Pb is due to the
complex process. Probably, this process is based on the
minerals of arsenpyrite and galen [38] that leads to the formation of secondary Pb-As jarosite [39], that is confirmed
by the correlation of As F5 with clay (Table 2).
The correlation between As F3 and aqua regia Pb is
explained by effective absorption of As and Pb on the
poorly crystalline Fe and Mn hydroxides [40]. Correlation
of aqua regia Sb with As F3 and As F5 is explained by the

ore-origin of As and an accompanying element of Sb deposits [4], as well as by their similar chemical behavior [5].
Positive correlation of As F3 with aqua regia Mo is due to
the competition of Mo and arsenate for the same adsorptive
areas in suspensions of metal oxides and clays, and due to
the decrease of As in the compounds that are in complexes
with oxides [41]. The correlation of As F3 with Ca F3 (Table 3) is due to the ability of Ca to form compounds with
arsetane [42].
In A horizon the factor analysis showed that As F3 and
As F5 originates from sedimentary rocks (PC2, 20.66%)
(Table 4). According to other studies, increased amount of
the elements, which are affected by the same factors as As
3 and As 5 is also due to the sedimentary rocks [43].
4.2. The soil C horizon

In C horizon there was not detected measurable amounts
of As F1, probably due to the absence of oxidative processeson soil surface [5], which determine the formation of this
fraction of As. The results of factor analysis for As F2 andAs F4 indicate that their behavior is affected by the same
factor (P3, 12.86%) (Table 4). Considering the different
types of bounding of these two fractions of As, the common factor of their formation in C horizon is most probably
due to the water movement through the soil profile, i.e. water leaching.

TABLE 4 - Multivariate component analysis for soil surface horizon (A horizon)

Fe aqua regia
Cu aqua regia
Cr aqua regia
Zn aqua regia
Ni aqua regia
Cd aqua regia
Clay
pH (H2O)
As aqua regia
As F5
Sb aqua regia
Mo aqua regia
Pb aqua regia
As 3
Total N
Organic C
Sulfur
As F4
Silt
Co aqua regia
Mn aqua regia
Sand
Avail. P
As F2
Avail. K
As F1
Exch. Al
CaCO3
% of variance

Rotated Component Matrix
PC 1
PC 2
.973
.148
.947
-.075
.930
.211
.889
-.013
.887
-.081
.844
.454
.759
.430
.564
.432
.142
.919
.309
.882
.252
.882
.012
.873
.035
.800
-.042
.771
.096
.074
.108
.073
.064
.431
-.257
.419
-.247
-.082
.393
.087
-.068
.282
-.591
-.377
.026
-.119
-.245
.225
.524
.025
-.328
.043
-.314
-.233
.134
.065
26.054
20.665

PC 3
.000
-.109
.022
.186
-.174
.174
.341
.335
.244
.304
.019
-.232
.386
.135
.964
.959
.776
.617
-.107
-.431
-.029
-.268
.039
.331
.168
.088
-.164
.167
14.342
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PC 4
-.048
-.014
-.109
.190
-.065
-.044
-.048
.130
.108
-.027
-.052
-.170
.270
.381
-.055
-.069
-.119
.199
.879
.678
.633
-.605
-.071
.264
.242
.216
-.308
.034
9.553

PC 5
-.023
.024
-.032
.068
.065
-.096
-.240
-.162
-.024
-.111
.203
-.073
-.146
.155
.152
.152
-.090
.277
.113
.096
.064
.161
.930
.759
.527
-.213
.208
-.072
7.874

PC 6
.073
.116
-.023
.274
.110
.147
.037
.335
-.034
.038
.063
.155
.074
.027
-.003
-.003
.154
-.217
-.135
.297
.578
.063
-.031
.108
.141
-.822
-.695
.069
7.099

PC 7
.037
.046
-.035
.070
.098
.063
-.142
.266
.104
.009
.098
-.049
-.187
.131
.009
.010
.254
.362
.122
-.148
-.019
.054
-.051
.059
-.269
-.002
-.124
.899
4.741
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TABLE 5 - Multivariate component analysis for soil surface horizon (C horizon)

Clay
As aqua regia
Sand
As F5
As F3
Sb aqua regia
Cd aqua regia
Pb aqua regia
Zn aqua regia
Ni aqua regia
Cu aqua regia
Avail. K
Cr aqua regia
Fe aqua regia
Avail. P
Organic C
As F2
Sulfur
As F4
Co aqua regia
Mn aqua regia
Silt
Exch.Al
Mo aqua regia
Total N
CaCO3
pH (H2O)
% of variance

Rotated Component Matrix
PC 1
PC 2
.944
.188
.867
.030
-.845
.055
.838
.145
.831
-.138
.784
.214
.754
.574
.743
.373
.067
.936
.169
.886
.343
.779
-.233
.711
.626
.701
.660
.672
-.474
.487
.321
-.079
-.086
-.109
.055
.043
.083
-.170
.082
.166
-.089
-.285
-.466
-.078
-.258
-.427
.109
-.021
.430
-.055
.110
.045
.271
.566
27.572
19.333

PC 3
-.060
.079
-.065
.070
.020
.222
.016
.340
.062
-.243
-.198
.018
-.108
-.110
-.057
.891
.887
.816
.719
-.255
.152
.308
-.054
-.112
.220
.254
.292
12.863

The correlation coefficients of these fractions also
point out to these processes. The As F2 is correlated with
total C and S (Table 2) due to the leaching of organo-mineral complexes with arsenic [44, 45, 46], and further degradation and formation of bicarbonates [47], which absorb
the arsenate [48]. This is confirmed by correlations between As F2 and As F4 (Table 2).
Correlation of As F2 with Na F2 (Table 3) is due to the
ability of sodium carbonate and bicarbonate ions to extract
arsenic from Mn and Fe oxides [48]. Arsenic F4 expectedly
correlated with organo-mineral complexes such as CaCO3,
total C and S (Table 2), Al F4 and with some elements
bound to the organic matter, ex., Pb F4 and other elements
of F4, which are easily leached and form bridges of arsenate – organic matter (Ca, K, Mg) [5, 49, 50]. The correlation of As F4 with Mn F4 is a sub-product of chemical extraction of F4 (Table 3) [51, 52].
The similarity of As F3 and As F5 is mainly explained
by their high proportion in the total amount of As and due
to their higher amount in C compared to A horizon. These
fractions originated from sedimentary rock, which is the
main factor of influence in C horizon (PC1, 27.57%) (Table 5). Arsenic F3 well correlated with clay content indicating its origin from secondary minerals [8, 17] (Table 2).
The correlation of As F3 and As F5 with aqua regia Sb
indicates their similar origin same as aqua regia Pb, since
arsenic is an accompanying element in Pb and Sb ore [4].
The correlation of As F3 with some elements such as
Cr and Cd indicates their complexation the same way as

PC 4
-.173
-.029
-.137
-.117
.068
-.099
-.152
.180
.112
-.116
-.204
.148
-.193
-.190
-.186
-.104
.103
-.070
.139
.815
.811
.522
-.436
.102
-.099
-.112
.162
8.224

PC 5
.029
.408
.176
.447
.212
.251
.083
.118
-.103
-.037
.062
-.031
.082
-.021
.213
.009
.036
.002
.000
.006
.049
-.062
-.387
.859
.769
-.072
.195
7.870

PC 6
.121
.132
-.015
.118
.120
-.099
.162
.008
.094
.129
-.026
-.078
.016
.022
-.190
.066
-.062
.351
.506
-.241
.241
-.109
-.411
.004
-.056
.856
.568
7.066

As-Fe complexes [53, 31], which is confirmed by the correlation of As F3 with aqua regia Fe (Table 2). This implies the stronger bounds of arsenic and oxides of metals in
deeper horizons.
The As F5 in C horizon correlated with other elements
similarly to A horizon, indicating the same crystal structure
of arsenic minerals. The correlation between As F3 and As
F5 with the total N is probably due to possible fixation of
ammonia nitrogen within the crystal lattice of secondary
minerals and their release during the extraction [47].

5. CONCLUSIONS
Generally the soil surface processes determine the
heightened content of available arsenic in the studied soils.
In spite of increased content of aqua regia soluble As, the
most mobile fractions of As were in negligible concentrations (<1%) and doesn’t impose the contamination risk.
The most mobile fractions of As (F1 and F2) were produced by soil surface processes, where the As F2 clearly
was influenced by anthropogenic factor. These two fractions of As decreases with depth, where the As F1 was not
detected in the C horizon. In A horizon the detected As F4
was affected primarily by biological factor. In C horizon
the detected As F2 and As F4 were affected by leaching processes. The As F3 and As F5 mainly compose the mass of total
arsenic in these soils. Their content increases with depth, and
are mainly affected by sedimentary rocks. Presence of As
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F3 is mainly due to the bounds with Mn oxides on soil surface, and with Fe oxides in C horizon. This indicates on its
higher availability in surface horizon.
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ABSTRACT
Through analysis of ambient atmospheric pollutant
samples from a petrochemical enterprise in Northwestern
China, concentration, distribution characteristics, sources,
etc. of ambient air particulate were obtained. The results
showed that although particulate concentrations were low,
they still exceeded the air quality guidelines. And the concentration distribution of all the pollutants varies with time
(e.g. heating and non-heating period) and location (e.g. distances from the petrochemical enterprise) as well as the
meteorological conditions (e.g. dominant wind direction).
To further investigate the sources of the particulate matter,
Pearson Correlation Coefficient was introduced to the correlation analysis, which indicated that the ambient air particulate matter might come from some common source.
Since ratio of fine particulates was higher, most of particulates were from the burning of fossil fuels. Ratio of the organic carbon was higher than other components in fine particulates. The organic carbon in ambient air particulate was
extremely likely from the petrochemical plant. Based on
these factors, the petrochemical enterprise is the source of
ambient air particulate of nearby sampling sites.

KEYWORDS: Ambient air particulate; petrochemical enterprise;
Sources; Pearson correlation coefficient

1. INTRODUCTION
As is known, the pollution of ambient air particulate
has brought a serious environmental problem all around the
world. Air pollutants emitted from the industry in Asia are
increasing drastically, owing to the rapid pace of industrialization [1-4]. Consequently, the ambient air particulate
emitted from industrial sources has drastically resulted in
the visibility deterioration, low crop yields, changes in climate, and other health problems in the past decades. For
* Corresponding author

example, some air pollutants (e.g. polycyclic aromatic hydrocarbons, polychlorinated biphenyls, etc.) might easily
stay on the surface of ambient air particulate, which is the
most important cause for negative health effects. Some studies showed that particulate could be inhaled by the respiratory system and remain deep in the lung, thus lead to the respiratory and mutagenic diseases (e.g. allergies, asthma and
lung emphysema, etc.) [5-8]. For instance, some reports indicated that PM2.5 could lead to the adverse reactions in the
lower respiratory tract [9]. In order to improve the living
environment of mankind, many organizations or countries
have recently revised the national ambient air quality
standard for ambient air particulate.
At present, many relevant data are available on the
concentration and sources of ambient air particulate in
China. Many studies focused on monitoring the concentration or finding the characteristics of the particulate in a variety of cities [10, 11]. However, little data have focused
on the contribution of some specific industry emission
sources. This paper lighted on the relationship between
specific enterprise and ambient air particulate, which could
provide powerful supporting information to limit specific
industry emission. For instance, although some studies focused on ambient air particulate from the burning of petroleum products, there were few reports about these directly
coming from petrochemical plants. In this paper, samples
of ambient air particulates (TSP, PM10, and PM2.5) around
a typical petrochemical enterprise were analyzed, and the
results provided some preliminary analyses about the contribution of the petrochemical enterprise to the ambient air
particulate.

2. MATERIAL AND METHODS
2.1 Sampling sites, time and analyzing equipment
2.1.1 Sampling sites and time

The 10 sampling sites were located around a petrochemical enterprise in Northwestern China, and were distributed in different distance from the petrochemical enterprise, as were shown in Table 1.
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TABLE 1 - Location of airborne particulate matter sampling sites
around petrochemical enterprise
Sites

Location

1#
2#
3#
4#
5#
6#
7#
8#
9#
10#

NW
NW
NWW
NW
NE
NE
E
SSE
SE
S

Distance from the
petrochemical enterprise /km
7.0
6.3
3.0
1.1
3.4
1.7
2.4
2.3
3.2
5.5

All the samples were collected in two periods: From
June to July 2010 (non-heating period), and from December 2010 to January 2011 (heating period), respectively.
PM2.5 was collected by a low-flow rate gas sampler with
Quartz filter [12], with a flow of 10L/min; PM10 was collected by mid-flow gas sampler with Polypropylene filter
[13], with a flow of 100L/min; TSP was collected by highflow gas sampler with a flow of 1.05m3/min.
The ions (e.g. sulfate, nitrate) were measured by ion
chromatograph. The step was: firstly, a quarter of filter
membrane was immerged in the deionized water. And the
ions were drawn by ultrasonic. Then the solution was filtrated by filter membrane with 0.4μm. And the ions of filtrate could be analyzed by ion chromatograph.

The organic and inorganic carbon of particulate were
analyzed by thermal optical carbon analyzer.

3. RESULTS AND DISCUSSION
3.1 Temporal and spatial distribution characteristics of ambient air particulate

All the samples of TSP, PM10 and PM2.5 at the ten sites
around the petrochemical enterprise were collected in both
the heating period and the non-heating period, respectively.
The mass concentrations are shown in Table 2 and Table 3.
As for the temporal distribution of ambient air particulate, the results indicated that the mass concentrations of
TSP, PM10 and PM2.5 were significantly different from
each other. In the heating period, the mass concentrations
of TSP, PM10 and PM2.5 ranged within 0.038~0.429 mg/m3,
0.025~0.223 mg/m3, and 0.015~0.130 mg/m3, respectively.
In the non-heating period, the mass concentrations of TSP,
PM10 and PM2.5 ranged from 0.010~0.106 mg/m3, 0.005~
0.054 mg/m3, and 0.002~0.039 mg/m3, respectively. The
mass concentrations in the heating period were higher than
those in the non-heating period. The characteristics of temporal distribution of ambient air particulate were similar
with that in many reports [14, 15]. Owing to few other heating sources in this area, the dominant heating sources (e.g.
CFB boiler of petrochemical enterprise) contributed mostly
to the mass concentration of particulates.

TABLE 2 - Mass concentrations of ambient air particulate at the sites in heating period mg/m3
Sites
1#
2#
3#
4#
5#
6#
7#
8#
9#
10#

TSP
0.048~0.118
0.071~0.196
0.096~0.429
0.061~0.186
0.075~0.202
0.056~0.190
0.064~0.193
0.038~0.233
0.052~0.389
0.115~0.298

Concentration range
PM10
0.039~0.054
0.038~0.099
0.056~0.223
0.036~0.152
0.038~0.151
0.034~0.092
0.030~0.112
0.025~0.144
0.028~0.206
0.050~0.143

PM2.5
0.015~0.045
0.016~0.056
0.037~0.130
0.026~0.086
0.017~0.090
0.017~0.065
0.018~0.066
0.018~0.053
0.016~0.124
0.040~0.077

TSP
0.086
0.135
0.275
0.143
0.158
0.135
0.143
0.155
0.312
0.213

Average
PM10
0.048
0.070
0.145
0.094
0.104
0.063
0.082
0.095
0.157
0.105

PM2.5
0.034
0.041
0.098
0.056
0.061
0.052
0.054
0.045
0.084
0.061

TABLE 3 - Mass concentrations of ambient air particulate at the sites in non-heating period mg/m3
Sites
1#
2#
3#
4#
5#
6#
7#
8#
9#
10#

TSP
0.014~0.106
0.010~0.042
0.021~0.098
0.013~0.057
0.008~0.019
0.018~0.088
0.011~0.045
0.011~0.056
0.019~0.099
0.010~0.063

Concentration range
PM10
0.008~0.046
0.009~0.031
0.007~0.038
0.008~0.040
0.005~0.016
0.016~0.054
0.008~0.022
0.008~0.040
0.010~0.032
0.008~0.049

PM2.5
0.005~0.020
0.003~0.011
0.003~0.039
0.003~0.030
0.002~0.011
0.005~0.022
0.003~0.016
0.005~0.022
0.005~0.024
0.004~0.021
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TSP
0.058
0.024
0.057
0.032
0.0131
0.051
0.022
0.031
0.054
0.035

Average
PM10
0.024
0.017
0.019
0.020
0.009
0.031
0.012
0.023
0.019
0.027

PM2.5
0.011
0.007
0.030
0.016
0.005
0.012
0.007
0.012
0.013
0.011
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As for the spatial distribution of ambient air particulate, the results indicated that the concentrations were significantly different in distances from the petrochemical enterprise (as were shown in Table 2 and Table 3). The sampling sites with ambient air particulate of higher concentrations were located in area that was near to the petrochemical enterprise. Taking sampling Site 1 and 4 as examples
(both in the northwest of the petrochemical enterprise) in
the heating period, it could be seen that the average mass
concentrations of ambient atmospheric particulate in site 4
were 0.143 mg/m3, 0.094 mg/m3, 0.056 mg/m3, respectively, whereas the data in Site 1 were only 0.086 mg/m3,
0.048 mg/m3, 0.034 mg/m3, respectively.
The concentrations of ambient air particulate of different sites also had a close relationship with the meteorological conditions [16, 17]. Taking sampling Site 9 and Site 5
as examples, although they were at the same distance from
the petrochemical enterprise, the average mass concentrations of Site 5 were larger than those of Site 9. The reason
might be that sampling Site 5 was located in the downwind
direction of the year, while Site 9 was located in the upwind
direction.
The results also showed the mass concentrations of
ambient air particulate were high in the area. Although the
concentrations were below the air quality guidelines of the
China, part of them exceeded the air quality guidelines of
the World Health Organization (WHO) and the annual National Ambient Air Quality Standards of the Environmental
Protection Agency (US EPA) of the United States. For example, all average mass concentrations of PM2.5 in the
heating period exceeded 15μg/m3. In the non-heating period, 70% of the average mass concentrations of PM2.5 exceeded 10μg/m3, and 20% of the average mass concentrations exceeded 15μg/m3.
The mass concentration levels of ambient air particulate around the petrochemical enterprise from other regions
in China were presented in Table 4 for comparison. The

data showed that mass concentrations of the ambient air
particulate in this study were below what were reported in
Taiyuan, Ningbo and Nanjing, which were in the more developed region. And they were also lower than those in
Urumchi, which was in the same Northwest region. It was
probably because that there were fewer industrial pollution
sources in the region. Furthermore, the flat terrain might be
helpful for the dispersion of the particulates. Therefore, the
mass concentrations of the ambient air particulate were in
the lower level.
In summary, the temporal and spatial distribution characteristics of the ambient air particulate showed that both
the petrochemical enterprise and the meteorological conditions influenced the distribution of ambient atmospheric
particulate. In the area studied, although the concentration
level of ambient air particulate was in relatively lower level
in China, they still exceeded the air quality guidelines of
WHO and the annual National Ambient Air Quality Standards of US EPA.
3.2 Further analyses of sources of the ambient air particulate

(1) The Pearson Correlation Coefficients of TSP, PM10
and PM2.5
To further investigate the sources of the ambient air
particulate, Pearson Correlation Coefficient of the particulates was introduced [21]. The Pearson Correlation Coefficients of the concentrations of ambient air particulate of
different sizes in the heating period were presented in Table 5.
In statistics, the Pearson Correlation Coefficient reflects the relationship between two variables: 0＜|rp|≤0.3
indicates weak correlation; 0.3＜|rp|≤0.5 indicates low correlation; 0.5＜|rp|≤0.8 indicates significant correlation; 0.8＜
|rp|＜1 indicates high correlation. From Table 4, it could be
seen that TSP, PM10 and PM2.5 were well correlated. For example, the Pearson Correlation Coefficients of TSP & PM10,

TABLE 4 - Comparison of levels of ambient air particulate in different regions of China, mg/m3
heating period
TSP
0.51~0.722
0.54~0.700
---

PM10
0.313~0.511
0.307~0.471
0.200-0.250
0.171-0.944

PM2.5
--0.146-0.149
0.110-0.586

non-heating period
TSP
PM10
0.217~0.418
0.112~0.236
0.358~0.459
0.165~0.243
-0.058-0.083
-0.044-0. 395

PM2.5
--0.036-0.066

TABLE 5 - Pearson correlation coefficient of particulate

heating period

non-heating period

TSP
PM10
PM2.5
TSP
PM10
PM2.5

TSP
1
0.897
0.862
1
0.876
0.857
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PM10

PM2.5

1
0.915

1

1
0.903

1

Urumchi[18]
Taiyuan[19]
Ningbo[14]
Nanjing[20]
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TSP & PM2.5, and PM10 & PM2.5 were 0.897, 0.862, and
0.915, respectively. All these indicated that the ambient air
particulate might come from the same source, which was
the petrochemical enterprise.
(2) Ratios of the concentrations of the ambient air particulate
Previous studies showed that the sources of the ambient air particulate could be judged by the ratios of the ambient air particulate of different sizes [22]. The values of
PM2.5/TSP, PM10/TSP and PM2.5/PM10 in the heating period were shown in Fig1.

period). Evidently, the organic carbon in the ambient air
particulate in non-heating period was higher than that in
heating period.
In addition, ratio of the organic carbon was higher than
that of other components in fine particulates. Taking the
non-heating period as example, the ratio of organic carbon
was 46%. On the contrary, the component with the highest
ratio in TSP was inorganic carbon.
Since there were no other pollution sources around, the
organic carbon in ambient air particulate was extremely
likely from the petrochemical enterprise.

90
PM10/TSP

80

PM2.5/PM10

Rato/%

70

PM2.5/TSP

60
50
40
30
20

1# 2# 3# 4# 5# 6# 7# 8# 9# 10#

Non-heating period

Sampling sites
FIGURE 1 - The ratios of TSP, PM10 and PM2.5

As were shown in Fig.1, the results indicated that the
fine particulates were predominant among all the ambient
air particulates, e.g. PM10 and PM2.5. In the study, the value
of PM2.5/TSP was in a range of 22.7-46.2% (the average
ratio was 33.7%); the value of PM10/TSP was in a range of
45.7-81.7% (the average ratio was 57.4%); the value of
PM2.5/PM10 was in a range of 36.8-83.3% (the average ratio
was 59.5%). Similar to the previous studies [23], the average
ratio of the PM2.5/PM10 in the city of Guangzhou, Wuhan,
Lanzhou, Chongqing was within a range of 52%~66%.
However, that was lower than the value of the eastern part
of the USA [20]. Some researchers have shown that the
high proportion of fine particulates in ambient air particulate was mainly due to the burning of fossil fuels [24].
Without any other reasonable pollution sources, the most
probable source of the ambient air particulate in the heating
period might be the burning of fossil fuels in the petrochemical enterprise. Considering the high proportion of the
fine particulates in all the ambient air particulates, it could
be judged that the ambient air particulate was from petrochemical enterprise.
(3) Ratios of the components in the ambient air particulate
As were shown in Fig.2, the results indicated that ratios of the components in the ambient air particulate were
different at different times (e.g. heating and non-heating

Heating period
FIGURE 2 - The ratios of components in TSP, PM10 and PM2.5

4. CONCLUSION
By analyzing the concentration, distribution characteristics, sources, etc. of ambient air particulate in the air of a
petrochemical enterprise in Northwestern China, the
source of ambient air particulate was analyzed. The following conclusions could be inferred:
(1) The mass concentrations of ambient air particulate
were in the lower level, but they still exceeded the air quality guidelines.
(2) The characteristics of ambient air particulate showed
distinct difference of temporal and spatial distribution. The
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concentration distribution of all the pollutants varied with
time (e.g. heating and non-heating period) and location
(e.g. distances from the petrochemical enterprise) as well
as the climatic conditions (e.g. dominant wind direction).
(3) By analyzing Pearson Correlation Coefficient, the
results showed that the ambient air particulate might come
from the same source. Ratios of ambient air particulate
showed that proportion of fine particulates was high, which
indicated the particulate was from burning fossil fuels.
(4) Ratios of the concentrations and components of the
ambient air particulate all indicated that the organic carbon
in ambient air particulate was extremely likely from the
petrochemical enterprise.
Based on the temporal and spatial distribution of particulates, Pearson Correlation Coefficients and ratios of
ambient air particulate, the petrochemical enterprise could
be judged as the source of the ambient air fine particulate
of the sampling sites around itself.
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USING FIBONACCI DOSE ESCALATION TO DETERMINE
THE MINIMUM EFFECTIVE CONCENTRATIONS OF
COPPER SULFATE AND CHLORAMINE-T FOR
ERADICATION OF Ichthyophthirius multifiliis
Hamdi Ogut*, Nihat Gunduz, Ramazan Colak and Mucteba Aslan
Karadeniz Technical University, Faculty of Marine Sciences, Department of Fisheries Technology Engineering, 61530 Trabzon, Turkey

ABSTRACT

1. INTRODUCTION

There is substantial demand for safe chemical treatments for diseases such as Ichthyophthiriasis (ICH) which
is caused by the ectoparasite Ichthyophthirius multifiliis. In
this study, we aimed to determine the minimum effective
concentrations of copper sulfate and chloramine-T to kill
the theronts of ectoparasite I. multifiliis at all environmentally relevant alkalinity and hardness levels in vitro. Using
Fibonacci dose-escalation schemes, we exposed theronts
cultured from the trophonts of infected rainbow trout (Oncorhynchus mykiss) to copper sulfate (1/34, 1/21, 1/13, 1/8,
1/5, ½, 1 and 2 ppm) or chloramine-T (½, 1, 2, 3, 5, 8, 13,
21, 34 and 55 ppm). The theronts were submitted to various
levels of alkalinity (50, 100, 175, 281 and 400
mgCaCO3/L), hardness (35, 83, 110, 170, 276 and 415
mgCaCO3/L) and the effectiveness of each chemical was
monitored at 13, 21, 34, 55, 89, 144, and 233 min post exposure. Alkalinity and hardness of water altered both copper sulfate and chloramine-T toxicity to theronts. A linear
relationship between alkalinity and copper sulfate toxicity
was found, with five times more copper sulfate required to
eliminate all theronts at 281 mg CaCO3/L compared with
50 mg CaCO3/L alkalinity. Relationship between hardness
levels and the toxicity of copper sulfate and chloramine-T
was logarithmic. Fibonacci dose escalation scale helped
determine the minimum effective doses of each chemical
tested, which may decrease costs and environmental impact of chemical treatment of fish with ICH.

KEYWORDS: copper sulfate, chloramine-T, Fibonacci, alkalinity,
hardness, Ichthyophthirius multifiliis
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Ichthyophthiriasis (ICH) caused by Ichthyophthirius
multifiliis is one of the most serious diseases affecting both
wild and cultured freshwater [1-3] I. multifiliis has a four
stage life cycle: theront, trophont, tomont and tomite. The
first stage; theront, is a free-swimming stage and after penetrating the skin of the host fish transforms into the trophont
form [4]. Trophonts detach from the fish host and attach to a
solid surface in order to develop into the third stage; the
tomont. After several days, tomonts become tomites that release new theronts to infect new hosts. The duration of this
three-stage (trophont-tomont-tomite) life cycle is strictly dependent on ambient temperature [4, 5] thus larger outbreak
and mortality rates occur at temperatures above 18ºC in
cold water fish [6]. It has been suggested that global warming, expected to lead higher average water temperatures,
may expand the habitats worldwide that support I. multifiliis survival and consequently will lead to a higher incidence of ICH [7]. Given the wide range of global aquatic
environments, understanding the behavior of ICH in a wide
of range of environments such as varying alkalinity and
hardness will be invaluable to controlling ICH outbreaks.
The theront stage of I. multifiliis has been shown to be
most vulnerable to chemical treatment and is currently the
most promising intervention to treat ICH [4]. However, full
control or treatment of ICH is still impossible due to its complex life-cycle and temperature dependence. Treatment and
control of ICH rely primarily on bath treatments with malachite green, formalin, copper sulfate and chloramine-T [811]. Malachite green and formalin are the most effective
and commonly used chemicals against ICH [10] but Malachite green is banned due to its carcinogenicity [12], and
vapor of formalin is highly hazardous to humans and toxic
to the environment [13]. Hence, there is an urgent need to
re-evaluate the effective doses of copper sulfate and chloramine-T for the control and treatment of ICH.
Copper sulfate has been used in the treatment of ectoparasitic infestations for over two decades [14]. Soluble
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copper is toxic to protozoa and its toxicity primarily depends on the alkalinity of the medium [15]. It was reported
that increasing concentrations of copper sulphate are required to maintain the amount of soluble copper as water
alkalinity increases [16] and it has been suggested that the
copper sulphate treatment dose could be determined by dividing the total alkalinity by 100 [17]. However, it was
demonstrated that the formula overestimates the amount of
copper sulfate required in highly alkaline waters [11] suggesting that the effective dose of copper sulfate needs to be
re-examined. More recent studies have determined the in
vitro toxicity of I. multifilis to copper sulfate at different
alkalinities [18, 19]. These studies have shown the toxic
level of copper sulfate varies between I. multifilis strain.
However, only two alkalinities were tested in these studies.
Covering all environmentally alkalinity and hardness levels may reveal different patterns and explain observed differences observed in the field.
Chloramine-T, though not sufficiently evaluated for
ectoparasites, is a wound-healing chemical [20] and effective against ICH [21]. Its toxicity to ICH strongly depends
on pH and, to a lesser extent, water hardness. Using this
chemical in combination with other disinfectants may
shorten recovery times in fish due to its wound-healing
properties.
Parasitic susceptibility to chemical treatment is due to
interplay between various physiological mechanisms and
the ecological environment. Any attempt to assess the effectiveness of a chemical requires performing dose response trials in varying environmental conditions. The optimal dose would be the lowest treatment dose that reproducibly eliminates the parasite to minimize costs and potential ecological damage. The most common dosing escalation method used in Phase I oncology trials, where the
maximum tolerated dose is the target, is a modified Fibonacci sequence [22-24]. The traditional Fibonacci sequence is defined as Fn = Fn-1 + Fn-2, resulting in the following sequence: 1, 2, 3, 5, 8, 13, 21, 34. The benefit of this
is that the ratio of successive Fibonacci numbers is initially
high but quickly averages to approximately 61% (100%,
66.7%, 60%, 62.5%, 61.5% etc.). This means that smaller
incremental doses are taken and if an appropriate starting
dose is used, more data can be gathered closer to the optimal dose. In oncology, “modified Fibonacci sequences”
are used where the average increase is typically lower than
the traditional 61%, typically between 20 and 33% [23, 25,
26], due to the risk of adverse effects with high doses. Despite the widespread use of modified Fibonacci sequence
in oncology, to our knowledge, the potential benefit of this
method in fish diseases has yet to be explored.
The goal of this study was to determine the minimum
effective concentrations of copper sulfate and chloramineT that are sufficiently toxic theronts of ICH, under a range
of environmentally relevant alkalinity and hardness levels.
This study may have important implications in the development of new alternatives for ICH treatment, since the results herein offer the fine adjustment of treatments using

copper sulfate and chloramine-T in a variety of environments, leading to less harmful effects on both fish and the
environment.

2. MATERIALS AND METHODS
2.1. Culture of Theronts

A strain of Ichthyophthirius multifiliis was obtained
from a natural epizootic in rainbow trout juveniles (Oncorhynchus mykiss) and propagated using rainbow trout
(0.5-1.5 g), at 20°C spring water in 3.5 L challenge tanks
supplied with flow-through spring water. Trophonts found
on the skin and gills of infected fish were carefully collected
by skin scraping and placed in a beaker and incubated at
20°C n a temperature controlled incubator for 24 hrs. The
following day, a 100-µL subsample of theront stock was
counted under a light microscope at a magnification of 40x,
after which the concentration was adjusted to 200 theronts/mL
for in vitro experiments. A few susceptible fish were added on
a regular basis to the challenge tank to provide a continuous
supply of infected fish for theront collection.
2.2. Experimental Design

To determine the effects of alkalinity and hardness on
the toxicity of I. multifiliis to copper sulfate pentahydrate,
(CuSO4·5H2O, Merck, Germany) and chloramine-T (Tosylchloramide sodium, Halamid, Holland), virulent theronts of I. multifiliis were exposed in vitro to various concentrations of these two chemicals, under various alkalinity
and hardness, and exposure durations.
Water hardness and alkalinity were measured according to the method described in Standard Methods, 20th edition [27]. A range of alkaline solutions (50, 100, 175, 281
and 400 mg NaHCO3/L) were prepared using sodium bicarbonate. A range of hardness solutions (35, 83, 110, 170,
276 and 415 mg CaCO3/L) were prepared by adding equal
amounts (g) of calcium sulfate (CaSO4·2H2O, Merck) and
magnesium sulfate (MgSO4·7H2O, Merck).
Modified Fibonacci numbers were used to select the
dose-escalation scheme for each chemical [28]. The Fibonacci sequences (1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144 and
233) were obtained by adding the two previous numbers in
the sequence to obtain the subsequent number. Copper sulfate was applied in triplicate of eight concentrations (1/34,
1/21, 1/13, 1/8, 1/5, ½, 1 and 2 ppm), and chloramine-T
was applied in triplicate of ten concentrations (½, 1, 2, 3,
5, 8, 13, 21, 34, and 55 ppm) against theronts of I. multifiliis, at a variety of alkalinity and hardness levels. Furthermore, the effects of each chemical were observed under
varying exposure times, also calculated according to a Fibonacci scheme (13, 21, 34, 55, 89, 144, and 233 min).
2.3. Analysis of minimum effective dose of Copper sulfate and
chloramine T to I. multifiliis theronts using Fibonacci retracement.

Resistance levels of theronts to the chemicals used
were determined using Fibonacci retracement [29]. First,
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the highest dose where no mortality occurred and the minimum dose that induced 100% theront mortality after
35min exposure was determined. We then used Fibonacci
retracement (61.8% retracement level) to calculate the minimum concentration at which induced substantial levels of
toxicity in theronts. For example, if the maximum chloramine-T concentration where no mortality occurred was 3
ppm, the chloramine-T concentration led to 100% mortality was 13 ppm; then the 61.8% retracement level was calculated as 6.82 ppm (13-3=10; 0.618*10=6.18; 136.18=6.82).

3. RESULTS
Alkalinity and hardness of ambient water had profound effects on the toxicity of copper sulfate and chloramine-T to the theronts of Ichthyophthirius multifiliis. As
the lethal dose for each chemical was reached the theronts
displayed slower movement and increase swelling. Doses
that result in complete death of all theronts, led to instant
mortality of all theronts.
3.1. Effect of alkalinity on copper sulfate and chloramine-T
treatment

As water alkalinity increased, the amount of copper
sulfate needed to kill theronts also increased (Figure 1).The
concentration of copper sulfate needed to kill all theronts
at a water alkalinity of 281 mg CaCO3/L was eight times
higher than that required at 50 mg CaCO3/L. Under a dose
of 1/8 ppm copper sulfate, the time needed to kill theronts

increased exponentially as alkalinity increased. Theronts
were killed at all the alkalinities tested when 1-ppm copper
sulfate was applied for 13 min.
As water alkalinity increased, the amount of chloramine-T needed to kill theronts also increased (Fig. 2). In
weakly alkaline waters (<100 mg CaCO3/L), low concentrations (5 ppm) of chloramine-T were enough to kill theronts, whereas there was no difference in the amount of
chloramine-T (21 ppm) required when the alkalinity was
equal or greater than 175 mg CaCO3/L (Fig. 2).
Fibonacci retracement (61.8% level) analysis revealed
a linear relationship between alkalinity and the minimal effective copper sulfate and chloramine-T levels (Fig. 3).
For 35min treatments with copper sulfate, the common
treatment period for rainbow trout, 0.09 ppm copper sulfate
was effective for complete elimination of theronts, up to an
alkalinity level of 200 mg CaCO3/L (Fig. 3). However, up
to twice as much copper sulfate was needed for removal of
theronts at above 350 mg CaCO3/L alkalinity.
3.2 Effect of hardness on copper sulfate and chloramine-T
treatment

As water hardness increased, the amount of copper sulfate needed to kill theronts increased (Fig. 4). The toxic effects of copper sulfate could be categorized into three distinct groups at hardness levels between 35 and 83, 110 to
170 and 276 to 415 mg CaCO3/L. All theronts were killed
at all the water hardness levels tested after a 21-min application of 0.33 ppm copper sulfate.

FIGURE 1 - Effect of alkalinity on theront survival time following exposure to copper sulfate. Time needed for total mortality of theronts
exposed to increasing concentrations of copper sulfate at different alkalinity levels. Copper sulfate doses followed a Fibonacci sequence and
alkalinity levels were chosen to cover environmentally relevant levels.
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FIGURE 2 - Effect of alkalinity on theront survival time following exposure to chloramine-T. Time needed for total mortality of theronts
exposed to increasing concentrations of copper sulfate at different alkalinity levels. Chloramine-T doses followed a Fibonacci sequence and
alkalinity levels were chosen to cover environmentally relevant levels.

FIGURE 3 - Effect of alkalinity on minimum effective doses of copper sulfate and chloramine-T determined from Fibonacci retracement. The
minimum effective dose for each treatment was determined by calculating the 61.8% Fibonacci retracement level. Black circles indicate chloramine-T and diamonds indicate copper sulfate
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FIGURE 4 - Effect of hardness on theront survival time following exposure to copper sulfate. Time needed for total mortality of theronts
exposed to increasing concentrations of copper sulfate at different hardness levels. Copper sulfate doses followed a Fibonacci sequence and
hardness levels were chosen to cover environmentally relevant levels.

As water hardness increased, the amount of chloramine-T needed to kill theronts increased (Fig. 5). To obtain the same toxic effects in soft water, the amount of
chloramine-T needed was about one-third of that in hard
water with a CaCO3 concentration of 35 mg/L (Fig. 5). A
21 ppm chloramine-T solution effectively eliminated the-

ronts at all alkalinity and hardness levels tested (Figs. 2
and 5).
Fibonacci retracement (61.8% level) analysis revealed
a linear relationship between hardness and the minimal effective copper sulfate and chloramine-T levels (Fig. 6).

FIGURE 5 - Effect of hardness on theront survival time following exposure to chloramine-T. Time needed for total mortality of theronts
exposed to increasing concentrations of copper sulfate at different hardness levels. Chloramine-T doses followed a Fibonacci sequence and
hardness levels were chosen to cover environmentally relevant levels.
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FIGURE 6 - Effect of hardness on minimum effective doses of copper sulfate and chloramine-T determined from Fibonacci retracement. The
minimum effective dose for each treatment was determined by calculating the 61.8% Fibonacci retracement level. Black circles indicate chloramine-T and diamonds indicate copper sulfate

4. DISCUSSION
We used a Fibonacci dose escalation and retracement to
determine effective doses of copper sulfate and chloramineT for in vitro eradication of I. multifiliis theronts. Both hardness and alkalinity have profound effects on the toxicity of
both chemicals tested. As alkalinity or hardness increased,
the effective dose of each chemical also increased. The Fibonacci sequence also indicated that a 35-min application of
each chemical, in all natural ranges of alkalinity and hardness effectively removed all I. multifiliis theronts.
We found that alkalinity influenced copper sulfate and
chloramine-T toxicity to I. multifiliis theronts in line with the
previous findings (MacMillan, 1985). Eight times more copper sulfate was needed at 281 mg CaCO3/L alkalinity compared to 50 mg CaCO3/L alkalinity. Similarly, four times
more chloramine-T was required at 175 mg CaCO3/L alkalinity compared to 50 mg CaCO3/L alkalinity. Similar
trends, though to a lesser extent, were also observed for hardness. Considering the natural occurring variety of hardness
and alkalinity in fresh water worldwide, this study showed
that the application of 1 ppm copper sulfate for 13 min was
sufficient to kill all theronts, while 21 ppm chloramine-T applied for 13 min was also sufficient to kill all theronts.
Our findings are in agreement with most previously reported in vivo trials using copper sulfate. The determination of the effective copper sulfate dose for bath treatment
of fish is based on the suggestions of [17] who suggested

that the concentration of copper sulfate be calculated by dividing the alkalinity of the water by 100. However, this approach has been questioned as 0.4 mg/L copper sulfate was
shown to be as effective as 1.76 mg/L at 175 mg CaCO3/L
alkalinity [11]. Similarly, our results indicated that at 176 mg
CaCO3/L alkalinity, 0.2 mg/copper sulfate killed all theronts
in 13 min. The minimum dose needed for damage in theronts
was 0.04 mg/L copper sulfate for 35 min. Earlier research
suggested that the increase in lethal copper sulfate dose was
proportional to the increase in alkalinity [17]. Similarly, in
this study we found a linear relationship between alkalinity
and the lethal copper sulfate dose. As alkalinity increased,
the amount of copper sulfate needed also increased. The
minimum dose needed was much lower than that calculated
by alkalinity/100 formula suggested by [17]. For example at
224 mg CaCO3/L alkalinity 0.1 mg/L copper sulfate was
needed. Suggested dose by the formula, 2.24 mg/L copper sulfate, is much higher. In another study, the doses
of 0.9 mg/L copper sulfate at 366 mg CaCO3/L alkalinity
and 0.08 mg/L copper sulfate at 224 mg CaCO3/L alkalinity were effective for the prevention of ICH [30]. According to our results, the estimated minimum effective doses
for these two alkalinity levels are 0.14 and 0.09 mg/L, approximately the same concentrations, copper sulfate respectively. Copper sulfate (0.5 mg/ml) was found to be effective in treating channel catfish (Ictalurus punctatus)
kept in water with either 220 mg CaCO3/L or 101 mg
CaCO3/L (Straus 2008). However, our results indicate that
a 10 times lower concentration, when applied for 35 min,
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is sufficient to kill I. multifiliis theronts. This discrepancy can
be attributed to the fact that our results were based on a 35min exposure time whereas much longer treatments (4 hrs or
longer) were carried out in the field [31]. We favored shorter
treatment regimens for the treatment of ICH, since our aim
was to eradicate I. multifilis, the cause of ICH in cold-water
fish (e.g. trout) which are more sensitive to longer treatments. Additionally, killing the theronts and treating the
disease (i.e. ICH) may have differing requirements and
warrants further study. Overall, the results of our in vitro
experiments were closely comparable to the field data.
However, it should be noted that these in vitro experiments
were carried out using spring water whereas the concentration of dissolved copper sulfate in earth ponds may be influenced by high organic matter loading, phytoplankton, or
sediments [18].

throughout the ranges of alkalinities and hardness tested.
As a result, we believe that this approach warrants further
study and its potential benefit for aquaculture explored as
it is for Phase I oncology trials [22-24].
In conclusion, alkalinity and to a lesser extent hardness
had a profound effect on the in vitro toxicity of ICH theronts
to copper sulfate and chloramine-T. Alkalinity was the most
important determinant of copper sulfate toxicity and chloramine-T to I. multifiliis theronts. The minimum dose needed
linearly depended on the level of alkalinity in both chemicals. A logarithmic relationship was observed between hardness and the minimum doses of both chemicals.

The main goal of our study was to fine-tune the use of
copper sulfate and chloramine-T in bath treatments. Both
chemicals, particularly chloramine-T, are regularly used
worldwide for the treatment of external disinfectant especially for external bacterial pathogens and ectoparasites
[32]. Copper sulfate is effective in treating ectoparasites
and in removing algae in ponds (Johnson, 1965). However,
the need to measure water alkalinity to determine its effective dose has prevented it from being used as the predominant prophylactic or as an alternative treatment to formalin
or malachite green. Chloramine-T is a wound healing chemical [20] and a bactericidal agent. As a result, it has found
wide-ranging acceptance as a prophylactic substance in aquaculture. When used in combination, these two chemicals
may exert the following effects: 1) removal of ectoparasites;
2) removal of algae in ponds or cages; and 3) removal of
pathogenic bacteria found on ICH-infected fish. Chloramine-T applications are typically recommended after an
ICH infection because of the damage caused by the increased bacterial load on the skin and gills. Copper sulfate
is useful in a complementary role, as it interferes with the
life cycle of the parasite and kills other potential ectoparasites and algae. In brief, the combined application of these
two chemicals may have synergistic benefits to fish and the
surrounding environment and warrants further study.
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ACUTE AND CHRONIC EFFECTS OF FIVE METALS IN
A BATTERY OF FRESHWATER PLANKTONIC ORGANISMS
Gustavo Emilio Santos-Medrano* and Roberto Rico-Martínez
Universidad Autónoma de Aguascalientes, Centro de Ciencias Básicas, Departamento de
Química. Avenida Universidad 940, Ciudad Universitaria, C.P. 20131, Aguascalientes, Ags., Mexico.

ABSTRACT
We determine toxicity of five metals (Al, Cd, Pb, Fe
and Zn) by acute and chronic toxicity tests using species
representative of three freshwater trophic levels: a) the
predatory rotifer Asplanchna brightwellii, b) three primary
consumers: Brachionus calyciflorus, Daphnia magna, and
Daphnia cf. prolata (D. pulex complex), c) two primary
producers: Nannochloris oculata and Pseudokirchneriella
subcapitata. Our hypothesis is that algal species as primary
producers would be more sensitive to metal toxicity. This
hypothesis was partially true as the algae P. subcapitata
was the most sensitive organism to Cd and Zn, and regarding chronic toxicity P. subcapitata was the most sensitive
to Zn. However, both algal species were the least sensitive
to Fe. In general, the EC50 lowest values were two orders
of magnitude lower than the lowest LC50 values, except for
Zn (one order of magnitude). We calculated Acute to
Chronic Ratios and Maximum Allowable Toxicant Concentrations and compared our values with those published
in the literature and safety values of environmental agencies. A discussion of these comparisons is included.

individual organisms and also the mode of action of contaminants [5]. The Acute to Chronic Toxicity Ratio (ACR) is the
ratio of the acute value to chronic value; where acute value
is defined as the lethal concentration (LC50) or effect concentration (EC50) to 50% of the organisms tested under acute
durations, and the chronic value is the No Observed Concentration (NOEC) or the Maximum Acceptable Toxicity Concentration (MATC) [6]. There is a need to review the earlier
estimates of ACR´s [7, 8] used to estimate chronic criteria
[5, 9] of untested species (like D. cf. prolata and N. oculata).
The aim of this work was to determine the toxicity of five
metals (Al, Cd, Pb, Fe and Zn) by acute and chronic toxicity
tests using three freshwater trophic levels: one predator species: the rotifer Asplanchna brightwellii, three primary consumers, Brachionus calyciflorus, Daphnia magna, and
Daphnia cf. prolata; and two primary producers: Nannochloris oculata and Pseudokirchneriella subcapitata. Our
hypothesis is that organisms from lower trophic levels are
more sensitive to metal toxicity. We also compared and discussed the use of ACR and MATC criteria for untested native species and their effectiveness to protect them.

2. MATERIAL AND METHODS
KEYWORDS: Metal Toxicity, Acute to Chronic Toxicity Ratios,
Aquatic Toxicology, Invertebrates, Algal Toxicity.

1. INTRODUCTION
In aquatic systems, metals of greatest concern are copper, zinc, cadmium, mercury and lead. These elements are
toxic to organism above specific threshold concentrations
[1]. There are differences in the goals to be achieved when
evaluating metals with one toxicity test or with a test battery [2]. One novel ecotoxicological approach is based on
a battery of bioassays with organisms belonging to several
species since a species sensitive to all environmental contaminants does not universally exist [3, 4] The use of a combination of assays and/or organisms increases the ecological
reliability and ease of interpretation of results, which, in
turn, offers a powerful tool for assessing potential bias of
* Corresponding author

The cladocerans D. magna Straus, Daphnia cf. prolata, and the algae N. oculata and P. subcapitata (formerly
known as Selenastrum capricornutum), were used for the
experimental work. For all species, acute and chronic tests
consisted of five metal nominal concentrations, and actual concentrations were determined by atomic absorption.
Atomic absorption standards of aluminum, cadmium, iron,
lead, zinc (Sigma-Aldrich Co.) were used in the tests. All
metals were dissolved in 2% nitric acid solution.
2.1 Determination of actual metal concentrations

Actual exposure concentrations of metals were determined through atomic absorption spectrophotometry, following the recommended analytical method [10]: graphite
furnace for cadmium (3030E) and lead (3113B), iron and
zinc were determinate by modality of flame air-acetylene
(3111B) and aluminum by nitrous oxide-acetylene (3111D).
A Perking-Elmer AAnalyst 100 model was used for all determinations. The detection limits for Al, Cd, Fe, Pb and
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Zn were 130, 0.05, 25, 0.15 and 5 µg/L, respectively. Samples were placed in clean Eppendorf tubes rinsed with deionized water and 30% HNO3 Instra quality. A concentrated HNO3 Instra quality acid solution was also used as
the stopper solution (0.1%). Analysis of standard reference
material SRM 1643d (trace elements in water) was conducted as an internal quality control in each run with recoveries (98 + 1.6 %). Each sample was analyzed in duplicate. Deionized water was used for all analytical work, and
glassware and other materials were soaked in 10% nitric
acid, rinsed with deionized water.

replicates 250-mL glass beakers containing 100 mL of test
solution for 24 h, to determine mortality and/or immobility.
The test was conducted under static conditions at 20 ± 2 ˚C,
with photoperiod of 16/8 (l/d), there was no feeding during
the test. We follow the protocol of the Mexican Norm [14].
2.4 Chronic Tests
a) Algal Tests

The chronic test with algae species are similar to the
acute test with the difference of 96 h of incubation.
b) Cladoceran Tests

2.2 Toxicity Tests

Selection of organisms represents a compromise between native species (A. brightwellii and Daphnia cf. prolata) both collected at the wastewater treatment plant of the
Autonomous University of Aguascalientes (geographic coordinates: N 21.91217°, W 102.31705°), and species that
have been widely used in established protocols (B. calyciflorus, D. magna, and P. subcapitata). All organisms were cultured in synthetic freshwater EPA medium (96 mg NaHCO3,
60 mg CaSO4.2H2O, 60 mg MgSO4, and 4 mg KCl per liter)
and a hardness between 70-110 mg/L CaCO3 [11] at pH 7.5
prepared with deionized water (Water Pro PS System Labconco, Co). Organisms were kept at 20 ± 2° C and 16:8 l:d
(light: dark) period in a bioclimatic chamber.
2.3 Acute Tests

The acute data for the rotifers A. brightwellii and B.
calyciflorus have been already published [12], and tests
were carried out under the same conditions as the other four
species. We included solvent controls of deonized water
and 2% HNO3 for the metal test.
a) Algal Tests

The green algae P. subcapitata and N. oculata were obtained from UTEX culture collection Catalog numbers: 1648
and 2164 respectively. The density of the algae was determined using a Neubauer chamber. After obtaining the density of the algae, enough algal cells were placed in a plate
with 96 wells to achieve a concentration of 1x106cells/ml in
300µl of test solution. The test was performed according to
the protocol of Blaise and Vasseur [13] with slight modifications. Briefly, before starting the test, algae was washed
three times with EPA medium to avoid any possible interference of trace metals contained in the culture medium. Fluorescence was measured using a microplate fluorometer
(Modulus™ II Microplate, Turner Biosystems) with excitation maximum range of 490 nm, and emission wavelength
of 510-571 nm. A negative control and five different concentrations for each metal, with five replicates were tested.
Fluorescence was measured at the beginning of the test and
24 h after in a microplate fluorometer. The algae were incubated at 20°C for 24 h with a photoperiod of 16:8 h (l: d).

The test was performed according to the protocol of
OECD [15] with slight modifications. Five neonates (<
24h-old) were placed in each 250 ml glass beakers containing 100 ml of synthetic freshwater for negative control
and five test concentrations for each treatment which were
renewed with addition of fresh food (P. subcapitata with a
concentration of 1x106cells/ml). These experiments lasted
for 21 days in a bioclimatic chamber with 20°C and photoperiod of 16:8 (l:d). Tests were run with food addition
(1x106cells/ml) three times a week during changing test
water. At the end of the 21 days incubation period we
counted the number of individuals in each flask and we calculated r (the instantaneous growth rate) using the following formula: r = ln (Nt – N0) / t, where r is the instantaneous
growth rate, Nt the numbers of cladoceran in the glass
beaker after 21 days, N0 the initial numbers of cladoceran,
ln natural logarithm and t time (days).
c) Rotifer Tests

In general we follow the protocol published for Lecane
quadridentata 5-d chronic test [16] with slight differences
for each rotifer species. Briefly, the test begins with deployment of 5 neonates (< 24h-old) of B. calyciflorus in a
well of a 24-well microplate (Costar, Co., USA) with a
negative control of culture medium and five concentrations
of metal. The rotifers were fed with 1x106 cells/ml of algae
N. oculata, then placed in a bioclimatic chamber in a lightdark cycle of 16:8 (l:d), and a temperature of 25  2°C for
five days. At the end of test, we counted the number of organisms in each well to calculate r (the instantaneous
growth rate).
Two A. brightwellii neonates of less than 24-h, were
placed in15ml flasks in a total volume of 5ml and fed daily
with B. calyciflorus with a density of 0.06 individuals per
liter, then were incubated at the same conditions that B.
calyciflorus for five days. At the end of the 5 days incubation period we counted the number of individuals in each
flask and we calculated r (the instantaneous growth rate).
2.5 Calculation of Acute to Chronic Toxicity Ratios (ACR) and
Maximum Allowable Toxicant Concentration (MATC) Values

b) Cladoceran Tests

Ten cladoceran neonates (< 24 h old) selected randomly from several females were placed in one of three
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/
Where:
ACR = Acute to Chronic Ratio.
LC50 = Median Lethal Concentration.
LC10= Lethal Concentration for 10% of population.
LOEC = Lowest Observed Effect Concentration
Chronic Test.
NOEC = No Observed Effect Concentration Chronic
Test.
MATC were calculated using the following formula
[17]:
Where:
MATC = Maximum Allowable Toxicant Concentration.
LOEC = Lowest Observed Effect Concentration.
NOEC = No Observed Effect Concentration.
2.6 Statistical Analysis

The values of all toxicological endpoints were performed
by determining the actual concentrations for each metal. The
LC50 values were calculated using regression between probit
units and the logarithm of each toxicant concentration using
the software Statistica 7.0 (StatSoft Inc., 2004).We performed a one-way analysis of variance (ANOVA) to com-

pare the five toxicant concentrations against the negative
control and Duncan tests to determine significant differences between the means of each toxicant concentration
versus the control. In this way we determined the NOEC
(no observed effect concentration) and the LOEC (lowest
observed effect concentration). The EC50 values (the concentration where a 50% reduction in the “r" value is observed) were calculated by linear regression between the
different toxicant concentrations and the r values.

3. RESULTS AND DISCUSSION
Actual concentrations of the metals during acute and
chronic tests were determined by atomic absorption
achieved the following values, 1. 83 ± 5.48%, 82.1 ± 7.1%,
71.67 ± 6.83%, 90.5 ± 1.8%, 90.83 ± 10.36% (mean ± one
SD, n=6) for Al, Cd, Fe, Pb and Zn respectively.
Results of the acute toxicity tests for the four planktonic species from actual metal concentrations are shown
in Table 1. LC50 values for Al ranged from 0.28 mg/L with
D. magna to 3.82 mg/L with N. oculata. Values for Cd
ranged from 0.04 mg/L with D. magna to 2.07 mg/L with
P. subcapitata. Values for Fe ranged from 0.30 mg/L with
D. magna to 2.8 mg/L with N. oculata. Values for Pb
ranged from 1.16 mg/L with D. magna to 2.77 mg/L with
P. subcapitata. For Zn acute values ranged from 0.06 mg/L
for P. subcapitata to 1.36 mg/L for N. oculata.

TABLE 1 - Results of the acute tests with the four species of the planktonic battery.
Al
NOEC
LOEC
R2
CV%
CL
0.041
0.083
0.79
6.94
0.2470-0.3187
0.008
0.830
0.85
10.69
0.6854-1.0235
3.65
3.81
0.95
0.47
3.7557-3.9039
0.83
1.66
0.91
2.15
1.3652-2.1301
Cd
Dm
0.19
0.084
0.082
0.147
0.85
2.18
0.1842-0.2013
Dp
0.13
0.012
0.008
0.082
0.88
7.34
0.1161-0.1461
No
2.07
0.830
0.820
2.05
0.83
4.75
1.0251-4.2051
Ps
0.04
0.010
0.008
0.041
0.99
7.33
0.0361-0.0559
Fe
Dm
0.30
0.081
0.071
0.179
0.86
5.64
0.2816-0.3254
Dp
0.54
0.016
0.007
0.358
0.86
11.98
0.4536-0.6646
No
2.80
1.060
1.075
2.150
0.97
8.17
1.0750-2.1501
Ps
2.62
0.820
0.716
2.150
0.97
4.19
1.9168-3.5941
Pb
Dm
1.16
0.297
0.226
0.905
0.91
4.70
1.1017-1.2346
Dp
1.62
0.160
0.090
1.357
0.87
7.52
1.4454-1.8272
No
2.72
0.910
0.905
2.715
0.96
5.05
2.1399-3.4817
Ps
2.77
0.520
0.452
2.715
0.91
7.32
1.6091-4.7940
Zn
Dm
0.33
0.052
0.045
0.090
0.83
12.50
0.2946-0.3801
Dp
1.25
0.085
0.045
0.908
0.86
10.58
1.0834-1.4463
No
1.36
0.310
0.272
0.908
0.98
10.21
1.0389-1.7968
Ps
0.06
0.005
0.004
0.045
0.87
25.42
0.0126-0.3723
Species are abbreviated with the first letters of their genus and species: Ab = Asplanchna brightwellii, Bc = Brachionus calyciflorus, Dp = Daphnia cf.
prolata, Dm = Daphnia magna, No = Nannochloris oculata, Ps = Pseudokirchneriella subcapitata. LC50=Lethal concentration where 50% of animals
die. LC10= Lethal concentration where 10% of animals die. NOEC = No Observed Effect Concentration. LOEC = Lowest Observed Effect Concentration. All values in mg/L. R2 = Coefficient of determination of the LC50. CV = Coefficient of variation of LC50. CL = 95% Confidence limits for the LC50
values.
Species
Dm
Dp
No
Ps

LC50
0.28
0.83
3.82
1.70

LC10
0.042
0.023
3.64
0.85
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Interestingly, the algal species were found in both extremes of the acute toxicity range. For D. magna the toxicity rank is: Cd > Al > Fe > Zn > Pb. For D. cf. prolata is:
Cd > Fe > Al > Zn > Pb. For N. oculata is: Zn > Cd > Pb >
Fe > Al. For P. subcapitata is: Cd > Zn > Al >Pb> Fe. Cadmium was the most toxic metal to three species: D. magna,
D. cf. prolata, and P. subcapitata. Zn was the most toxic
metal to N. oculata.
Results of the chronic toxicity tests for the six planktonic species are shown in Table 2. EC50 values for Al ranged
from 0.003 mg/L with D. cf prolata to 0.34 mg/L with P.
subcapitata. Values for Cd ranged from 0.0005 mg/L with
D. magna to 0.07 mg/L with B. calyciflorus. Values for Fe
ranged from 0.009 mg/L with D. cf prolata to 0.05 mg/L
with B. calyciflorus. Values for Pb ranged from 0.0086 mg/L
with D. magna to 0.23 mg/L with N oculata. For Zn
chronic values ranged from 0.006 mg/L for P. subcapitata
to 0.01 mg/L for N. oculata.
In general, the EC50 lowest values were two orders of
magnitude lower than the lowest LC50 values, except for Zn
(one order of magnitude).

For A. brightwellii the toxicity rank is: Cd > Fe > Zn
>Pb> Al. For B. calyciflorus is: Zn > Fe > Cd >Pb> Al. For
D. magna the toxicity rank is: Cd > Pb > Al = Fe > Zn. For
D. cf. prolata is: Al > Cd > Fe > Pb = Zn. For N. oculata
is: Cd > Fe=Zn >Al >Pb. For P. subcapitata is: Cd > Zn >
Pb > Fe> Al. Regarding chronic toxicity, cadmium was the
most toxic metal to four species: A. brightwellii, D. magna,
N. oculata, and P. subcapitata. Zn was the most toxic metal
to B. calyciflorus, and Al was the most toxic metal to D. cf.
prolata.
Our original hypothesis stated that algal species (at the
bottom of the trophic web) as primary producers would be
more sensitive to metal toxicity. Regarding acute toxicity,
P. subcapitata was the most sensitive organism to Cd and
Zn (at the same time is the least sensitive organism to Pb),
and has the lowest LC50, LOEC and LOEC values recorded. Therefore this prediction was partially true for acute
toxicity placing P. subcapitata as the most sensitive organism of the battery. However, at the same time the other algal species N. oculata was the least sensitive organism to:
Al, Cd, Fe, and Zn, and has the highest LC50, LOEC and

TABLE 2 - Results of the chronic tests with the six species of the planktonic battery.
Al
NOEC
LOEC
R2
CV%
CL
Ab
0.010
0.012
0.037
0.97
24.40
0.0666-0.1228
Bc
0.027
7.1x10-4
3.5x10-3
0.94
24.64
0.0506-1.3222
Dp
3x10-4
1.6x10-5
4.1x10-4
0.96
27.57
0.0011-0.0077
Dm
0.003
1.6x10-4
6.6x10-3
0.90
7.43
0.0073-0.1403
No
0.010
0.004
0.062
0.96
22.55
0.0124-0.3957
Ps
0.110
0.103
0.207
0.98
5.56
0.2943-0.4111
Cd
Ab
0.01
1.8x10-3
0.002
0.004
0.99
25.98
0.0141-0.0204
Bc
0.07
7.7x10-3
1.6x10-4
4.9x10-3
0.83
40.02
0.0057-0.9554
Dp
7x10-3
7x10-4
2.3x10-4
5.1x10-3
0.98
11.44
0.0048-0.0119
-4
-5
-6
Dm
5x10
5x10
4.9x10
9.8x10-5
0.70
33.70
4x10-5- 0.0075
No
2x10-3
2x10-4
1.6x10-4
6.5x10-4
0.96
12.08
0.0014-0.0041
Ps
3x10-3
2x10-4
8.2x10-5
2.4x10-3
0.96
12.90
0.0016-0.0059
Fe
Ab
0.02
0.002
0.003
0.006
0.97
25.03
0.0190-0.0386
Bc
0.05
0.005
0.004
0.012
0.97
10.73
0.0360-0.0851
Dp
9x10-3
0.001
0.001
0.003
0.82
15.10
0.0039-0.0256
Dm
0.03
0.003
0.003
0.007
0.96
6.82
0.0213-0.0570
No
0.01
9x10-4
3x10-4
0.006
0.94
11.53
0.0050-0.0212
Ps
0.10
0.015
0.012
0.038
0.97
10.01
0.0716-0.1505
Pb
Ab
0.07
0.007
0.006
0.013
0.91
29.77
0.0372-0.1562
Bc
0.08
0.008
0.001
0.007
0.92
24.31
0.0277-0.2650
Dp
0.02
0.002
0.001
0.043
0.94
6.34
0.0131-0.0462
Dm
8.6x10-3
9x10-4
5x10-4
0.003
0.96
16.48
0.0049- 0.0150
No
0.23
0.066
0.056
0.113
0.97
4.45
0.1798-0.3149
Ps
0.01
4.6x10-3
0.004
0.009
0.90
4.68
0.0088-0.0269
Zn
Ab
0.03
0.003
0.0009
0.004
0.97
37.14
0.0190-0.0578
Bc
0.02
0.002
0.001
0.007
0.99
8.55
0.0196-0.0320
Dp
0.02
0.002
0.0004
0.006
0.85
24.40
0.0052-0.0793
Dm
0.05
0.005
4.5x10-5
6.3x10-4
0.93
29.76
0.0082-0.3877
No
0.01
0.003
0.002
0.005
0.95
6.46
0.0082-0.0185
Ps
6x10-3
8x10-4
2x10-4
0.005
0.91
12.38
0.0027-0.0163
Species are abbreviated with the first letters of their genus and species: Ab = Asplanchna brightwellii, Bc = Brachionus calyciflorus, Dp = Daphnia cf.
prolata, Dm = Daphnia magna, No = Nannochloris oculata, Ps = Pseudokirchneriella subcapitata. EC50= median effective concentration. EC10 =
effective concentration that cause 10% of response. NOEC = No Observed Effect Concentration. LOEC = lowest Observed Effect Concentration. All
values in mg/L. R2 = Coefficient of determination of the EC50. CV = Coefficient of variation of EC50. CL = 95% Confidence limits for the EC50 values.
Species

EC50
0.09
0.25
3x10-3
0.03
0.20
0.34

EC10
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NOEC values recorded. Since one algal species is the most
sensitive organism of the battery our results suggest that
adverse effects in the algae would results in an impairment
of the other two trophic levels and therefore transfer these
adverse effects to the whole ecosystem.
Cadmium was the most toxic metal for both acute and
chronic toxicity. Cadmium was the most acute toxic metal
for four species: A. brightwellii, D. magna, D. cf. prolata,
and P. subcapitata, and the second most toxic to the other
two species: B. calyciflorus and N. oculata. Besides, Cd
has the lowest LC50 values range: 0.04 mg/L to 2.07 mg/L.
Zinc is the second most toxic acute metal by looking at its
LC50 values range: 0.06 mg/L to 1.36 mg/L. It is also the
most toxic metal to B. calyciflorus, and the second most
toxic to P. subcapitata. Regarding chronic toxicity Cd has
the lowest EC50 growth inhibition values range: 0.0005 mg/L
to 0.07 mg/L, followed by Al: 0.003 mg/L to 0.34 mg/L and
by Zn: 0.006 mg/L to 0.05 mg/L. For chronic toxicity Cd
was the most toxic metal to also four species (although species differ from acute toxicity): A. brightwellii, D. magna, N.
oculata, and P. subcapitata. Zn is the second most chronic
toxic metal since it is the most toxic to B. calyciflorus and
the second most toxic to N. oculata, and P. subcapitata.
The chronic EC50 Zn value for P. subcapitata is the lowest
of the six species.
Table 3 shows a comparison between ACR values. For
4 of the 5 metals the ACR values for algae are the lowest
(Al, Cd and Pb) or the second lowest (Zn). However, for
Fe (a trace metal) the values are the two highest of all ACR
for all metals (Table 3). The ACR values ranged from 3.95
to 9047.61, these values are in the range reported by Raimondo et al. [8] with minimum of 1.1 to 18,550 for freshwater invertebrates. This shows the greater sensitivity of
the growth inhibition test (EC50 value) with respect to the

acute test (LC50 value). It also cautioned us about using calculations from known species to protect untested species.
Raimondo et al. [8] has analyzed EPA datasets and calculated ACR that in many cases were under-protective.
Forty-three values from Table 4 are higher than 100. This
is relevant because the European Commission [18] has suggested that when calculating the aquatic Predicted No Effect Concentration (PNECaquatic) a safety value of 100 from
one long-term NOEC value from either Daphnia or fish has
to be used. Twenty-four of the higher than 100 values come
from the ACR calculation with the LC50, 11 from the LC10,
and 8 from the NOEC. Therefore, by using as a criterion
that we expect no mortality in our aquatic environments we
would be able to protect in more than 90% of the cases these
organisms from three different trophic levels from adverse
effects in growth and reproduction. The European Commission [18] also suggest that to calculate the PNECaquatic from
one short-term LC50 or EC50 value from each of three trophic
levels (fish, Daphnia or algae) a safety value of 1000 should
be applied. In this case 12 of our values are higher than 1000
and would not be protected from mortality if this safety factor is applied individually. However, the European Commission recommends employ the most sensitive test from the
battery of three trophic levels which then would be protective against mortality in all cases.
We included the EC10 and LC50 values in Tables 1 and
2 as a response to the criticism about the low significance
that some authors confer to NOEC and LOEC values [19].
However this opinion has been challenged by other authors
who valued the importance of statistical testing hypothesis
of both NOEC and LOEC values [20]. Therefore, we decided to provide EC10 values along with NOEC and LOEC
to allow readers to choose whichever value they consider
more adequate. In Table 1 out of 20 of the LC10 values 5

TABLE 3 - Acute to Chronic Toxicity Ratios for the six species used in this work. The first row corresponds to the traditional value of ACR
using the LC50 value (LC50/MATCchronic). The second row uses the LC10 in the denominator (LC10/MATCchronic), and the third row uses the
NOEC (NOECacute/ MATCchronic). All values over 100 are highlighted in bold letters. The European Union Technical Guidance Document has
recommended a safety value of 100 for a single short-term NOEC value [18]. All these values are unitless.

Species
A. brightwellii

B. calyciflorus
D. cf. prolata

D. magna

N. oculata

P. subcapitata

Al
22.85
5.85
3.95
148
11
8
10375
287.5
100
280
42
41
254.66
242.6
243.33
11.64
5.82
5.68

Acute to Chronic Ratios (ACR)
Cd
Fe
150
245
51
102.75
41
89.5
123.33
225
72.5
25.83
51.25
11.83
130
540
12
16
8
7
9047.61
300
81.1
4000
71
3904.76
6900
2800
2766.66
1060
2733
1075
100
124
25
39.04
20
34.09
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Pb
177.5
77.25
56.5
355
131
113
270
26.66
15
1160
297
226
34.43
11.51
11.45
461.66
86.66
75.33

Zn
1030
487
454
395
58
22.5
1250
85
45
3300
525
450
453
103.33
90.66
60
5
4
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TABLE 4 - Comparison between Maximum Allowable Toxicant Concentrations (MATC) values (acute and chronic) and water quality guidelines. The first row represents acute values, and the second corresponds to chronic values. All values in mg/L.
Metal
Al
Cd
Fe
Pb
Zn

Ab
0.18
0.021
0.12
0.002
0.50
0.004
0.78
0.008
0.64
0.001

Bc
0.018
0.001
0.057
0.0008
0.22
0.006
0.39
0.002
0.14
0.002

Species
Dm
Dp
0.058
0.081
0.001
0.00008
0.109
0.025
0.000021
0.001
0.11
0.05
0.001
0.001
0.45
0.34
0.001
0.006
0.063
0.20
0.0001
0.001

No
3.72
0.015
1.28
0.0003
1.52
0.001
1.56
0.079
0.49
0.003

Ps
1.17
0.146
0.018
0.0004
1.24
0.021
1.10
0.006
0.013
0.001

CAN
0.005-0.1
0.00001
0.3
0.001-0.07
0.03
-

EPA
0.75
0.087
0.002
0.00025
1.0
0.065
0.0025
0.12
0.12

Water quality guidelines
MX A MX B
UN
0.05
0.1
0.1
0.003
0.3
0.2
0.01
10
3
-

ANZ
0.027-0.15
0.00006-0.0008
0.001-0.0094
0.0024-0.031
-

Species are abbreviated with the first letters of their genus and species: Ab = Asplanchna brightwellii, BC = Brachionus calyciflorus, DP = Daphnia
cf. prolata, Dm = Daphnia magna, No = Nannochloris oculata, Ps = Pseudokirchneriella subcapitata.
CAN=Canadian water quality guidelines for the protection of aquatic life [21].
EPA=US EPA current national recommend water quality criteria [22].
MX A=Mexico NOM-001-ECOL-1996 Protection for aquatic life [23].
MX B=Mexico CE-CCA-001/89 Protection of aquatic life [24].
UN=United Nations global drinking water quality index [25].
ANZ=Australian and New Zealand guidelines for fresh and marine water quality [26].

TABLE 5 - Comparison among our data with that published in the literature.
Species

Acute or Chronic
Values (mg/L)
Al LC50 = 0.48
Al LC50 = 0.14
Cd LC50 = 0.18

Comparison value (mg/L)*

Source

Al LC50 = 0.54
[27]
Al LC50 > 3.0
[28]
Cd LC50 = 0.18
[29]
[30]
48h Fe LC50 = 0.539
B. calyciflorus
Fe LC50 = 0.74
Lecane quadridentata
B. calyciflorus
Pb LC50 = 0.71
Pb LC50 > 4.0
[31]
B. calyciflorus
Zn LC50 = 0.79
Zn LC50 = 1.30; 1.32; 1.65
[28, 32, 33]
D. magna
Al LC50 = 0.28
Al LC50 = 2.6
[34]
[35, 36]
48h Cd LC50 = 0.003;
D. magna
Cd LC50 = 0.19
Cd LC50 = 0.86
D. magna
Fe LC50 = 0.30
LC50 = 14.3 Fe complexed with AsFeSO4
[37]
D. magna
Pb LC50 = 1.16
48h Pb LC50 = 0.095
[35]
D. magna
Zn LC50 = 0.33
48h Zn LC50 = 0.3
[35]
D. magna
3-weeks Al EC10 = 0.003
3-weeks Al EC16 = 0.32
[38]
D. magna
3-weeks Cd EC10 = 0.00005
3-weeks Cd EC16 = 0.00017
[38]
D. magna
3-weeks Fe EC10 = 0.003
3-weeks Fe EC16 = 4.38
[38]
D. magna
3-weeks Pb EC10 = 0.0009
3-weeks Pb EC16 = 0.03
[38]
[38]
3-weeks Zn EC16 = 0.07
[39]
D. magna
3-weeks Zn EC10 = 0.005
3-weeks ZnO EC50 =0.11
[39]
3-weeks ZnCl2 EC50=0.82
* The species and time of exposure is mentioned only when no data for the same species and test period is available in the literature.
A. brightwellii
B. calyciflorus
B. calyciflorus

were more sensitive than the NOEC values. In Table 2 out
of 30 of the EC10 values were more sensitive than the
NOEC values.
We also compared the Maximum Allowable Toxicant
Concentration (MATC) obtained in our acute and chronic
tests with those reported in different Water Quality Criteria
Guidelines for Mexico and elsewhere (Table 4). In general,
both our acute and chronic MATC values for the six species fall in the range of protection of most of the guidelines.
However, in the case of Zn the Mexican and UN guidelines
are not protective even of lethal effects for all six species
of the battery. For Cd the Mexican guideline is also not
protective against lethal effects in most of the species. For
Al, the EPA guidelines for both acute and chronic values

fail to protect most of the species of the battery. For Fe,
both the Canadian and UN guidelines (the only ones that
provide values for this metal) are higher than three of our
most sensitive MATC lethal values. These results show the
need for comprehensive testing of native species from different trophic levels to better calculate safety values to protect organisms in their natural environments.
We compared the acute (LC50) and chronic (EC50 reproductive) values obtained in this work with those found in the
literature exactly for the same type of test and similar exposure duration (Table 5). In general our tests were more sensitive but almost all the differences among similar values are
within one order of magnitude, and in some cases values reported in the literature are more sensitive than ours.
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trophic levels, would have consequences in the entire ecosystem [41].
In Table 6 we compared the LC50 acute and EC50 chronic
values for primary producers, herbivores and predators that
we found in the mainstream scientific literature for similar
tests and toxicants. Unfortunately the information is quite
scarce. For eight toxicant/test combinations we were unable to find data. For 5 cases we found one value only. Again
we expected to find more sensitivity among primary producers then herbivores and finally predators. For Fe-acute, Pbacute, and Zn-acute are the only three combinations where
this prediction is true with data missing for some trophic levels. The lowest chronic value we found (0.0046 mg/L) was
for an herbivore and the highest acute value (15.41mg/L)
was for a predator. However, the scarcity of data did not
allow for a deeper analysis.

Our results from a battery of planktonic organisms
suggest the need for extending acute and chronic tests for
as many species as possible from different taxa and trophic
level to obtain more reliable and protective values for environmental legislation. Scholes et al. [40] used a battery of
toxicity tests using organisms from different trophic levels
to analyze the toxicity of storm water samples and concluded
that there was a higher detection of toxicity achieved than
using a single test alone. The European Commission [18]
also recognizes the use of acute and chronic values from species of different trophic levels as a more protective measure
to set up safety data to specific toxicants. Coelho et al. [41]
analyzed lethal and sublethal effects of trichlorfon on three
different trophic levels. They found daphnids as the most
sensitive taxa to trichlorfon followed by zebra fish and finally by P. subcapitata. Authors conclude that adverse effects on daphnids, which are food for organisms of higher

TABLE 6 - Ranges and average LC50 and EC50 values found in the literature, for aquatic invertebrate species. Ranges and average values of
24-h -LC50 (acute first row) and 1-week or 3-week for cladocerans, 96-h for algae, 3 and 4-d for copepods and rotifers -EC50 (chronic second
row) values for organisms belonging to different trophic levels exposed to the five metals used in this work are included. All values in mg/L
Metal
Trophic
level

Primary
producers

Al

Cd

Fe

Pb

Zn

0.091-8.3
=1.43 ± 2.83
n=8

0.0018-11.24
=1.57± 3.49
n=10

3

0.14-2.65
=0.93 ± 1.16
n=4

-

-

0.0045-10.5
=1.34 ± 3.22 n=11

-

1

0.560-3.5
=2.13 ± 1.26
n=6

0.027-1.3
=0.30 ± 0.35 n=15

9-0.53
=4.9 ± 4.24
n=3

0.2-56.2,
=12 ± 21.75
n=6

0.034-0.106
=0.6 ± 0.0.3
n=4
0.31-4.10
=1.50 ± 1.19 n=11

5.9-35.2
=20.55 ± 20.71
n=2
-

0.00056-0.3
=0.08 ± 0.11
n=6
-

-

-

Herbivores
1.908-1.624
=1.7 ± 0.20 n=2

Predators

0.54-0.58
=0.56 ± 0.02
n=2

0.00021-0.013
=0.0046 ± 0.005
n=6
0.0005-46.12
=15.41± 26.58 n=3
0.14

 =mean ± one standard deviation

4. CONCLUSIONS

References
[42,44, 45, 46,
48, 51]

[12, 30, 34, 43,
44, 45, 46, 47,
48, 49, 50, 51]

0.016-0.644
=0.21 ± 0.23 n=10
4.09

[12, 46]

0.05

The authors have declared no conflict of interest.

The use of ACR obtained from acute test might not
provide of reliable estimations of chronic adverse effects
as suggested in the comparison of LC50 or EC50 values in
this work. The wide variations found in ACR values today
can be explained by two factors: a) the different ways in
which ACR are currently calculated; b) the improvements
in the development of actual long or early life cycle tests.
Therefore, only the CL50 or EC50 values from the most sensitive acute and chronic tests from species from a battery
of different trophic levels should be used to calculate the
PNEC applying the safety values recommended by the
worldwide environmental protection agencies.

4664

REFERENCES
[1]

Rand, G.M. and Petrocelli, S.R. (1985) Fundamentals of
aquatic toxicology: Methods and applications. Washington
DC: Second Edition. Hemisphere Pub. Corp. 665 p.

[2]

Blaise, C. and Férard, J.F. (2005) Small-scale Freshwater Toxicity Investigations: Vol. 1 Toxicity Test Methods. Springer
Science & Business Media.551 p.

[3]

Dutka, B.J., Tuominen, T., Churchland, L. and Kwan, K.K.
(1989) Fraser river sediment and waters evaluated by the battery of the screening tests and techniques. Hydrobiologia 188
(189), 301–305.

© by PSP Volume 24 – No 12b. 2015

Fresenius Environmental Bulletin

[4]

Nendza, M. (2002) Inventory of marine biotest methods for
evaluation of dredged material and sediments. Chemosphere,
48, 865–883.

[5]

Manzo, S., Ansanelli, G., Parrella, L., Di Landa, G., Massanisso, P., Schiavo, S., Carmine, M., Bruno, L., Boggia, R.,
Alekis, P. and Tabaku, A. (2014) First evaluation of the threat
posed by antifouling biocides in the Southern Adriatic Sea. Environmental Science: Processes Impacts..16: 1981-1993.

[6]

[7]

[8]

[9]

Hoff, D., Lehmann, W., Pease, A., Raimondo, S., Russom, C.
and Steeger, T. (2010) Predicting the Toxicities of Chemicals
to Aquatic Animal Species. U.S. Environmental Protection
Agency, Office of Water, Washington, DC, Office of Pesticide
Programs, Washington, DC, Office of Research and Development, Gulf Ecology Division Office of Research and Development, Mid-Continent Ecology Division.
Mount, D.R., Ankley, G.T., Brix, K.V., Clements, W.H.,
Dixon, D.G., Fairbrother, A., Hickey, C.W., Lanno, R.P., Lee,
C.M., Munns, W.R., Ringer, R.K., Staveley, J.P., Wood, C.M.,
Erickson, R.J. and Hodson, P.V. (2003) Effects assessment: In
Reevaluation of the state of the science for water-quality criteria development, Reiley, M.C., Stubblefield, W.A., Adams,
W.J., Di Toro, D.M., Hodson, P.V., Erickson, R.J. and Keating, F.J. (Eds.) (pp. 53–118). Pensacola, FL: SETAC Press.
Raimondo, S., Montague, B. and Barron, M.G. (2007) Determinants of variability in acute to chronic toxicity ratios in
aquatic invertebrates and fish. Environmental Toxicology and
Chemistry, 26 (9): 2019–2023.
Mebane, C.A., Hennessy, D.P. and Dillon, F.S. (2008) Developing Acute-to-chronic Toxicity Ratios for Lead, Cadmium,
and Zinc using Rainbow Trout, a Mayfly, and a Midge. Water,
Air, & Soil Pollution, 188:41–66.

[10] Anonymous. (2005) Standard Methods for the Examination of
Water and Wastewater. 21st ed. American Public Health Association/American Water Works Association/Water Environment Federation. Washington DC. USA, p 1368.
[11] US EPA. (1985) Methods for Measuring the Acute Toxicity of
Effluents to Freshwater and Marine Organisms (3rd Ed.). Office of Research and Development, US Environmental Protection Agency, Cincinnati. EPA/600/4-85/013. 370p.
[12] Santos-Medrano, G.E. and Rico-Martínez R. (2013) Lethal effects of five metals on the freshwater rotifers Asplanchna
brightwellii and Brachionus calyciflorus. Hidrobiológica. 23
(1): 82-86.
[13] Blaise, C. and Vasseur, P. (2005) Algal microplate toxicity
test. In Blaise C, Férard JF.(Eds.), Small-scale freshwater toxicity investigations. Springer Science & Business Media Vol.
1 pp. 137–179. Berlin: Springer.
[14] NMX-AA-087-SCFI-2010. Norma Mexicana. Método de
prueba. Análisis de agua. Evaluación de toxicidad aguda con
Daphnia magna, Straus (crustácea -cladócera). Método de
prueba. Secretaría de Comercio y Fomento Industrial. Diario
Oficial de la Federación 3 de marzo de 2011.
[15] OECD. (2011) Test No. 201: Freshwater Alga and Cyanobacteria, Growth Inhibition Test, OECD Guidelines for the Testing of Chemicals, Section 2, OECD Publishing, Paris, France.
Organisation of Economic Cooperation and Development.
[16] Hernández-Flores, S. and Rico-Martínez, R. (2006) Study of
the effects of Hg and Pb toxicity using a chronic toxicity 5-day
test with the freshwater rotifer Lecane quadridentata. Environmental Toxicology 21(5): 533-540.
[17] Wright, D.A. and Welbourn, P. (2002) Environmental Toxicology. Cambridge University. Press, Cambridge, U.K. 630 p.
[18] European Commission. (2003) Technical Guidance Document
in support of Commission Directive 93/67 EEC on risk assessment for new notified substances, Commission Regulation
(EC) no. 1488/94 on risk assessment for existing substances
and Directive 98/8/EC of the European Parliament and of the

4665

Council concerning the placing of biocidal products on the
market. Joint Research Center, Ispra, Italy.
[19] Landis, W.G. and Chapman, P.M. (2011) Well Past Time to
Stop Using NOELs and LOELs. Integrated Environmental Assessment and Management 7 (4): vi–viii.
[20] Green, J.W., Springer, T.A. and Staveley, J.P. (2012) The
Drive to Ban the NOEC/LOEC in Favor of ECx is Misguided
and Misinformed. Integrated Environmental Assessment and
Management. 9 (1): 12–16
[21] Canadian water quality guidelines for the protection of aquatic
life. (2007) Canadian water quality guidelines for the protection of aquatic life: Imidacloprid. In: Canadian environmental
quality guidelines, 1999, Canadian Council of Ministers of the
Environment, Winnipeg.
[22] US EPA. (2014) Current national recommend water quality
criteria. United States Environmental Protection Agency. National Recommended Water Quality Criteria. 2015 Jan 20.
http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm#altable
[23] NOM-001-ECOL-1996. Norma Mexicana que establece los
límites máximos permisibles de contaminantes en las descargas de aguas residuales en aguas y bienes nacionales. Secretaría del Medio Ambiente y Recursos Naturales. Diario Oficial
de la Federación 30 de abril 1997.
[24] CE-CCA-001/89. (1989) Acuerdo por el que se establecen los
Criterios Ecológicos de Calidad del Agua. Diario Oficial de la
Federación. México. 1989 (2 de diciembre).
[25] United Nations global drinking water quality index. (2007)
Prepared and published by the United Nations Environment
Programme Global Environment Monitoring System
(GEMS)/Water Programme.
[26] Australian and New Zealand Guidelines for Fresh and Marine
Water Quality Volume 1. (2000) National Water Quality Management Strategy. Australian and New Zealand. Environment
and Conservation Council. Agriculture and Resource. Management Council of Australia and New Zealand.
[27] Havens, K.E. (1991) Littoral zooplankton responses to acid
and aluminum stress during short-term laboratory bioassays.
Environmental Pollution 73 (1): 71-84.
[28] Snell, T.W., Moffat, B.D., Janssen, C. and Persoone, G.
(1991b) Acute Toxicity Tests Using Rotifers IV. Effects of
cyst age, temperature, and salinity on the sensitivity of Brachionus calyciflorus. Ecotoxicology and Environmental
Safety 21 (3): 308-317.
[29] Sarma, S.S.S., Martínez-Jerónimo, F., Ramírez-Pérez, T. and
Nandini, S. (2006) Effect of cadmium and chromium toxicity
on the demography and population growth of Brachionus
calyciflorus and Brachionus patulus (Rotifera). Journal of Environmental Science and Health Part A. 41: 543-558.
[30] Torres-Guzmán, F., Avelar González, F.J. and Rico-Martínez
R. (2010) Implementing Lecane quadridentata acute toxicity
test to assess the toxic effects of selected metals (Al, Fe and
Zn).Ecotoxicology and Environmental Safety. Elsevier. 73,
287-295.
[31] Snell, T.W., Moffat, B.D., Janssen, C. and Persoone, G.
(1991a) Acute toxicity tests Using Rotifers III. Effects of temperature, strain and exposure time on the sensitivity of Brachionus plicatilis. Environmental Toxicology and Water Quality 6: 63-75.
[32] Couillard, Y., Ross, P. and Pinel-Alloul, B. (1989) Acute toxicity of six metals to the rotifer Branchionus calyciflorus, with
comparisons to other freshwater organisms Toxicity Assessment 4: 451-4.
[33] Nelson, S.M. and Roline, R.A. (1998) Evaluation of the sensitivity of rapid toxicity tests relative to daphnid acute lethality
tests. Bulletin of Environmental Contamination and Toxicology 60: 292-299.

© by PSP Volume 24 – No 12b. 2015

Fresenius Environmental Bulletin

[34] WebWISER. (2013) U.S. National Library of Medicine;
1993-2013. http://webwiser.nlm.nih.gov. Accessed Jan 2015.
[35] Yim, J.H., Kim, K.W. and Kim, S.D. (2005) Effect of hardness
on acute toxicity of metal mixtures using Daphnia magna: Prediction of acid mine drainage toxicity. Journal of Hazardous Materials. 138(1):16-21.
[36] De Coen, W.M., Vangheluwe, M.L. and .Janssen, C.R. (1998)
The use of biomarkers in Daphnia magna toxicity testing. III.
Rapid toxicity testing of pure chemicals and sediment pore waters using ingestion and digestive enzyme activity. Chemosphere
37(13): 2677-269.
[37] Johnson, I., Sorokin, N., Atkinson, C., Rule, K. and Hope, S-J.
(2007) Preconsultation report: Proposed EQS for Water Framework Directive Annex VIII substances: iron (total dissolved).
Environment Agency, Rio House, Waterside Drive, Aztec West,
Almondsbury, Bristol, BS32 4UD.

[48] US EPA. (1988) Ambient Water Quality Criteria for Aluminum. Washington DC, U.S. Environmental Protection
Agency, Office of Water Regulations and Standards. EPA
440/5-86-008.
[49] US EPA. (1980) Ambient Water Quality Criteria for Lead.
Washington DC, U.S. Environmental Protection Agency, Office of Water Regulations and Standards. EPA 440/5-80-057.
[50] US EPA. (1980) Ambient Water Quality Criteria for Zinc.
Washington DC, U.S. Environmental Protection Agency, Office of Water Regulations and Standards. EPA. 440/5-80-079
[51] US EPA. (2001) Update of Ambient Water Quality Criteria for
Cadmium. Washington DC, U.S. Environmental Protection
Agency, Office of Water Regulations and Standards. EPA822-R-01-001.

[38] Biesinger, K.E. and Christensen, G.M. (1972) Effects of Various
Metals on Survival, Growth, Reproduction, and Metabolism of
Daphnia magna. Journal of the Fisheries Research Board of
Canada. 29(12): 1691-1700.
[39] Adam, N., Schmitt, C., Galceran, J., Companys, E., Vakurov, A.,
Wallace, R., and Blust, R. (2014). The chronic toxicity of ZnO
nanoparticles and ZnCl2 to Daphnia magna and the use of different methods to assess nanoparticle aggregation and dissolution. Nanotoxicology, 8(7), 709-717.
[40] Scholes, L.N.L., Baun, A., Seidl, M., Eriksson, E., Revitt, D.M.
and Mouchel, J.M. (2007) Assessment of stormwater ecotoxicity
using a battery of biotests. In: Highway and urban environment:
proceedings of the 8th highway and urban environment symposium. Morrison, G.M. and Rauch, S. eds. Alliance for global sustainability bookseries. Springer. p. 399-410.
[41] Coelho, S., Oliveira, R., Pereira, S., Musso, C., Domingues, I.,
Bhujel, R.C., Soares, A.M.V.M. and Nogueira, A.J.A. (2011)
Assessing lethal and sub-lethal effects of trichlorfon on different
trophic levels. Aquatic Toxicology 103: 191–198
[42] Baścik-Remisiewicz, A. and Tukaj, Z. (2002) Toxicity of inorganic cadmium salts to the microalga Scenedesmus armatus
(Chiorophyta) with respect to medium composition, pH and CO2
concentration. Acta Physiologiae Plantarum. 24 (1): 59-65.
[43] Cooper, N.L., Bidwell. J,R. and Kumar, A. (2009) Toxicity of
copper, lead, and zinc mixtures to Ceriodaphnia dubia and
Daphnia carinata. Ecotoxicology and Environmental safety. 72:
1523-1528.
[44] Goransky, R. and Natale, O. (2003) Establecimiento de niveles
guía nacionales de calidad de agua ambiente; Presentación de
desarrollos de niveles guía de calidad de agua ambiente ajustados a formato final. Subsecretaria de Recursos Hídricos; Argentina. Dirección Nacional de Políticas, Coordinación y Desarrollo
Hídrico; Instituto Nacional del Agua (Argentina).
[45] Norton, D., Serdar, D., Colton, J., Jack, R., and Lester, D. (2011)
Ecology and King County. Control of Toxic Chemicals in Puget
Sound: Assessment of Selected Toxic Chemicals in the Puget
Sound Basin, 2007-2011. Washington State Department of
Ecology, Olympia, WA and King County Department of Natural
Resources, Seattle, WA. Ecology Publication No. 11-03-055.
www.ecy.wa.gov/biblio/1103055.html
[46] PAN Pesticide Database. (2014) Pesticide Action Network.
2000-2014.http://www.pesticideinfo.org/Docs/data.html. Accessed Jan 2015
[47] Phippen, B., Horvath, C., Nordin, R. and Nagpal N. (2008)
Ambient water quality guidelines for iron. Water Stewardship
Division. Ministry of Environment, British Columbia.
http://www.env.gov.bc.ca/wat/wq/BCguidelines/iron/iron_tech.pdf.

4666

Received: April 13, 2015
Revised: August 11, 2015
Accepted: September 16, 2015

CORRESPONDING AUTHOR
Gustavo Emilio Santos-Medrano
Universidad Autónoma de Aguascalientes
Centro de Ciencias Básicas
Departamento de Química
Avenida Universidad 940
Ciudad Universitaria
C.P. 20131, Aguascalientes, Ags.
MEXICO
Phone: 52-449-9108420
Fax: 52-449-9108401
E-mail: gesantos@correo.uaa.mx
FEB/ Vol 24/ No 12b/ 2015 – pages 4658 - 4666

© by PSP Volume 24 – No 12b. 2015

Fresenius Environmental Bulletin

EVALUATING HEAVY METALS IN SOILS FROM A TYPICAL
INDUSTRIALIZED TOWN BY THE POLLUTION DIFFUSION
RESPONSE MODEL: A CASE STUDY IN EASTERN CHINA
Tianyuan Li1, Xuyin Yuan1,*, Yinxian Song1, Godwin A. Ayoko2 and Ray L. Frost2
1
Key Laboratory for Integrated Regulation and Resources Development on Shallow Lakes of
Ministry of Education, College of Environment, Hohai University, Nanjing 210098, Jiangsu, PR China
2
Discipline of Nanotechnology and Molecular Science, School of Chemistry, Physics and Mechanical Engineering, Science
and Engineering Faculty, Queensland University of Technology, George Street, GPO Box 2324, Brisbane QLD 4001, Australia

ABSTRACT
Heavy metals in agricultural soils were investigated
and assessed in a typical industrialized region in eastern
China. Different sources for heavy metals in soils were estimated by Principal Component Analysis and Multiple
Linear Regression (PCA-MLR). The results showed that
Cd and a proportion of Cu, Cr, As came from the ceramic
industrial processes; most of Hg was contributed by the
emission of gasoline products; and high concentrations of
Pb mainly resulted from the battery manufacture factory.
A pollution diffusion response model was used to estimate
the diffusion and mixture of heavy metals from the sources
and the pollution index of the study region. Calculated pollution index (PI) using model was in accordance with the
PCA analysis, which demonstrated that the ceramic manufacture was the most serious pollution source in the study
region. This method displayed that the different pollution
diffusion from sources for different metals and pollution
stress for soils.
KEYWORDS: heavy metals, spatial distribution, source apportionment, pollution diffusion response model

1. INTRODUCTION
Heavy metal contamination in soils and their ecological risks are issues of increasingly concern over the last
decades [1-3]. These pollutions are ubiquitous in suburban
and urban soils because of intense anthropogenic inputs,
including agricultural, industrial and traffic activities [4-7].
Heavy metals are toxic, bioaccumulative and resistant to
biochemical degradation and can pose a potential threat to
human health [7].
In many developing countries, like China and India,
many factories have been relocated and built in the suburbs
* Corresponding author

of city or small towns as the result of the urbanization and
industrialization, which is considered as the biggest risk to
the agriculture environment [8]. These factories release
heavy metals to the surrounding environment due to lack
of waste disposal facilities; this can result in the soil contamination. Compared to the urban region, the effect of soil
heavy metal contamination seems more serious in suburban regions or small towns as the intake of heavy metals
via the soil-crop system has been considered as the dominant pathway of human exposure to heavy metals in soils
in agricultural areas [9]. Crops grown on the contaminated
soils can enrich heavy metals and endanger the food chain
system, and then harm human health [10]. Generally, the
contaminations in suburban areas or small towns are characterized by the coexistence of various types of small-scale
industries, which cause difficulties in recognizing the pollution sources. It is well-known that the characteristics of
heavy metal pollution in soils caused by different industrial
activities are varied. For example, the foundry and metallurgical manufacture factory cause higher As, Pb, Cu and
Cd in the soils [11, 12]. A thermal power plant can produce
higher Hg and Cd concentrations in soils [13]. The textile
industry can release high concentrations of Cr and Pb into
the environment [14]. But most polluted soils are found to
have composite characteristics of heavy metals due to the
superposition of pollution sources [14]. It is important to
study the source contributions of different heavy metals on
the surrounding soils and to evaluate their risks, which can
help us to prevent the heavy metal pollution of soils in
small towns.
The identification of pollution sources is an important
work for prevention and remediation of polluted soils.
Consequently, isotopic fingerprinting technology has been
considered as a precise and powerful tool in identifying the
source of heavy metals. However, this method is expensive
and the results are easily affected by various factors, including the sample environment [15]. Other conventional
methods for source identification include the multivariate
statistical analyses (such as principal component analysis
(PCA), correlation analysis, and linear regression) that can
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be used alone or in combination with visualization technologies such as GIS or Surfer software. Many studies have
used these methods to investigate the regional characteristics of heavy metals in soils [16-19]. For example, PCA
method identifies groups of elements whose concentrations
fluctuate together from one sample to another and assigns
these elements to “factors” [20]. Ideally, each extracted
factor represents a source affecting the samples [21]. Subsequent principal component analysis and multiple linear
regression (PCA-MLR) can be used to apportion the sources
of heavy metals in surface water, ground water and sediments to the contributing sources [22-25]. However, heavy
metals contributed by several soil sources at different spatial locations have not been well studied, especially for agricultural soils in the industrialized town.
Dingshu Town is located in Jiangsu Province (119 45’56’E, 31 9’-20’N), which is economically advanced of other
provinces in China and is famous for its ceramic industry.
The other industries in this region also exists in this region,
such as gasoline storage and battery manufacture. The ceramic industry has been reported to be associated with heavy
metal contamination in neighboring soils previously [26]. In
addition, a lot of researches confirmed that battery making
and the storage of gasoline may cause heavy metal accumulation in soils [27, 28]. According to Liao et.al, Cd concentration in soils in Dingshu Town ranged from 0.53 to
5.92 mg kg-1 in 2012, however, Cd contents was 0.15 to
0.40 mg kg-1 in 2004, the other heavy metal elements like

Pb, Cr, Zn were also accumulated in soils [29]. But these
researches only focused on the source and concentrations
of heavy metals in soils, they seldom draw attention on the
spatial distribution and diffusion of heavy metals. In addition, other types of industries such as battery making which
may influence the concentrations of heavy metals were ignored in previous studies. In this article, spatial distribution
patterns of heavy metals in soils in Dingshu Town were
described. The contributions of different sources to each
heavy metal were calculated using PCA-MLR method.
Then, a pollution diffusion response model was constructed to investigate the distributions of heavy metal diffusion in the study region. A new sight of view was also
made for understanding the pollution impacts of heavy
metals on soils based on different sources.

2. MATERIALS AND METHODS
2.1. Study region and sample collection

As was shown in Fig.1, total 41 samples were collected
from agricultural soils in the study region in 2012, which
were exposed in three major pollution sources. They were
marked as source A-a battery manufacture factory, source
B-a ceramic manufacture factory and source C-a large gasoline station. Residential areas were dispersedly located in
the study region.

FIGURE 1 - Map of sampling sites in the study region of Dingshu Town, Jiangsu, China. There are three main pollution sources in the study
region: A) a battery manufacture factory; B) a ceramic manufacture factory; C) a large gasoline station. The 0.5 km radius red dash circle
designate the central area.
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The sample sites were located with the aid of a Global
Positioning System (GPS). At each site, five topsoil (0-20
cm) sub-samples were gathered in a 100 m2 area using a
stainless steel trowel, then mixed in a cloth bag. The soil
samples were dried in an oven at 40 and sieved through
a 2-mm polyethylene sieve to remove large debris, stones
and pebbles, then grounded to fine particles (<0.150 mm)
with an agate mortar.

sequently to identify the origin of contaminants. The PCA
model was expressed as follows [30]:

2. 2. Chemical analysis

and
the factor loadings and factor scores, respectively.
To improve the interpretation of pollution patterns, Kaiser’s VARIMAX orthogonal rotation of PCs was performed to maximize the simplicity of the total loadings,
and based on the rotated PCA, we identified the latent pollution sources and source profiles. The MLR-APCS assumed a linear relationship between the total mass concentration and the contributions of each element [31]. Source
contributions to the total concentration were estimated with
multiple linear regression (MLR) using the de-normalized
APCS values. All statistical analysis are performed with
the statistical package SPSS 19.

For the analysis of the total concentrations of heavy
metals, soil samples were digested by a HClO4-HNO3-HF
mixture in Teflon tubes. The concentration of Cr, Cu, Pb,
Cd were determined by inductively coupled plasma mass
spectroscopy (XSERIES, Thermo Electron, USA). The detection limit values for Cr, Cu, Pb, Cd were 0.04, 0.43, 0.05
and 0.03 ng/ml, respectively. As and Hg were detected by
atomic fluorescence spectrophotometer (AFS-230E, Beijing Haiguang Instrument Co., Ltd, China), the detection
limit values for As and Hg were 0.01 ng/ml. Quality assurance and quality control (QA/QC) for metals in soil samples were estimated by determining the metal contents of
the blank and duplicate samples and Certified Reference
Materials GBW07402, GBW07403 and GBW07406 approved by the General Administration of Quality Supervision, Inspection and Quarantine of China (AQSIQ). The elemental recoveries and relative standard deviation (RSDs)
for the Certified Reference Materials were 93-105% and
<3.0% respectively.
2.3 Data Analysis

Basic descriptive statistics were derived to provide a
summary of the concentrations of the 6 heavy metals present in the four areas within the study region. A principal
component analysis (PCA) was performed to help identify
geographic patterns of these metal concentrations and sub-

Where i=1,…, n samples; j=1,…, m elements; k=1,…,
is the standardized concentrations, and
m sources;

3. RESULTS AND DISCUSSION
3.1. Heavy metal concentrations

Considering the impacts of the distance of the pollution
sources on heavy metal contents of the soil samples, the samples were divided into two groups. One was collected from
the area within 500m from a pollution source and considered as the central area (n=29), the other was from 500m to
1900m of the pollution sources as the peripheral area (n=
12) [12]. Table 1 shows the comparisons of heavy metals
concentrations in soil samples from the central and peripheral areas. Kolmogorov-Smirnov tests for the 6 heavy metals
show significant differences in soil concentrations in soil

TABLE 1 - Heavy metal concentrations in the central areas (A, B and C) and the peripheral areas (μg·g-1, n=41).
Items
Mean(μg•g-1)

Minimum(μg•g-1)

Maximum(μg•g-1)

CV(%)

a

Areas
A
B
C
Peripheral
A
B
C
Peripheral
A
B
C
Peripheral
A
B
C
Peripheral

Background of Jiangsu soil a
From Xia et al.(1987)( Xia ZL, Li SZ, Li TF, Ba Y (1987)

As
6.46
8.36
5.50
5.61
5.84
6.81
4.93
3.99
6.98
9.76
6.30
7.14
8.50
10.63
9.16
15.56
8.17

Cr
65.45
68.32
53.10
59.44
60.50
57.98
43.39
47.01
71.10
83.59
82.41
67.09
7.81
8.90
21.55
11.43
8.17
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Cu
23.78
36.66
25.05
23.16
19.90
25.30
17.31
17.80
27.30
114.05
55.90
30.13
12.74
60.36
50.00
13.26
0.15

Pb
154.28
48.46
29.85
39.38
62.10
36.30
20.66
22.21
278.00
85.98
38.42
82.19
58.66
23.62
17.33
34.92
62.20

Cd
1.22
9.09
1.41
2.40
0.48
1.15
0.29
0.30
1.95
42.34
3.66
6.34
54.63
131.80
83.99
102.53
21.55

Hg
0.15
0.33
0.31
0.21
0.10
0.11
0.07
0.09
0.18
1.23
0.97
0.60
24.71
88.65
100.03
56.51
0.11
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TABLE 2 - Kolmogorov-Smirnov test for 6 heavy metal concentrations in central and peripheral areas

Most Extreme Differences
Kolmogorov-Smirnov Z
Asymp.Sig.(2-tailed)

Absolute
Positive
Negative

As
.483
.034
-.483
1.406
.038

Hg
.227
.193
-.227
.661
.774

Cr
.434
.144
-.434
1.264
.082

Cu
.503
.193
-.503
1.465
.027

Cd
.328
.175
-.328
.954
.322

Pb
.503
.227
-.503
1.465
.027

FIGURE 2 - Spatial distributions of heavy metals (As, Hg, Cr, Cu, Cd, Pb) in soils of the study region

samples from the central and peripheral areas (Table 2), with
the exception of Hg, Cr and Cd as a result of the influence
of a major source. In addition, it has been reported that a
relatively large coefficient of variance (CV) for values of
heavy metals in soils indicates that anthropogenic sources
are significant [32-34]. In this study, CV values for heavy
metals were from 7.8% to 131.8% in the central areas and
from 11.4% to 102.5% in the peripheral area, respectively.
These indicate that the heavy metals in the central areas
were strongly influenced by the pollution sources. Combined with the results of their contents in soil samples, Hg,

Cd, Pb were also considered to be strongly influenced by
pollution sources in the central areas compared to As, Cr
and Cu.
The spatial distribution patterns of heavy metals in the
study region are shown in Fig. 2. Compared with areas near
to the ceramic manufacture factory and the gasoline station,
samples collected near the battery manufacture factory had
extremely high Pb concentration (62.10-278.00 μg·g-1,
Mean=154.3μg·g-1, n=4), exceeding 7 times of the background value of Jiangsu soils. Previous study showed that
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soils near the battery plants appeared to be most susceptible
polluted by Pb. Jin et al. [35] found that soils outside the
battery plant in east China had Pb concentration ranged
from 14.3-200 mg kg-1, the content of Pb in soils decreased
with the distance to plant increased. Besides, Cr concentration
was also slightly higher than the background value. In the area
around the ceramic manufacture factory, Cd concentration
was extremely high with a mean value of 9.09 μg·g-1 (1.1524.81μg·g-1, n=15), about 80 times higher than the background value. The maximum of Cd concentration in a sample
in this area reached 42.33 μg·g-1 for a sample collected beside
a drainage ditch of this factory. Average Cd concentration
in this study was 3 folds higher than the survey conducted
by Liao et.al [29], but far more less than soils near a ceramic
factory in Castellon where Cd concentration in soils reached
about 79 mg kg-1 [26]. In comparison with heavy metals in
the soils around the ceramic manufacture factory and the
gasoline station, Cu, Cr and As concentrations in samples
near the battery manufacture factory were also higher.
Compared to soils collected near a silver mine in Toledo,
Spain, concentration of soil Cr in area A in this study was
nearly 9 times higher [36]. Moreover, soils near the gasoline
station showed a higher Hg concentration (0.067-0.971μg·g-1,
Mean=0.31μg·g-1, n=10), while Cu and As concentrations
were relative high in these samples. Some studies showed
that the storage and usage of gasoline can cause Mercury
pollution to the environment [37, 38].
The different spatial distribution patterns of heavy
metals observed in the study region indicated the complex
impacts of the three sources on the soil samples. The distributions of heavy metals in the soils may be closely related to the distance of the sample sites to pollution sources
and manufacturing processes.
3.2 Pollution source identification and their contributions to
soil heavy metals

First, principal component analysis (PCA) was used to
identify the main sources of heavy metals in soils of the
study region. The next step was to determine the contribution of each pollution source to the total amount of each
metal by using multiple linear regression (MLR). This method
was used to calculate the contributions of the different pollution sources to heavy metals in the soils [39-41].

As shown in Table 3, about 79.8% of the total variance
was explained by the first three principal components (PC1
accounted for 45. 5%, PC2 for 19.6% and PC3 for 20.2%
respectively). Copper, As, Cr and Cd had the main loadings
on PC1. Compared with samples collected near the battery
factory and the gasoline station, the average concentrations
of these four elements in samples from the ceramic manufacture factory area were higher. This showed that the source
of the elements is associated with the manufacture of ceramic products. It had been demonstrated by the previous
study that the use of pigment in ceramic manufacture may
bring serious pollution to the soil in the surrounding areas
[42]. PC1 was therefore assigned the ceramic manufacture
pollution source.
Lead had a high positive loading on PC2, likewise Cr
and As also had positive scores on PC2. As shown in Fig. 2,
the battery manufacture factory appears to be the main
source for soil Pb, Cr and As. Some previous studies have
reported that battery manufacture can cause serious Pb, As
and Cr contaminations of soils [43-45]. Therefore PC2 stands
for pollution characteristics caused by the battery manufacture
factory.
Mercury mainly loaded on PC3 while As and Cu had
positive PC3 scores, which indicates that most of the Hg
and a proportion of As, Cu could be explained by PC3.
These elements are enriched in samples collected near the
gasoline station as have been reported in several studies
[38, 46, 47]. So PC3 can account for the pollution characteristics of the gasoline station.
After the major sources were identified for the six elements, the contributions of each pollution source to the total amount of heavy metals were determined using PCAMLR method. As shown in Table 4, the ceramic manufacture factory explained by PC1 was the largest pollution
source for soils in the study region, accounting for about
35.2%, 70.2%, 50.0% and 59.6% of As, Cd, Cr and Cu respectively. The second major pollution source was the battery manufacture factory which contributed the most Pb to
the soil and accounted for 90.5% of Pb, 16.1% and 29.4%
of As and Cr. The third major pollution source was the gasoline station which was the main contributing source of Hg,
being responsible for 93.4% of Hg. Besides, 20.5% of As
and 13.9% of Cu can be explained by this source.

TABLE 3 - Varimax rotated factor scores of principal components and eigenvalues of heavy metals in soils of the study region.

Eigenvalue
% of variance
Content
As
Hg
Cr
Cu
Cd
Pb

PC1
2.427
40.457

Principal component
PC2
1.208
20.132

PC3
1.152
19.207

0.681
0.079
0.763
0.834
0.824
0.033

0.310
-0.089
0.448
-0.042
-0.073
0.947

0.396
0.959
0.111
0.194
-0.134
-0.087
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3.3 Distance responses of soil heavy metals to pollution
sources

Through the PCA-MLR calculation, the influence of
pollution sources on the whole study area was quantified.
In order to understand the influence of each pollution
source and distribution of heavy metal in this region, the
distance responses for each metal in the samples to the different pollution sources were investigated. In some studies,
it has been shown that the areas within 500 m of sources
are strongly influenced by pollution sources [48]. As
shown in the map of the sampling sites (Fig. 1), the distance between any two of the sources is about 2400 m.
Hence, only sample sites that are within 500 m of the pollution source (central area) are strongly influenced by the
nearest source in this study while samples in the areas that
are 500-1900m away from the source (peripheral area) are
considered to be influenced by multi-sources as observed
by Ha et.al [12].
Dragovic et.al [13] reported that the concentrations of
heavy metals commonly decrease exponentially with distance (d) from sources. This could be expressed as follows:
(1)
where Cpi is the fitted heavy metal contents in source
area “i”, Cimax is the maximum value of heavy metal in the
area “i”, d is the distance from the sample site to pollution
source “i” and a, b and e are constants. When the metals
are influenced by a single source as in Table 4 or the samples are within 500m of the source, it could be described
by the response model represented in equation (1). When
samples are 500-1900m away from the source, and the metals are influenced by multi-sources, the predicted heavy
metal contents in area can be expressed as follows:
(2)
is the “contribution percentage” in Table 4,
is
the predicted heavy metal content. To enable uniform visualization of the spatial distribution of all predicted heavy
metals, contour maps were produced by the inverse distance weighting method. The obtained maps (Fig. 3)
showed that the model had good predictive abilities for As,
Cd, Cr, Cu and Pb in the study region evidenced by the R
values that are between 0.65-0.84, especially for As, Cd
and Pb. For Hg, the model worked less efficiently, with
R=0.46. Its content was overestimated because of the volatile characteristic of this element [49]. Besides, some of
the Hg in the soils may also be contributed by B area, but

PCA analysis failed to recognize this situation. Generally,
this model could be used to understand the process of
multi-sources well.
3.4 Assessment and model prediction of pollution index

Pollution index (PI) modified from Hakanson [50] was
used to evaluate the pollution degree of heavy metals in
each site within the study region. Some previous studies
had used this integrated index for evaluating heavy metal
pollution in sediments and soils [5, 40]. The PI is defined
as follows:

where Ck is the measured content of heavy metal “k”
and Bk is the background value of heavy metal “k”. If PI<1,
it illustrates that soil was unpolluted, 1<PI<2 means that
moderate pollution was occurred, 2<PI<10 stands for soil
that is strongly polluted, while PI>10 means that the soil
was extremely polluted.
As shown in Fig. 4 (1), area B suffered serious heavy
metal pollution while the PIs in area A and C were relative
low. The maximum PI value in area B was 65.8 where Cd
content was very high but the average PI value of area B
was 15.2, which illustrated that this area was extremely
polluted. The average PI values in area A and C was 3.7
and 3.0, respectively. These two areas were relatively less
polluted compared to area B but were still classified as the
polluted areas. This trend corroborates the spatial distributions of heavy metals discussed in the previous sections of
this article.
The comparison between the observed PI (Fig. 4. (1))
and the simulated result (Fig. 4. (2)) is given in Fig. 4 (3).
This model would likely be ideal for simulation of PI in the
central area, but not good enough for simulating PI in the
peripheral area influenced by all three pollution sources.
The PIs in this area were underestimated compared to the
observed PIs. There are several reasons responsible for this
result. The peripheral area was further away from the pollution sources, which led to a weaker metal diffusion from
the pollution sources. While the peripheral area was influenced by three pollution sources, this model was not good
enough to describe PI distributions under such complex
condition. Pollution from point sources, especially local Cd
input from the individual workshop, may also exist in the
residential area. This may disturb the prediction of PI using
this model.

TABLE 4 - Contribution percentages of heavy metals in agricultural soils influenced by different sources in the study region

A
B
C
Total
R2

As
16.10
35.21
20.47
71.78
0.72

Cd
70.20
70.2
0.70

Cr
29.36
50.04
79.40
0.78
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Cu
59.60
13.90
73.50
0.73

Hg
93.40
93.40
0.92

Pb
90.50
90.50
0.90
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FIGURE 3 - Spatial distributions of predicted heavy metals (As, Hg, Cr, Cu, Cd, Pb) contents in the study region using the pollution diffusion
response model
TABLE 5 - Parameters calculated by the pollution diffusion response model for different pollution sources and heavy metal elements.
Element

Source

As

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

Cr
Cu
Cd
Hg
Pb

a
-214.50
0.43
1.18
-438.44
0.86
-139.14
-353.76
1.43
358.40
1.11
-

Parameters
b
215.74
1.10
-931.93
439.56
0.54
143.41
357.46
140.50
375.09
4.11
-
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e
2.00
2.12
26.74
2.00
2.27
2.00
2.00
3.65
2.01
3.78
-

R

p

0.84
0.73
0.54
0.48
0.59
0.30
0.22
0.60
0.69
0.86
-

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
-
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FIGURE 4 - Comparison of observed PI (1) and predicted PI (2) of the region studied. Figure (3) is a regression model derived from soil
samples in the central areas. The R value for the model was 0.703.

4. CONCLUSIONS
According to our investigation, the average concentrations of Cd, Hg, Pb in agricultural soils of Dingshu town
exceeded the background values of Jiangsu soils by several
order of magnitude. This type of situation is ubiquitous situation in industrialized towns in China. But different pollution characteristics are often observed for the heavy metals. In the agricultural soils of the studied town, some
heavy metals including As, Cr and Pb show relatively
higher values in the soils around the battery factory area
while As, Cr and Cu are elevated in the soils around the
ceramic factory area and As and Cu are high in the soils in
the vicinity of the gasoline station area. These observations
indicate that different pollution sources have different influences on the heavy metals in the soils. PCA-MLR analysis illustrates that PC1, PC2 and PC3 can explicitly explain the source characteristics and handle the source allocation. Cadmium, As, Cr and Cu mainly come from the ceramic manufacture processes. Lead, As and Cr pollution in
the study region are closely related to the battery manufacture factory. However, Hg, As and Cu in the soils are derived partly from the contribution from a large gasoline station. Given that heavy metals concentrations commonly
decrease exponentially with distance from sources, the pol-

lution diffusion response model can reasonably explain the
spatial distributions of As, Cr, Cu, Pb and Cd in soils and
estimate their pollution degrees. However, it is not good
enough for the estimation of Hg content because of the volatile character of this element. This model will allow the
characteristics of heavy metal transportation such as transport
fate and transport processes to be better understood in the
further field studies, especially in regions where heavy metals in soils are polluted by several sources. The PI prediction
model can simulate the PI distribution in central areas that
are strongly affected by pollution sources but it is not good
enough to simulate the PI distribution due to complex conditions in the field and there may be other pollution sources
that were omitted in this study. It would be better to survey
more factories and environmental samples to enrich the
study data in future study. Furthermore, local government
should control the waste water discharged by the battery
plant and ceramic factories in this area.
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KINETIC INVESTIGATIONS OF GIBBERELLIC
ACID OXIDATION IN AQUEOUS SOLUTIONS BY
FENTON AND PHOTO-FENTON PROCESSES
Gökhan Ekrem Üstün
Uludag University, Faculty of Engineering, Department of Environmental Engineering, 16059, Nilufer-Bursa, Turkey

ABSTRACT
The degradation of gibberellic acid (GA3) from aqueous solution has been carried out by the different oxidation
processes: UV, UV/H2O2, Fenton and photo-Fenton processes. The effect of operating parameters such as Fe2+,
H2O2 concentrations, UV-A light intensity and initial pH
was studied. It is possible to create a strongly irradiated region along the axis of cylindrical photochemical reactor
throughout the photo-Fenton process. The increased intensity of UV-A light due to the degradation and mineralization
of GA3 during the photo-Fenton process was explored. The
highest GA3 removal efficiency was achieved at 0.08 mM/
1 mM Fe2+/H2O2 at pH 3 for Fenton processes. The removal
efficiencies of GA3 and TOC were 60 % and 5 %, respectively. GA3 degradation was completed and 16% TOC removal was achieved by the photo-Fenton process at 45 x10-6
Einstein s-1 UV-A light intensity. The kinetics of degradation and mineralization were found to follow first-order reaction rules in both processes.

KEYWORDS: Gibberellic acid, Fenton processes, Photodegradation, UV-A light intensity

1. INTRODUCTION
Agricultural production requires a substantial amount of
pesticides to control plant pests and diseases [1]. Although
pesticides are vital to agriculture, pesticide compounds can
cause significant environmental problems upon their release
in the environment [2]. Depending on their usage, these pesticides can be divided into the following types: herbicides,
insecticides, fungicides, rodenticides, nematicides, microbiocides, plant growth regulators and insect growth regulators [3]. Plant growth regulators are environmental hormones that are widely used in agriculture to increase plant
growth and reproduction. Plant growth regulators can potentially endanger aquatic ecosystems; however, related research is extremely limited [4]. After they are applied in
the field, pesticides undergo different types of degradation
pathways via biotic processes, i.e., microbial processes

and/or abiotic processes, i.e., photolysis and hydrolysis.
Subsequently, leaching to groundwater and runoff to surface water occur after rainfall and/or irrigation practices.
Consequently, a risk assessment of pesticide contamination
of natural waters is needed [5]. In addition, the pesticide
and chemical industries generate wastewater that contains
toxic and non-biodegradable compounds that remain in the
environment after wastewater has been subjected to conventional treatment processes [6].
Most pesticides require highly effective treatment processes due to their high chemical stability and/or low biodegradability [7]. The Fenton processes are capable of producing •OH (Eq. (1)) and technologies for pesticide removal that are efficient, fast, cost-effective and easy to operate [8]. The combination of UV photolysis and •OH reactions ensures the removal of a wide range of compounds.
Common techniques include UV, UV/H2O2, and photoFenton processes [9].
Fe2+ +H2O2 → Fe3+ + •OH + OH−
(1)
In a photo-Fenton process, the rate of pollutant degradation can be increased considerably via photochemical reactions [10]. When irradiation (λ<450 nm) is involved, the
regeneration of Fe2+ with the production of new •OH develops photoreduction reactions as follows:
Fe3+ + H2O + hv →•OH + Fe2+ + H +
(2)
The rate of organic pollutant degradation can be increased through irradiation of Fenton processes with UVlight (photo-Fenton process) [11]. UV-light not only leads to
the formation of additional •OH but also facilitates the recycling of ferrous catalysts by the reduction of Fe3+. As a result,
the concentration of Fe2+ increases and the overall reaction
is accelerated [12]. Methods based on chemical destruction,
such as Fenton and photo-Fenton processes, have provided
a promising and competitive solution for the abatement of
numerous hazardous compounds in wastewater [13].
Gibberellic acid (GA3), which is present in higher
plants, is a hormone that regulates different growth processes; thus, it has considerable agricultural applications
[14]. GA3 is a plant growth regulator that accelerates and
improves the yield of a wide variety of plants by increasing
cell division. However, its potential hazardous effects on
human health remain relatively unexplored [15].
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The principal objective of this study was to investigate
the degradation mechanism and kinetics of GA3 in aqueous
solution by Fenton and photo-Fenton processes. To evaluate the effect of UV-A radiation on GA3 degradation and
mineralization, the photo-Fenton test was conducted with
an experimental setup for a designed photoreactor. The effect of an independent variable (UV-A light intensity) in a
photo-Fenton process with variable UV-A light intensity
was investigated by applying conventional optimization.
By analyzing the results obtained from the photo-Fenton
process, the study evaluated the performance of the originally designed photoreactor. Because few studies have investigated the effects of increased UV-A light intensity on
the degradation and mineralization of pesticides [16,17]
the results obtained from this study can contribute to the
existing literature.

2. MATERIALS AND METHODS
2.1 Chemicals

The purest form of GA3 was obtained from the Merck
Chemical Company in Darmstadt. Its structure and UV
spectrum are shown in Fig. 1. Solutions were prepared using deionized water (R = 18 MΩ 1/cm, Millipore). Several
other chemicals, including FeSO4,·7H2O, H2O2 (30%),
NaOH, H2SO4 and HPLC-graded organic solvents such as
methanol and 0.1% phosphoric acid, were also obtained
from Merck.

FIGURE 1 - Chemical structure and UV spectrum of GA3 (λmax =
206±4 nm).
2.2 Experimental procedure

Synthetic solutions were prepared from the compounds at constant initial concentrations (50 mg L-1 for
0.144 mM) in distilled water. Although the initial GA3 concentration was high enough to be determined by HPLC,
GA3 disappeared within 1–2 min of the reaction with high
concentrations of iron ions (Fe2+) and H2O2. Therefore, a
relatively low amount of iron ions (0.01–0.1 mM) and
H2O2 ions (0.05–1.25 mM) were used in the optimization

experiments to obtain slower kinetics and provide favorable conditions for the determination of reaction rates.
Fenton reactions, which aid in determining the optimum concentrations for GA3 removal, occurred at ambient
temperatures with varying Fe2+ and H2O2 concentrations
and pH values. In a typical run, an appropriate volume of
Fe2+ was added to the 100 mL aqueous GA3 containing
solution, and its pH was adjusted with 0.1 N H2SO4. The
appropriate amount of H2O2 was added to start the reaction.
The reaction mixture was magnetically stirred to ensure homogeneity of the solution. After the 30 min reaction time,
the reaction was quenched by adding 30 µL of NaHSO3
[16], and the residual H2O2 concentration was measured
with Quantofix test sticks to prevent further reaction. GA3
and TOC analyses were performed on the samples, which
were filtered through 0.45 µm Millipore membranes (Millipore, USA) to remove Fe(OH)3 and other precipitated residuals after the pH of the quenched reaction solution was
adjusted to a pH of 6−8. The experiments on photolysis
were applied with 6 UV lamp. In UV / H2O2 process 1 mM
H2O2 was added at the reactor, all experiments were carried
out for 30 min. The contents of the reactor were mixed after
setting the speed of the magnetic stirrer, which was placed
under the reactor. Because heat from the UV lamps can increase the reaction temperature to, a cooling fan was
mounted on the top cover of the reactor. Using this method,
the temperature of the solution in the reactor was maintained at 222 oC. A portable 1000 mL cylindrical reactor
that was composed of quartz glass was placed in the center
of the reactor, and the top cover of the reactor was used to
collect samples. The UV lamps were controlled with onoff switches that were mounted on the reactor housing.
Osram L18/73 UV-A Scarab Blue fluorescent lamps with
18 W nominal power were employed as the UV light source;
their emission spectrum comprised wavelengths in the range
of 315−400 nm with a length and diameter of 59 cm and
2.6 cm, respectively. This photoreactor contained 6 UV lamps
that were equally spaced on the outer side of the reactor,
which was constructed of cylindrical quartz glass. It is possible to create a strongly irradiated region along the axis of
a cylindrical photochemical reactor, by surrounding the reactor with 6 lamps, each of which has a stainless steel semicircular reflector (see Fig. 2).
The lamp was activated 10 min prior to the irradiation of
the solution to secure a stabilized photon flow. After the desired reaction time, the photo-Fenton reaction was quenched
by adding 30 µL of NaHSO3 [18], and the residual H2O2 concentration was measured with Quantofix test sticks to prevent further reaction. GA3 and TOC analyses were performed on samples that were filtered through 0.45-µm Millipore membranes (Millipore, USA) to remove Fe(OH)3 and
other precipitated residuals after the pH of the quenched reaction solution was adjusted to a pH of 6−8. There is significant
potential for the practical use of a photoreactor under different UV light intensities and different geometric placements
of UV-A lamps (see Fig. 2).
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FIGURE 2 - A schematic view of the photoreactor and placements of UV-A lamps in the photoreactor.

2.3 Analytical methods

TOC analyzer was used to determine the TOC content
according to standard methods (5310.B) [17]. The GA3 concentrations were analyzed using an Agilent 1200 Series
HPLC with a diode array detector (DAD) (Agilent Technologies, CA, USA). Reverse-phase liquid chromatography
(1.5 mL min-1 flow of methanol and 0.1% phosphoric acid
at a 35%:65% [v/v] ratio) was performed using a C18, 5 µm,
150 mm (L) x 4.6 mm (i.d.) Zorbax Eclipse XDB column
for separation. The detector wavelength was set at 206±4 nm
to detect GA3. GA3 standard solutions with concentrations in
the range of 1–50 mg L-1 were prepared in water.

5 (16x10-6 Einstein s-1) and 6 (45x10-6 Einstein s-1) UV
lamps were found to exhibit the highest UV light intensities
in this study.
TABLE 1 - Applied UV-A light intensities.
Number
of
UV-A lamps
1
2
3
4
5
6

UV-A lamp
numbers used
1
1–4
2–4–6
2–3–5–6
1–2–3–4–5
1–2–3–4–5–6

UV-A light intensity
(Einstein/s) x 10-6
4
9
10
15
16
45

2.4 Actinometry

UV light intensity was measured by chemical actinometry using ferrioxalate actinometry [18]. The effect of UVA light intensity on conventional optimization was investigated in the experiments that employed photo-Fenton processes. The UV-A light intensities (Einstein/s), which were
determined by formal position and the number of UV-A
lamps employed during the actinometrical experiments, are
listed in Table 1.
UV-A light intensities for 2 UV-A lamps (1 and 4), 3
UV-A lamps (2,4 and 6), 4 UV-A lamps (2,3,5 and 6) and
5 UV-A lamps (1,2,3,4 and 5) exhibited similar values.
When 6 UV lamps operated simultaneously, the synergistic
effect of the UV lamps was found to be 3 times higher than
the UV light intensities obtained by 4 and 5 UV lamps. For
this reason, 1 (4x10-6 Einstein s-1), 3 (10x10-6 Einstein s-1),

3. RESULTS AND DISCUSSION
3.1 Effect of initial pH on removal efficiency

The experiments were conducted at pH levels in the
range of 2–6 for the experimental condition of [GA3] =
0.144 mM, [Fe2+] = 0.08 mM, and [H2O2] = 1 mM. The
results clearly indicate that the extent of degradation decreases with an increase in pH value for pH >3.
3.2 Effect of initial H2O2 concentration on removal efficiency

The effect of initial H2O2 concentration on GA3 and
TOC removal was performed by varying [H2O2] from 0.05
to 1.25 mM for the experimental conditions of [GA3] =
0.144 mM, pH = 3, and [Fe2+] =0.05 mM in the Fenton
processes (see Fig. 3).
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FIGURE 3 - Effect of H2O2 values on Fenton processes for degradation of GA3. [GA3]0 = 0.144 mM, [Fe2+]0 = 0.05 mM, and pH= 3.

As shown in Fig. 3, the GA3 and TOC removal efficiencies in the Fenton processes increased with increasing
H2O2 concentrations in the range of 0.05–1 mM due to the
increment of •OH produced through the decomposition of
increasing H2O2 [19]. However, GA3 and TOC removal efficiencies in the Fenton processes decreased with increasing H2O2 concentration in the range of 1–1.25 mM. Several
researchers have also reported the negative effect of H2O2
dosage in H2O2 overdosed Fenton and photo-Fenton processes for the degradation of target compounds [20]. This
finding may be due to the recombination of •OH, scavenging of •OH by H2O2 and incremental generation of HO2•
and consumed •OH (Eqs. (3–5)) [21].
H2O2 +•OH → H2O + HO2•

(3)

HO2• + •OH → H2O + O2

(4)

•OH + •OH → H2O2

(5)

It can be postulated that H2O2 should be added at an
optimum concentration to achieve optimum degradation.
Hence, it can be inferred that the optimum H2O2 concentration is 1.0 mM, which coincides with the highest GA3
and TOC removal efficiencies in the Fenton processes.
3.3 Effect of initial Fe3+ ion concentration on removal efficiency

Ferrous ions are the main species capable of catalyzing
H2O2 to produce •OH with strong oxidizing abilities because the added amount of ferrous ions directly influences
the production of •OH [22].
The effect of initial Fe2+ ion concentration on GA3 and
TOC removal was demonstrated by varying [Fe2+] from 0.01
to 0.1 mM under the experimental conditions of [GA3] =

0.144 mM, pH = 3, and [H2O2] = 1 mM in the Fenton processes. The results shown in Fig. 4 indicate that the GA3 and
TOC removal efficiencies increased with increasing Fe ion
concentration due to a catalytic decomposition effect on
H2O2, which was induced by the initial Fe ion. Fe2+ plays a
significant role in initiating the decomposition of H2O2 to
generate highly reactive •OH in the Fenton process.
The residual concentration of GA3 was found to decrease with increasing Fe2+ initial concentration; a total
loss of GA3 at a Fe2+ concentration equal to or higher than
0.08 mM was achieved. Hence, an optimal Fe2+ concentration of 0.08 mM for total GA3 removal was demonstrated by
the Fenton process. This catalytic amount of Fe2+ is extremely
favorable for preventing sludge formation and further treatment stages. Therefore, a photo-Fenton reaction at a higher
iron concentration led to the formation of brown turbidity in
the reactor; no further improvement in degradation was observed. This turbidity decreased the absorption of UV-light
and promoted the recombination of •OH [20].
3.4 Effect of UV irradiation intensity

The effect of UV light intensity on GA3 and TOC removal was demonstrated by varying UV light intensity from
4 x 10-6 to 45 x 10-6 Einstein s-1 under the Fenton process
optimum conditions of [GA3] = 0.144 mM, pH = 3, [H2O2]
= 1 mM, and [Fe2+] = 0.08 mM in the photo-Fenton process.
In photo-Fenton processes, UV power is primarily used
for (i) the photolysis of H2O2 and (ii) the photoreduction of
ferric ion to ferrous ion [19]. Hence, the influence of UV
light intensity on the removal of GA3 and TOC was investigated by varying the UV power from 4 x 10-6 to 45 x 10-6
Einstein s-1. The results are shown in Fig. 5 and 6.
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FIGURE 4 - Effect of Fe2+ values on the Fenton processes for degradation of GA3. [GA3]0 = 0.144 mM, [H2O2]0 = 1 mM, and pH = 3.
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FIGURE 5 - Effect of UV-A light intensity values on photo-Fenton processes for degradation of GA3. [GA3]0 = 0.144 mM, [H2O2]0 = 1 mM,
[Fe2+]0 = 0.08 mM and pH = 3.
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FIGURE 6 - Effect of UV light intensity values on photo-Fenton processes for TOC removal of GA3. [GA3]0 = 0.144 mM, [H2O2]0 = 1 mM,
[Fe2+]0 = 0.08 mM and pH = 3.
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An increase in UV light intensity from 4 x 10-6 to 45 x
10-6 Einstein s-1 caused increases in GA3 and TOC removal.
These increases in GA3 and TOC removal are due to the increased production of •OH. These results concur with results
reported in previous studies [19,23]. In the irradiated reaction, the UV irradiation contributes by photolysis of Fe3+
complex ions and H2O2 to the formation of •OH, as shown
by equation 6. At low UV power, the rates of photolysis of
H2O2 and photoreduction of Fe3+ are reduced [24].
Fe3+ + H2O2 + hv →Fe2+ + •OH + H+
(6)
2+
In the presence of H2O2, the regenerated Fe from the
photolysis of Fe3+ species is subsequently reoxidized by
H2O2 and produces new •OH to accelerate the oxidation of
organic compounds [6]. The increase in UV light intensity
most likely resulted in a substantial increase in the number
of •OH [30]. Photo-generated •OH increased due to increasing light intensity [21].

100
90
80
70
60
50
40
30
20
10
0

3.5 Chemical degradability and mineralization of GA3

To evaluate the efficiency and the benefit of each condition on GA3 degradation, the experiments were performed under the following conditions: photolysis (UV),
peroxidation combined with UV light (UV/H2O2), the Fenton process (H2O2/Fe2+), and the photo-Fenton process
(H2O2/Fe2+/UV). The results of GA3 degradation are displayed in Fig. 7.
Direct photolysis (UV) and combined action of UV
and H2O2 are not efficient processes in this experiment and
can be neglected because less than 5% of degradation occurred within 30 min. In the Fenton process, 60% GA3 removal occurred after 30 min. In the photo-Fenton process,
100% degradation was obtained after 30 min. Therefore,
the photo-Fenton process alone is more efficient than the
other experimental conditions. In the photo-Fenton process,
UV power is primarily employed for photolysis of H2O2

GA3 Removal (%)

Fenton
UV

0

5

10

15
Time (min)

Photo-Fenton
UV/H2O2

20

25

30

FIGURE 7 - Chemical degradability of GA3 under different conditions. [GA3]0 = 0.144 mM, [H2O2]0 = 1 mM, [Fe2+]0 = 0.08 mM, UV light
intensity = 45 x 10-6 Einstein s-1 and pH = 3.
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FIGURE 8 - Chemical mineralization of GA3 under different conditions. [GA3]0 = 0.144 mM, [H2O2]0 = 1 mM, [Fe2+]0 = 0.08 mM, UV light
intensity = 45 x 10-6 Einstein s-1 and pH = 3.
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and photo reduction of ferric ion to ferrous ion [24]. The
existing form of Fe2+ connected with the acidity of the solution. At approximately pH 3, part of the ferrous iron
should exist in the form of Fe(OH)2+, in which photolysis
under UV irradiation could directly produce •OH and Fe2+,
as described by Eqs. (2). Hence, a higher degradation rate
and removal percentage of GA3 was produced in the photoFenton process. To investigate the degree of mineralization
of GA3 in the Fenton and photo-Fenton processes, the experiments of GA3 degradation were conducted for an initial
GA3 concentration of 0.144 mM. The results of mineralization are shown in Fig. 8.
Total GA3 mineralization is unattainable by either the
Fenton process or the photo-Fenton process under the experimental conditions of this study. As Fig. 8 illustrates,
5% GA3 mineralization occurred within 30 min during the
Fenton process, whereas 16% mineralization was obtained
within 30 min during the photo-Fenton process. Hence, a
higher rate of mineralization of GA3 and a higher removal
percentage of TOC occurred in the photo-Fenton process.
3.6 Degradation and mineralization kinetics of GA3

The loss of GA3 during the 30 min of degradation
could be described as pseudo- first-order reaction kinetics
with regard to GA3 concentration. To observe the mineralization kinetics of the system, the optimized Fe2+ and H2O2
concentrations and a UV light intensity of 45 x 10-6 Einstein s-1 were employed at pH 3 and 0.144 mM GA3 during
a 30 min period in aqueous solution. The reaction rates are
provided numerically in Table 2.
TABLE 2 - Reaction rates with efficiencies (%) of the GA3 degradation and mineralization mechanism.
Process
UV
UV/H2O2
Fenton
Photo-Fenton

k (min-1)
0.0011
0.0015
0.0335
0.1459

GA3
r2
0.98
0.98
0.99
0.99

%
3.4
4.6
57.4
100a

k (min-1)
0.00044
0.00148

TOC
r2
0.99
0.99

%
5
16

The reaction rates and removal efficiencies of the UV
and UV/H2O2 processes are very low. GA3 was slowly degraded by dark oxidation with the Fenton reaction. The results demonstrated that UV radiation significantly improves the performance of the Fenton process, whereas the
same concentrations of H2O2 in the photo-Fenton reaction
led to a more rapid degradation of GA3 than observed during the Fenton reaction. As listed in Table 2, the addition
of UV radiation to the Fenton reaction led to three-fold increase in the reaction rate constant for GA3 degradation
(from 0.00044 to 0.00148 min-1).
GA3 degradation was much higher than TOC removal.
The substantial difference between degradation and mineralization efficiencies also implies that the products of GA3
oxidation primarily remained at the intermediate stage under the existing experimental conditions [8,12]. Table 2 illustrates that the photo-Fenton process presents a higher
TOC removal compared with the Fenton process: 16% and

5%, respectively. It can be concluded that UV lamps aid in
the mineralization of GA3 in the Fenton process. Although it
may be assumed that GA3 degradation was completed, 16%
TOC removal was achieved, which indicates that the formation of intermediate products during photodegradation
that are not completely mineralized at 30 min of treatment.

4. CONCLUSIONS
The following conclusions can be made based on the
results presented in this paper.
The results demonstrate that optimum conditions of
0.144 mM of GA3 were obtained at pH 3 as a [Fe2+]/[H2O2]
ratio of 0.08 mM/1 mM in the Fenton process. Optimum
conditions of 0.144 mM of GA3 were obtained at pH 3 as a
[Fe2+]/[H2O2] ratio of 0.08 mM/1 mM and a UV-A light intensity of 45 x 10-6 Einstein s-1 in the photo-Fenton process.
The rate of percentage of GA3 degradation and mineralization of model substances was strongly accelerated by
photo-assisted chemical oxidation processes. Even for the
Fenton and photo-Fenton processes, GA3 degradation followed a pseudo-first-order kinetic law in the first 30 min.
GA3 degradation and mineralization exhibited pseudo-firstorder kinetics during both processes in all experiments. In
the Fenton process, 5% GA3 was mineralized and 60% GA3
was degraded, whereas in the photo-Fenton process, 16%
GA3 was mineralized and 100% GA3 was degraded.
Among the four different processes tested, degradation
of GA3 in the Fenton processes was the fastest, and removal efficiency of TOC by photo-Fenton process was also
the highest. The photo-Fenton process might be chosen to
degrade and mineralize GA3 in wastewater. The addition
of UV radiation to the Fenton reaction led to three-fold increase in the reaction rate constant for GA3 degradation
(from 0.00044 to 0.00148 min-1). The findings of this study
could be useful for the treatment of water contaminated
with GA3.
The most important advantages of the other photoreactors in the literature are as follows: the performance of UVA radiation exposed to a reaction solution in different geometrical positions is measurable; the effect of UV-A light
intensity on process efficiency, without changing UV-A
lamps under the same process conditions, is measurable;
and the effects of UV-A light intensities, which are higher
than expected with a synergistic effect, are measurable
when obtained under conditions in which all UV-A lamps
operate simultaneously. The design of a photoreactor based
on these advantages may improve the quality of future
studies and contribute to the existing literature.
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ABSTRACT
In the current study, peroxidase extracted from lemon
peel (Citrus limon) and partially purified by ammonium sulphate precipitation was employed for decolorization of industrial effluents. The optimum temperature and pH of the
enzyme were 45∘C and 6.0, respectively. Results regarding
thermostability showed that Citrus limon peroxidase (CLP)
was fairly stable at a temperature of 60°C but retained only
37 % of its activity at 80 °C.The energy of activation for thermal denaturation was found to be 77.27 kJ/mol. The Km and
max for guaiacol were 2.70 mM and 2222 µmol/mL/min, respectively. It was found that CLP was very much effective in
decolorizing textile industry effluents. In case of effluent 1
the complete decolorization was attained at a pH of 2.0, temperature of 45 °C and enzyme dose of 18 U/mL within
20 min of incubation. Whereas effluent 2 was completely
decolorized at a pH of 3.0, temperature of 40 °C, enzyme
dose of 24 U/mL within 60 min of incubation. Besides decolorization, phytotoxicity of the untreated and decolorized
effluents was also determined using Zea mays as test organisms. It was observed that decolorized effluents were
less toxic for Zea mays than untreated ones.

KEYWORDS: Peroxidase; Lemon peel; Decolorization; Thermostability; Phytotoxicity; Zea mays

1. INTRODUCTION
The treatment of industrial effluents is a challenging
topic in the field of environmental sciences, as control of
water pollution has become of increasing importance in recent years [1]. Water pollution due to the discharge of coloured effluents from textile dyeing is among one of the major environmental concerns. Strong colour imparted by dyes
* Corresponding author

to receiving aquatic bodies poses aesthetic problems as well
as serious ecological problems, such as carcinogenicity and
inhibition of benthic photosynthesis. Therefore, a number
of physicochemical techniques aimed at preferential removal of dyes from waste water have been developed [24]. But most of the conventional techniques are unable to
deal with all classes of dyes [5]. In this context, an ecofriendly, economical and efficient technique capable to
treat all classes of dyes, hence efficiently lowering the water pollution index is an absolute necessity of the time.
In conventional biological treatment plants, the dyeware adsorbed into activated sludge and are poorly degraded. Additionally, this process also has the disadvantage
of producing large amounts of solid waste. Currently, the
methods of textile wastewater treatment involve physicochemical processes (coagulation/flocculation, adsorption,
precipitation) and/or chemical processes (electrolysis, chemical reduction and advanced chemical oxidation). However,
most of these processes are expensive, can generate large
volumes of sludge and usually require the addition of environmentally hazardous chemical additives [6, 7].
Nowadays, the focus of most recent research is shifted
towards enzymatic treatment of dye contaminated industrial wastes as a more practical substitute of the above mentioned conventional methods [8, 9]. The catalytic action of
enzymes is highly efficient and selective compared to chemical catalysts due to higher reaction rates, milder reaction
conditions and greater stereo specificity. They can also alter
the qualities of a given waste to make it more amenable for
treatment. In addition to this some other advantages associated with this method include; less energy requirement, short
treatment time, easily controllable process, can operate over
a wide range of temperature, pH and ionic strength, even
catalyze degradation of dyes present in a very less concentration, less chances of inhibition by toxic compounds and
decreased sludge volume [10-12].
As textile industry effluents contain different dye molecules exhibiting diverse structures and are only degraded
by few enzymes. These biological catalysts have mechanistic feature in common, i.e., all of them are redox active
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molecules hence exhibiting rather wide/broad substrate
specificities. These enzymes generate very reactive free
radicals that pass through complex or complicated series of
spontaneous cleavage/breakdown reactions. In this regard,
Peroxidases, belonging to the class of oxidoreductases are
considered very much important [13].
Peroxidases are widely distributed in plants, microorganisms, and animals where they play important roles. Plant
peroxidases (EC 1.1.11.7) are hemoproteins that catalyse the
H2O2dependent oxidation of a wide variety of substrates including phenolic compounds [14]. Peroxidases by following
a multistep reaction treat dyes and other specific recalcitrant
pollutants and remove them by precipitation or transformation to other less hazardous products. Peroxidases from
plant sources, horseradish, turnip, tomato, soybean, bitter
gourd, white radish and garlic have been employed for the
remediation of commercial dyes [15, 16].
Thus, keeping in mind the dearth of information on Citrus limon(lemon)peroxidase, its use in industrial wastewater
treatment, and the significance of plant peroxidases, the present study has been undertaken to investigate the decolorization potential of the Citrus limon peroxidase for industrial effluents. This method was economical as the enzyme
was extracted from peels of lemon and it was partially purified. In addition to this, the phytotoxicity of the degraded
effluent compared to the original ones was also conducted.

(CH3COOH/CH3COONa, pH 5.0), 1 mL of 15 mMguaiacol,
1mL of 1.6 mM H2O2 and 60 μL of enzyme extract (One unit
of peroxidase activity was defined as the amount of enzyme
catalyzing the oxidation of 1 μmol of guaiacol in 1 min).
2.3. Characterization of peroxidase

The optimum pH for peroxidase activity was determined by monitoring the activity of the enzyme as in the assay section using the following buffers: glycine HCL (pH
2.0-4.0), acetate (pH 5.0, 6.0), phosphate (pH 7.0, 8.0) and
tris-HCl (pH 9.0, 10).
The optimum temperature was determined by assaying
for the activity of the enzyme as in the assay section at different temperatures (25–80∘C). Kinetics and thermodynamics of irreversible thermal denaturation for CLP was
also determined by placing the enzymes at elevated temperatures. Aliquots were collected at different time intervals, cooled on ice for 2-3 h [20] and assayed. This procedure was repeated for 5 different temperatures ranging
from 60-80 °C. The data was fitted to pseudo-first order
plots. For calculation of thermodynamic parameters
Eyring,s equation derived from transition state theory was
taken into account. The equation is as follows:
kd=(kbT/h)e(-ΔH0/RT).e(ΔS0/R)
(1)
Where,
h (Plank,s Constant) = 6.63x10-34Js
Kb (Boltzman,s constant) =R/N = 1.38 x10-23JK-1
R (gas constant) = 8.314JK-1mol-1
N (Avogadro,s No.) = 6.02x1023
T = absolute temperature

2. MATERIAL AND METHODS
2.1. Chemicals

All the chemicals (purity > 98%) used in this work
were procured from Sigma-Aldrich Chemical Co. USA.
2.2. Isolation, partial purification and peroxidase assay

ΔH0 (enthalpy of activation) = Ea – RT
ΔG (free energy of activation) = -RT ln (kdh / kbT)
0

10 g fresh lemon (Citrus limon) peels were homogenized with 100 mL of pre-cooled 0.1M phosphate buffer pH
7.0. The mixture was immediately filtered through Whatman
filter paper No. 1. The filtrate was then centrifuged and supernatant collected was subjected to 80 % ammonium sulphate fractionation by overnight placing in cold. The precipitated proteins were then collected by centrifugation at
10,000 rpm for 15 min at 4 °C using a Remi C-24 centrifuge
and the pellets obtained were then re dissolved in 90 mL of
0.1 M phosphate buffer (pH 7.0) and then subjected to dialysis against 25 mM phosphate buffer (pH 7.0). The process
of dialysis was conducted using dialysis tubing within 8 h by
5-6 changes of buffer (pH 7.0) [17].
Protein content of the crude enzyme was determined
by the method of Bradford [18] with bovine serum albumin
(BSA) as the standard protein.
Peroxidase activity was assayed colorimetrically using
spectrophotometer (Cecil 7200) following the formation of
tetraguaiacol (Amax=470 nm, Ɛ= 26.6 mM-1cm-1) with slight
modification in the earlier reported assay method [19]. The
reaction mixture contained 1mL of 100 mM acetate buffer

(2)

0

0

(3)

0

ΔS (entropy of activation) = (ΔH - ΔG ) / T
(4)
Energy of activation for thermal denaturation was determined from Arrhenius plots. The Km and max for guaiacol
for Citrus limon peroxidase were determined as follows: different concentrations of guaiacol (0.5–30mM) were used to
make assay for the activity of peroxidase as described in the
assay section. The average of the data generated from the
assay was used to construct the Lineweaver-Burk plot from
which the Km and max were determined for H2O2.
2.4. Decolorization of effluents by CLP

CLP was applied to check the decolorization of effluents collected from different industries of Faisalabad.
2.4.1. Effluents collection, processing and dilution

Five different effluents i.e. 1, 2, 3, 4 and 5 were respectively collected from, Arzoo Textiles, Sweety textiles,
Kamal Textiles, Interloop Ltd. and Arif textiles. All of them
were centrifuged at 10,000 rpm for 15 min and collected
supernatants were further diluted to different ratios with the
exception of effluent 4. Effluent 1, 2, 3 and 5 were respectively diluted to 1:50, 1:5, 1:4, 1:2 times with distilled water
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in order to get their absorbance within range of spectrophotometer. Then the λmax corresponding to all five effluents was
scanned using Cecil 7200 spectrophotometer which was
found to be 574.5, 521, 582, 514.5 and 524.5 nm, respectively for effluent 1, 2, 3, 4 and 5.
2.4.2. Screening of effluents

Screening experiment was conducted by treating 375µL
of corresponding dilution of each effluent with 12 U/mL of
CLP, 0.25 mM H2O2 (375µL) at 40 °C for 30 min in presence
of 50 mM pH 5.0 buffer (375µL). The total reaction volume was 1.5 mL. The reaction was stopped by heating for
10 min and insoluble product was removed by centrifugation at 10,000 rpm for 5 min and decrease in absorbance
was noted at specific λmax of each effluent. In all the experiments effluent decolorization was calculated as follows:
Decolorization (%) = [(A0-At/A0)100]
(5)
Where,
A0 is the absorbance of the untreated effluent and At is
the absorbance of the treated effluent.

3. RESULTS AND DISCUSSION
3.1. Isolation and partial purification of CLP

After isolation of the enzyme, the enzyme assay was
performed and specific activity of crude CLP was recorded
to be 304.60 U/mg of the protein. After performing partial
purification step, the specific activity of CLP increased to
479.28 U/ mg of protein with 1.57 fold purification. In previous literature, after ammonium sulphate fractionation
1.57 fold purification was obtained in case of Brassica rapa
peroxidase [22] and specific activity of partially purified tomato peroxidase increased from 0.2394 to 0.546 U/mg [23].
While in case of peroxidase extracted from tubers of Jerusalem artichoke, 2.49 fold purification was attained after
dialysis step with increase in specific activity from 246.2612.1 EU/mg [24].
3.2. Characterization of CLP

CLP was characterized in terms of various kinetic and
thermodynamic parameters.
3.2.1. Effect of pH on activity of CLP

Decolorization conditions were optimized by following “One factor at a time methodology” (OFAT) for selected effluents i.e. effluent 1 and 2.
In the first experiment, pH was optimized under the
same conditions as applied in screening experiment by varying pH in the range of 2-10. Similarly subsequent series
of experiments were performed for optimizing temperature, enzyme dose and H2O2 concentration, respectively
within the ranges of 25-70 °C, 3.0-30.0 U/mL and 0.06250.75 mM. In the last experiment, time of incubation (560 min) was determined and scanning spectra were also
recorded in the range of 300-800 nm for both the effluents.
All the experiments were performed in test tubes and
for temperature and agitation control shaking water bath
(Model # PA 9/250 U, Pakistan) was used.

The effect of pH on activity of CLP was determined by
assaying the enzyme using buffers of different pH (2-10)
and result is shown in Fig. 1.
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2.5. Optimization of decolorization conditions for selected effluents
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2.6. Phytotoxicity evaluation

FIGURE 1 - Effect of pH on activity of CLP

The toxicity of untreated and degraded effluents was
determined by measuring the phytotoxicity effect of these
samples on seed germination of maize (Zea mays) by following an earlier reported method [21]. Triplicate samples
of 10 seeds were utilized for each test. After 72 h of incubation in the dark, seed germination percent and relative
root elongation was noted for seeds placed in untreated effluent samples, degraded effluent samples and control (distilled water) samples. The germination index (GI) was calculated as follows:
GI = GP x La
(6)
Lc
Where GP is the number of germinated seeds expressed as a percentage of control values, La is the average
value of root elongation in the effluent solutions and Lc is
the average value of root elongation in the control.

It is apparent from Figure 1 that CLP showed a gradual
increase in activity from pH 2.0-4.0, after that there was a
sharp increase in activity going from pH 4.0-5.0 with optimum around pH 6.0. After the optimum pH, there was a
gradual decrease in activity with increasing pH from 6.08.0 and then a sharp decline in activity was observed from
pH 8.0-10.0. The optimum at pH 6.0 shows that peroxidase
has better functioning in acidic environment. Which was
due to fact that, at this pH, the heme binding to the active
site of enzyme was most stable.Whereas the loss or decrease of enzyme activity at low and high pH was due to instability of heme binding to the enzyme active site [25].
Moreover the change in pH affects the dissociation of
amino acids that are involved in substrate binding and enzyme catalysis. Therefore, an optimum pH is necessary for
proper working of a biocatalyst.
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Similar optimum was also obtained for peroxidases
isolated from different sources e.g.,Turkish black radish
[26], sweet potato [27], carrot and eggplant [28], mandarinKinnow peroxidase [17].

for ionically bound peroxidase from peach fruit was found
to be 42.03 kJ/mol [39] while for Raphanus sativus peroxidase it was reported to be 25.44 kJ/mol [40]. These results
suggest that less energy is needed for enzyme-substrate
complex formation in the case of CLP.

3.2.2. Effect of temperature on activity of CLP

The temperature-activity profile of CLP is shown in
Fig. 2. The figure showedthat the optimum temperature for
the activity of CLP was 45 °C and beyond 65 °C, a significant loss in activity took place, this indicated low thermostability. A wide variability regarding optimum temperature of peroxidase has been noticed from diverse sources.
For example, peroxidases extracted from Vanilla bean [29],
cauliflower [30] and Citrus jambherri peel [31] showed optima at 16, 30 and 40 °C, respectively. Lettuce stem peroxidase [32], tender coconut water peroxidase, isozyme 2
[33] and beet juice peroxidase [34]showed temperature optima of 45 °C. In case of Leucaena leucocephala [35] and
date palm leaves peroxidase [36], 55 °C was considered as
the optimum temperature. Whereas temperature optima for
peroxidases of spinach leaves [37], S. melongena [38] were
consideredas60 and 84 °C, respectively.

3.2.3. Effect of substrate concentration and determination of
kinetic parameters (Km and V max)

In order to determine substrate specificity, Km and Vmax
values for guaiacolas substrate were determined by Line
weaver-Burk plot. Effect of guaiacol on the peroxidase activity was determined by varying the concentration of guaiacol while keeping a fixed and saturated concentration of
second substrate H2O2.
The KmandVmaxvalues for CLP were calculated respectively from Fig. 4. According to the figuretheKm value for
CLP was reported to be2.70 mM with corresponding Vmax
value of 2222 µmol/mL/min. The lower value of Km for
CLP depicted its higher affinity for guaiacol.
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FIGURE 4 - Effect of guaiacol concentration on activity of CLP
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FIGURE 2 - Effect of temperature on activity of CLP
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3.2.4. Thermostability and thermodynamics of thermal denaturation
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Peroxidases have different Km and Vmax depending
upon sources e.g. in case of Citrus jambherri peel POII
[31], Turkish Black radish [26] and Horseradish cv. Balady
[41], Km values of 5, 0.036 and 16.4 mM with corresponding Vmax values of 18, 38728.17 and 0.71 µmol/mL/min
were respectively found for guaiacol as substrate.
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FIGURE 3 - Arrhenius plot for the activation energy of guaiacol oxidation by CLP

The energy of activation for the oxidation of guaiacol
was also calculated for CLP (Fig.3) which was found to be
8.15 kJ/mol. In previous literature, the activation energy

Thermostability is the ability of enzymes to resist
against thermal unfolding in the absence of substrate while
thermophilicity is the capability of enzymes to work at elevated temperatures in the presence of substrate. Actually
the stability of enzyme at elevated temperature may lead to
high productivity thus making thermostability a preferred
characteristic/quality of peroxidases for industrial applications.
Fig. 5 represented the pseudo first order plot regarding
the rates of irreversible thermal inactivation for CLP.
CLP was incubated at 60-80 °C for 0- 60 min and %
residual activity was measured in order to monitor the thermostability of peroxidase. The data indicated that CLP was
fairly stable at 60 °C and retained almost 83 % activity. But
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FIGURE 5 - Pseudo-first order plots of irreversible thermal inactivation of CLP at different temperatures

FIGURE 6 - Arrhenius plot for the determination of energy of activation (Ea) for irreversible thermal inactivation of CLP

at 80 °C it only retained 37 % of its activity, after 60 min of
incubation. The obtained results are in consistence with the
previous reports where peroxidases extracted from papaya
[42] and Jatropha curcas leaves (JcGP1) [43] showed 85 %
residual activity at 60 °C but former was inactivated within
20 min at 70 °C and later retained 70 % activity at this temperature but inactivated within 30 min at 80 °C. It was also reported that ionically bound peach peroxidase [39] and anionic
turnip peroxidase isozyme [44] retained 5 % (after 1 min) and
21 % (after 25 min) activity, respectively at 75 and 80 °C. In
contrast to these results, wheat bran exhibited a sharp decrease in activity even heating at 40 °C just for 5 min [45]
and Citrus jambheri peel peroxidase (POII) showed instability after 50 °C [31]. It has been reported that the heat resistant
nature of peroxidases is attributed to the presence of large
number of cystein moieties in the polypeptide chain or due
to sugar content in their structure [46]. Prosthetic groups
binding also play a significant role in thermostability of peroxidase [47]. However, this thermostable behaviour cannot
be extended to all peroxidase sources due to the presence of
large number of isoenzymes having different temperature
resistivity [48]. The main reason of thermal denaturation
was found to be the dissociation of prosthetic groups, a
change in conformation of apoenzyme and alteration (i.e.
modification) or degradation of the prosthetic group [49].
From Fig. 5 the kinetic constants (kd) and half-lives
(t1/2=0.693/kd) were calculated at 60, 65, 70, 75 and 80 °C.
Whereas for determination of activation energy, the Arrhenius plot was drawn for CLP (Fig. 6). The activation energy
was found to be 77.27 kJ/mol. Previously, lower value of
activation energy (17.79 kJ/mol) was observed for Raphanus
sativus [40] and higher (2510 kJ/mol) in case of white Yam
[50].

The results regarding thermal inactivation of CLP
are shown in Table 1. It was observed that kinetic stability of an enzyme is often expressed in terms of its halflife (t1/2) at defined temperatures [51]. As can be seen
from the data that half-lives of CLP decreased as the temperature increased from 60 to 80 °C. The CLP showed t1/2
of 30.37 min and 45.98 min at 60 and 80 °C, respectively.
This kind of behaviour showed instability of enzyme towards higher temperatures. This kind of trend was also observed in case of African oil bean seed peroxidase [52].
The values for change in enthalpy (ΔH°) showed decreasing trend with increasing temperature, indicating low energy requirement for thermal denaturation at higher temperatures. A similar trend for ΔH° was observed for Rapahanus sativus [40]. The resistant or stable behaviour of
CLP is shown from the results as ΔG° went on increasing
in this case. The ΔG° value was 108.9 kJ/mol at 60 °C but
increased to 111.3 kJ/mol at 80 °C. The ΔS° value showed
no consistent trend, in start it decreased (60-65 °C), then
increased (65-75 °C) and at 80 °C lowest value (-0.1046 J/
mol/ K) was observed. It means that at 80 °C the enzyme
tried to maintain ordered state. Actually the thermal unfolding of enzymes is accompanied by the disturbance of
non-covalent linkages, accompanied by decrease in order
or increase in randomness or entropy of activation [53].
3.3. Application of Citrus limonperoxidase for decolorization
of industrial effluents

Different experiments were conducted in order to
check the applicability of CLP for the decolorization of
textile industry effluents which are complex mixtures of
dyes.

TABLE 1 - Kinetics and thermodynamics of irreversible thermal inactivation of CLP
Temp. (K)
333
338
343
348
353

Kd(min-1)
5.715x10-5
8.632 x10-5
1.441 x10-4
2.208 x10-4
2.512x10-4

t1/2 (min)
202.10
133.81
80.18
52.30
45.98

ΔH° (kJmol-1)
74.50
74.46
74.42
74.38
74.34
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ΔG° (kJ mol-1)
108.9
109.4
109.6
110.0
111.3

ΔS°(J mol-1 K-1)
-0.1033
-0.1034
-0.1026
-0.1024
-0.1046
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3.3.1. Screening of effluents

Fig. 7 shows the results of screening experiment conducted in order to check the extent of decolorization of different effluents by CLP. Out of five different effluents
tested, effluent 1 and 2 were maximally decolorized to
73.89 and 56.14 %, respectively. The differences in the decolorization may be associated with the structural properties of different dyes present in effluents and with the specificity of the enzyme for substrate. So both effluent 1 and
2 were selected for further experiments.
80

3.3.3. Temperature effect on decolorization of Effluent 1 and 2
mediated by CLP

60
50
40
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0
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FIGURE 7 -Screening of different industrial effluents for decolorization by CLP.

Different parameters were optimized for the maximum
decolorization of effluent 1 and 2.
3.3.2. pH effect on decolorization of effluent 1 and 2 mediated
by CLP

The binding of heme group to the enzyme active site is
strictly pH dependent and loss or decrease of enzyme activity at low and high pH was due to instability of heme
binding to the enzyme active site [25]. Moreover the
change in pH affects the dissociation of amino acids that
are involved in substrate binding and enzyme catalysis.
Therefore, an optimum pH is necessary for proper working
of a biocatalyst.

Temperature is one of the important parameters governing the action of enzymes. As the temperature increases,
the enzyme activity increases because the more energy is
available to speed up the reaction, until an optimum temperature value reaches at which the enzyme shows maximum activity and after that with further increase in temperature, the enzyme activity start decreasing due to denaturation of enzyme which cause changes in active site that will
no longer accept the substrate [55].
To find out the range of temperature at which significant percent decolorization was observed, experiments
were conducted in the range of 25-70 °C and results thus
obtained are depicted in Fig. 9.It is shown in the figure that
the effluent 1 and 2 exhibited maximum percent decolorization at 45 and 40 °C, respectively. Although increase in
temperature above optima resulted in less percent decolorization in both the cases. In a previous study, 40 °C was
recorded to be the optimum temperature for maximum decolorization of textile carpet effluent, red (75 %) and blue
(80 %) by turnip peroxidase [56].
100
90
% Decolorization

70
% Decolorization

shown from the data that acidic range of pH was most favourable for maximum decolorization of both the effluents.
Maximum percent decolorization of effluent 1 and 2 was
reported to be at pH 3.0 and 2.0, respectively. There was a
decrease in % decolorization reported in the alkaline medium for both the effluents. However, this decline was
much significant and drastic in case of effluent 2, as compared to effluent 1, with almost negligible percent decolorization recorded at pH 10.0. In accordance to our findings,
disperse dyes DR 17 and DB 1 were maximally decolorized at pH 3.0 by bitter gourd peroxidase [54].

The decolorization percentage was plotted as function
of pH and the results obtained are shown in Fig. 8. It is
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FIGURE 9 - Effect of temperature on the % decolorization of effluent
1 and 2 by CLP.
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3.3.4. Increasing CLP dose effect on decolorization of effluent
1 and 2 mediated by CLP
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FIGURE 8 - Effect of pH on the % decolorization of effluent 1 and 2
by CLP.

Removal of dyes is dependent on the amount of the
enzyme added in a reaction mixture and its contact time.
As enzyme, being a catalyst has finite life time and to
achieve maximum removal, there is always an optimum relationship between enzyme dose and substrate. In order to
study the influence of concentration of enzyme on the re-
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action, the reaction must necessarily be kept independent
of the concentration of substrate; so that any change in the
amount of the product being formed would be a function of
the dose of the enzyme.
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FIGURE 10 - Effect of CLP dose on the % decolorization of effluent
1 and 2.

Both the effluents (1 and 2) were independently treated
with increasing dose of CLP (3.0-30 U/mL) and the results
obtained along with the experimental conditions are summarized in the Fig. 10. It can be concluded from the data
that 18 and 24 U/mL of CLP were required for 100 % and
almost 94 % of decolorization for effluent 1and 2, respectively. After the optima, any increase in CLP did not result
in increase in percent decolorization i.e. saturation was attained in both the cases. Similarly in previous literature increase in % decolorization become insignificant after optimum was achived in case of tannery effluent treated by
Momordicacharantia peroxidase [57].

C

D
3.3.5. Time of incubation effect on decolorization of effluent 1
and 2 mediated by CLP

Enzyme/substrate contact time is also one of the important parameters for decolorization of dyes by peroxidases.It has been reported that time of reaction has a direct
link to the structure of different dyes [58].
Both the effluents (1 and 2) were independently incubated with CLP for increasing time period and the results
thus obtained are shown in Fig. 11 and 12.
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FIGURE 11 - Effect of time of incubation on % decolorization of effluent 1 and 2by CLP.

FIGURE 12 -Photograph showing growth of maize seeds after 72 h of
incubation in: (A) distilled water (control); (B) effluent 1; (C) degraded products of effluent 1; (D) effluent2; (E) degraded products
of effluent 2.
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TABLE 2 - Phytotoxicity of Effluent-1 and 2 along with their respective degraded products
Sample
Distilled Water
Effluent 1
Degraded products (Effluent 1)
Effluent 2
Degraded products (Effluent 2)

Seed germination (%)
100
80
93.33
70
90

The data for effluent 1 and 2 showed that, 98.50 and
92.4 % decolorization was obtained within 5 min of incubation, respectively. However after this time period the
process occurred slowly such that maximum decolorization (100 %) was obtained after 20 and 60 min (Fig. 11) of
incubation for effluent 1and 2, respectively.
In previous reports, much more time was required for
maximum decolorization of textile effluent (180 min) by
fenugreek peroxidase [59] and tannery effluent (240 min)
by bitter gourd peroxidase [57].
3.4. Phytotoxicity evaluation

Untreated effluents of the textile and dyeing industries
may pose serious environmental and health issues. As they
are being dumped into water reservoirs which can be used
for agricultural purposes thus showing their poisonous effects on the rate of germination and biomass of numerous
plant species, which play a significant role in ecological
functions, for example; providing habitat for biota (wildlife), shielding soil from erosion as well as providing a
large amount of organic matter which is essential to soil
fertility [60, 61]. Thus, it is of great concern to check the
phytotoxicity of the dyeing effluents before and after biotransfomation/degradation. For this purpose, a phytotoxicity assay [21] was performed. This assay is useful to investigate the phytotoxicity of the plant growing media on
the basis of germination index (GI) of the seeds. In this index (GI) measurements of relative seed germination and
root elongation are combined, both of which being sensitive to the presence of phytotoxic compounds. An increased
germination index is actually indicative of decreased phytotoxicity and thus of a more mature product [62, 63]. In previous literature several different species have been used for
investigation of phtotoxicity, although there are no standardized seed specie to be used worldwide [64]. Maize (Zea
mays) was selected for this study, which is a common grain
of Pakistani agriculture.
The mean value for the root length of 30 maize seeds
in distilled water after 3 days of germination (control) was
reported to be 4.63 ± 0.36 cm with 100 % seed germination.
The mean values of root lengths for effluent 1 and its degraded products were evaluated to be 2.81 ± 0.44 cm
(39.31 % decreased root length than control) and 3.88 ±
0.18 cm (16.13 % decreased root length than control) with
80 and 93.33 % germination, respectively. Similarly the
mean values of root lengths and % germination for effluent 2
and its degraded products were found to be 1.80 ± 0.33 cm
(61.21% decreased root length than control) and 70 %, 2.87

Root elongation (%)
100
60.69
83.87
38.79
61.93

GI (%)
100
48.55
78.28
27.15
55.74

± 0.23 cm (38.07 % decreased root length than control) and
90 %, respectively (Table 2). So the seeds grown in effluent1and its degraded products showed a germination index
(GI) of 48.55 and 78.28 %, respectively. Whereas, the germination index (GI) of 27.15 and 55.74 % was calculated
for seeds grown in effluent 2and its degraded products, respectively. According to Zucconi et al. [24], GI values
lower than 50 % represent high phytotoxicity, values falling between 50-80 % represent moderate phytotoxicity and
values above 80 % point out that the material does not
show phytotoxicity. It means that in case of both the effluents treated with peroxidase enzyme, phytotoxicity has
been considerably reduced with respect to original effluents but not to that extent to be considered them as nontoxic for the plants. Fig. 12 shows the growth of maize
seeds after 72 h of incubation in distilled water (Fig. 12 A),
in effluent 1 (Fig. 12B) in effluent 1 degraded products
(Fig.12C), in effluent 2 (Fig. 12D) and in effluent 2 degraded products (Fig. 12 E).
Earlier, some extent of detoxification was also reported
for peroxidase treated samples of reactive and disperse dyes
performing Allium cepa test [54, 65]. The toxicity of a number of dyes, especially those including azo groups was reduced after treatment with enzymes, although, there was no
correlation existed between decolorization and detoxification [66, 67]. In some other reports, increase in toxicity was
observed in bioassays related with lettuce seeds and Selenastrum capricornutum horseradish peroxidase treated samples
of municipal waste [68]. Similarly, soybean peroxidase
treated RBBR samples showed inhibition in radical growth as
compared to untreated samples [69].

4. CONCLUSION
In this study promising results have been obtained for
decolorization of industrial effluents using peroxidase extracted from Citrus limon. Peroxidase proteins from lemon
were more tolerant to a wide range of internal parameters
as well as certain contaminants present in effluent discharge. The performance of CLP catalyzed reaction for decolorization of effluents was found to be dependent upon
the reaction time, pH, temperature, enzyme dose, H2O2
concentration and dye concentration. Along with this, phytotoxicity evaluation revealed reduction in toxicity of effluents after decolorization.
Finally, it is important to mention that CLP was extracted from peels, representing a cost effective and eco-
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friendly method and is available round the year, when compared to commercial enzymes normally used, such as
horseradish and soybean peroxidase. In addition to this, it
is highly active, thermostable and pH stable enzyme, requires less time for degradation process and can catalyse
dyes present in very less amount, also there are less
chances of its inhibition by toxic compounds, thus, it may
replace horseradish and soybean on industrial scale for
degradation of dyes.

The authors are thankful to higher Education Commission of Pakistan for financial Assistance under Indigenous
PhD Fellowship Program.
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NON-LETHAL CONCENTRATION OF PARAOXON
IMPAIRS AGGRESSIVE OPERCULAR DISPLAY IN
MALE SIAMESE FIGHTING FISH, Betta splendens
Sofyan Alyan
United Arab Emirates University, 15551 Al Ain, United Arab Emirates

ABSTRACT
Male Siamese fighting fish are highly territorial and
aggressive towards conspecifics. We have suggested that
aggressive behavior of Betta splendens males is highly sensitive and might be useful as a bioindicator of fresh water
pollution. This was tested by determining opercular expansion count and duration when pollutant-exposed fish were
confronted by naive fish. We found that paraoxon, a commonly used pesticide used as a model pollutant, inhibits
aggressive behavior of Betta males. The results indicate
that males treated with paraoxon for 24 hours were significantly less aggressive than control males. The findings
suggest that aggressive behavior in Betta splendens may
have use as a bioindicator of organophosphate pollution in
fresh water.

KEYWORDS:
Betta splendens, paraoxon, bioindicator, aggression, pollution

1. INTRODUCTION
Betta splendens, the Siamese fighting fish, belongs to
the suborder Anabantoidei, which is characterized by a special respiratory organ, the labyrinth, which allows the fish to
breathe air directly from the surface [1]. Male Siamese
fighting fish are highly territorial, and perform characteristic
aggressive displays when confronting intruder conspecifics
[1, 2]. Aggressive displays are even directed at females
which they have just courted and which have deposited eggs
within their territory [3]. The aggression toward both males
and females is associated with defense of their young, stemming from the fact that males build bubble nests and care for
the eggs until the fry hatch [4, 5].
One particular component of the male aggressive displays, viz., opercular expansion, is a highly quantifiable and
reliable measure of aggression status of males. Opercular expansion occurs during aggressive encounters, where the fish
face off against one another while erecting their gill cover

(operculum) maximally for various periods of time. This behavior has been used frequently in scoring aggressive behavior of Betta splendens encounters [6-8]. Since opercular display is energetically costly, it appears to represent a true signal of aggression in this species. As well, the act of expanding the operculum severely limits the ability of the fish to
ventilate its gills and to extract oxygen from water [9, 10].
It has been shown that opercular displays are sensitive
to various pollutants and can be used as a bioindicator of
fresh water pollution [11]. Assessment of behavior as a bioindicator has grown in popularity for several reasons. Behavior represents an integrated physiological response to
environmental conditions or circumstances. Thus, changing environmental conditions, including environmental
degradation, would be expected to elicit or prohibit behavioral responses [12]. Although behavior can be highly variable and difficult to measure [12, 13], behavior is non-invasive, inexpensive, and sometimes more powerful than
other methods [13-15].
Organophosphates are the most commonly used pesticides around the world [16-18]. Paraoxon (POX), an organophosphate, is a powerful acetylcholinesterase inhibitor that
prevents the breakdown of the neurotransmitter acetylcholine at the synapse. The accumulation of acetylcholine leads
to overstimulation of cholinergic receptors, which, in turn,
produce several harmful physiological symptoms [19-22].
POX is the active ingredient of methyl parathion, one of the
mostly used synthetic organophosphates [18, 23, 24]. POX
is also the subject of intense research related to its potential
use in chemical warfare [20, 21].
In the current work we investigated the effect of POX
on aggressive behavior of Betta males, and evaluated the
possibility of using opercular displays as a bioindicator to
detect low concentrations of POX.

2. MATERIALS AND METHODS
2.1 Subjects

Naive dark blue or dark red male Betta splendens were
purchased from a local supplier. Length of fish ranged from
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3.4 to 4.0 cm (measured from the tip of the upper jaw to
the caudal peduncle using a Vernier caliper; 3.7 ± 0.25 cm,
mean ± s.d., n = 56), and had a mean weight of 1.7 ± 0.3 g.
Each fish was kept in a glass jar (10 cm length x 8 cm width
x 15 cm height) at 25-27°C and a 12 h light/dark cycle for
1-2 weeks, until he was transferred to the experimental
aquarium. Each jar was wrapped in aluminum foil to prevent visual access to other fish. Each fish was fed a few
Betta® flakes each day. The test aquaria were filled with
tap water, pH ~8, and total hardness (CaCO3) 45-55 mg/L.
2.2 POX Concentration

The concentration of the POX (PESTANAL®; SigmaAldrich) in the test was set as the concentration at which the
fish would survive for a week with no mortality. Stock solutions of POX for the acute toxicity tests were prepared by
dissolving 100 mg POX in 5 ml 70% ethanol and adjusting
the final volume to 1 L with water. Test solutions of 1 mg/l,
0.5 mg/ml, and 0.25 mg/ml were prepared by dilution in water. Control solutions (for water treatment) were prepared by
similarly diluting 5 ml 70% ethanol in water.
For toxicity testing, fish were housed individually in
aquaria containing POX (1.0, 0.5, or 0.25 mg/ml) or the
equivalent volume of diluent (ethanol) for at least two
weeks. Three fish were tested per concentration. The final
concentration used in the POX treatment, was 0.25 mg/l.
The fish lived well beyond two weeks at that concentration.
2.3 Experimental Procedures

Naïve Betta males were randomly assigned to one of two
treatments: Water or POX. For the POX treatment, each male

was kept in a jar containing 400 ml POX (0.25 mg/L) for
24 h. The next day, this experimental male was placed in
an aquarium (30x25x25 cm) containing clean water and
having a divider making two equal compartments. A control male, matched in size to the experimental male, was
placed in the aquarium on the opposite side of the divider.
After a 10-min habituation period, the divider was removed, allowing the fish to mingle, and behavior was
scored for an additional 10 min. A total of 14 experimental
and 14 control males were used for the POX treatment. For
the Water treatment, the same protocol as above was used.
The total fish used for both treatments was 56 males.
2.4 Data Collection

The number and duration (seconds) of opercular expansions made by the experimental males over the second
10 min period of each trial were recorded. Data were analyzed using t-test.

3. RESULTS
Opercular expansion count and duration was impaired
in males placed in POX solution. Males placed in Water
treatment had significantly higher count and duration of
opercular expansion behavior (Fig. 1). The mean count was
0.8 (S.E. = 0.61) for POX group, and 24.5 (S.E. = 6.0) for
the control group. Similarly, the mean duration was 0.7 sec
(S.E. = 0.61) for the POX group, and 46.5 sec (S.E. = 12.6)
for the control group, One male from the POX treatment
group died, bringing the total number of POX males to 13.
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FIGURE 1 - The mean rate of opercular expansion and duration for male Betta splendens in the experimental trials.
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[3]

Jaroensutasinee, M. and Jaroensutasinee, J. (2001) Sexual size
dimorphism and male contest in wild Siamese fighting fish.
Journal of Fish Biology 59, 1614–1621.

[4]

Jaroensutasinee, M. and Jaroensutasinee, J. (2001) Bubble nest
habitat characteristics of wild Siamese fighting fish. Journal of
Fish Biology 58, 1311–1319.

[5]

Jaroensutasinee, M. and Jaroensutasinee, J. (2003) Type of intruder and reproductive phase influence male territorial defence in wild-caught Siamese fighting fish. Behavioural Process 64, 23–29.

The results indicate that the aggressive opercular expansion display of male Siamese fighting fish was significantly impaired when fish were placed in water contaminated with 0.25 mg/l POX suggesting that the behavior of
male Betta splendens during aggressive encounters might
be used as a bioindicator of freshwater POX pollution.

[6]

Clotfelter, E.D., Curren, L.J., Murphy, C.E. (2006) Mate
Choice and Spawning Success in the Fighting Fish Betta
splendens: the Importance of Body Size, Display Behavior and
Nest Size. Ethology 112, 1170–1178

[7]

Dzieweczynski, T.L., Gill, C.E., Perazio, C.E. (2012) Opponent familiarity influences the audience effect in male- male
interactions in Siamese fighting fish. Animal Behaviour 83,
1219-1224.

The use of aggressive behavioral endpoints in Betta
splendens as a bioindicator of metal pollution fits with current research trends in aquatic ecotoxicology. For example,
the behavioral endpoints chosen here were disrupted at a
concentration below that causing mortality. Although further experiments will be required to establish the effective
range of POX concentrations over which this bioassay is
informative, the current results indicate that the aggressive
behaviors of male Bettas may be suitable for assessing water quality, and may be adapted for assessing the effects of
pollutants on fish populations [12, 25, 26]. A bioindicator
is considered to be ideal when the effect of pollutants can
be assessed in the lab 24 h after exposure [27], which is the
case in the current study. In addition, the behaviors investigated were very specific and definable, which is desirable
in ecotoxicological research [26]. Betta splendens has not
been previously used as a bioindicator, and, therefore, the
current study adds yet another species to our arsenal of bioindicators. The use of multiple species promises to allow
detection of a broader range of pollutants over a wider concentration range due to fish variability in sensitivity to different toxins [27].

[8]

Verbeek, P., Iwamoto, T., Murakami, N. (2007) Differences in
aggression between wild-type and domesticated fighting fish
are context dependent. Animal Behaviour 73, 75-83.

[9]

Abrhams,, M.V., Robb, T.L., Hare, J.F. (2005) Effect of hypoxia on opercular displays: evidence for an honest signal?
Animal Behaviour 70, 427–432.

POX males showed normal swimming and avoidance
behaviors during the 10 min encounter tests. The POX
males did not stay in one location inside the aquarium, but
moved to actively avoid confronting the control males
while being chased.

4. DISCUSSION
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