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A FREE-WATER SURFACE CONSTRUCTED WETLAND
FOR ΤΗΕ TREATMENT OF AGRICULTURAL DRAINAGE
ENTERING VASSOVA LAGOON, KAVALA, GREECE
Christos S. Akratos1, Vassilios A. Tsihrintzis1, Ilias Pechlivanidis1, Georgios K. Sylaios1,2 and Hans Jerrentrup3
1

Laboratory of Ecological Engineering and Technology, Department of Environmental Engineering,
School of Engineering, Democritus University of Thrace, 67100 Xanthi, Greece
2
National Agricultural Research Foundation, Fisheries Research Institute, Nea Peramos 640 07, Kavala, Greece
3
Society for the Protection of Nature and Eco-development (EPO), Chrysoupolis, Kavala, Greece

Presented at the 13th International Symposium on Environmental Pollution and its Impact
on Life in the Mediterranean Region (MESAEP), Thessaloniki, Greece, 08 – 12 Oct. 2005

SUMMARY
Vassova lagoon is a small and shallow lagoon in the
area of Nestos River Delta, North Greece, which is used for
fisheries. The lagoon is isolated from any freshwater inflow
through a peripheral levee. The lack of freshwater input,
the shallow depth, and evaporation exceeding precipitation
have resulted in an increase of the lagoon salinity, significantly affecting fish productivity. Aiming at partially restoring the historical freshwater supply to the lagoon, as a
part of a LIFE-Environment program, a free-water surface
wetland was designed, constructed and is now in operation,
receiving agricultural drainage from the surrounding fields
for treatment and discharging it into the lagoon. This paper
presents the design of this free-water surface constructed
wetland, and the results of monitoring its function during
the first year of operation.

KEYWORDS: free-water surface constructed wetland, agricultural
drainage, treatment, restoration, lagoon.

INTRODUCTION
Pollution of aquatic systems from agricultural drainage is a quite usual phenomenon nowadays. The significant role of nitrogen and phosphorus on the eutrophication
of natural water bodies, makes their removal from agricultural drainage a necessity [1, 2]. Constructed wetlands
(CWs) may be the solution when initiatives, such as best
management practices (BMPs), in the watershed prove to
be insufficient [2]. The use of CWs aims at the removal of
nutrients (nitrogen and phosphorus). The removal of the inorganic nitrogen is mainly achieved by bacterial nitrifica-

tion/denitrification and plant uptake [3, 4], but that of phosphorus through plant uptake, adsorption and sedimentation [2, 5, 6].
Various previous studies have demonstrated the use
of free-water surface (FWS)-constructed wetlands in nutrient removal from runoff [1, 2, 4, 6-8]. In these studies,
nitrate influent concentrations varied from 3.1 to 40 mg/L,
while those of effluents varied from 0.7 to 20 mg/L, indicating a satisfactory removal efficiency. Similar results
were obtained for COD (13-51%), ammonia (78-100%) and
ortho-phosphate (52-85%) removals [6].
This paper presents the design, construction, and monitoring results from the first year of operation of a free-water surface-constructed wetland adjacent to Vassova lagoon,
North Greece. The construction of this wetland (part of a
LIFE-Environment program) aimed at treating and transferring freshwater from agricultural drainage to Vassova
lagoon. After the construction of a surrounding levee, this
lagoon was isolated from any freshwater inflow, and today
it only communicates with the sea through a narrow tidal
channel, lacking supply of freshwater. As a result, the water
in the lagoon develops high salinities with adverse impacts
on fish production. As a measure towards lagoon restoration, reintroduction of freshwater was proposed after filtering it through a constructed wetland.
MATERIALS AND METHODS
Site Description and Design Steps

Vassova lagoon (40o 57ʹ′N, 24o 34ʹ′E) is a small-sized
(0.7 km2) and shallow (mean depth 0.7 m) coastal lagoon,
located west of Nestos River, in Northeastern Greece (Fig.
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1). The lagoon consists of a central main basin used for extensive aquaculture, and 13 dredged wintering canals, each
30-50 m long and about 0.5 m deep. This lagoon is ecologically important, providing a waterfowl habitat, and is also
exploited for fish production (30 tons per year). Vassova
lagoon may be considered as a closed system, i.e., there is
no freshwater input, except directly from rainfall and
through seepage from the adjoining agricultural lands.
Sylaios and Theocharis [9] computed the lagoon`s annual
water balance and predicted a mean annual value of freshwater inflow through seepage of 0.94 m3/s. The lagoon
directly communicates through its entrance canal with the
open North Aegean Sea (Kavala Gulf), and is forced at its
mouth by a micro-tidal M2-sinusoidal wave with a spring
range of approx. 0.40 m and a neap range of 0.15 m.

Due to the construction of a surrounding levee, Vassova lagoon lacks communication with any freshwater supply, resulting in its high salinity and nutrient levels. Lack
of oxygen and adverse environmental conditions in the
lagoon have also led to a decline in fish production. Therefore, in order to lower salinity and nutrients, it was suggested to introduce freshwater from an adjacent drainage
canal (T-1), located to the north-east of the lagoon and ending into the lagoon before diversion (Fig. 1). A constructed
wetland was proposed to filter the T-1 canal water before
its discharge to the lagoon. In order to design this constructed wetland properly, the water quality of the drainage canal was assessed by data collection in 10 field campaigns, from March to November 2003.

T-1 canal
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FIGURE 1 - Map of Vassova lagoon.

TABLE 1 - Physico-chemical parameter values and pollutant concentrations in T-1 drainage canal.

Date
5/3/2003
13/3/2003
20/3/2003
27/3/2003
7/5/2003
15/5/2003
23/05/03
2/6/2033
18/10/2003
28/11/2003

Q
(m3/s)
0.44
0.36
0.33
0.25
0.22
1.23
ND
2.32
0.85
ND

T (oC)
ND
ND
10.80
14.30
23.70
24.30
ND
22.90
14.3
ND

pH
ND
ND
8.37
8.49
7.79
7.84
ND
7.87
7.76
ND

DO
(mg/L)
ND
ND
6.32
7.00
3.03
3.30
ND
2.40
6.14
ND

Average
SD
Max
Min

0.75
0.73
2.32
0.22

18.4
5.9
24.3
10.8

8.02
0.32
8.49
7.76

4.7
2.0
7.0
2.4

Conductivity
(µS/cm)
ND
ND
871
1692
668
413
ND
573
447
ND
Statistics
780
480
1690
410

DO = dissolved oxygen, ND = No Data Available, SD = Standard Deviation
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Salinity
(ppt)
ND
ND
0.3
0.8
0.1
0.0
ND
0.0
0.0
ND

BOD
(mg/L)
ND
3.6
0.0
0.6
2.5
0.0
0.0
2.2
4.5
2.0

ΝΟ2
(µgN/L)
0.5
4.5
34.8
23.3
18125
0.0
2.3
20.0
0.6
0.2

ΝΟ3
(µgN/L)
157.0
1671.0
1924.4
951.3
823.5
13.5
24.3
575.8
399.0
0.0

PO4
(µgP/L)
8.1
0.0
16.2
0.0
367.0
12.8
4.7
122.6
6.8
4.9

0.20
0.32
0.80
0.00

1.7
1.7
4.5
0.0

1821
5729
18125
0.0

654.0
693.0
1924.0
0.0

54.3
116.0
367.0
0.0
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Discharge was measured by the current meter method
using a Valeport 801 electromagnetic instrument. Physicochemical parameters (temperature, conductivity, salinity,
pH, and dissolved oxygen) were measured in situ using appropriate equipment (WTW 197 series). Water samples
were also collected for BOD and nutrient determination in
the laboratory following standard methods [10].

ing on the time of the year, meteorological conditions and
water quantities withdrawn for irrigation of the adjacent agricultural fields. BOD concentrations were generally low,
with a maximum observed value of 4.5 mg/L. Nitrite, nitrate and ortho-phosphate concentrations showed significant
variations, with maximum values of 18.1 mg/L, 1.9 mg/L
and 0.37 mg/L, respectively.

The results are presented in Table 1. The discharge in
the drainage canal varied between 0.22-2.32 m3/s depend-

The area of the CW is adjacent to Vassova lagoon and
has a total area of 38400 m2 (Fig. 2). The layout of the facil-

FIGURE 2 - Map of constructed wetland area.
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FIGURE 3 - Constructed wetland layout (numbers in squares indicate ground elevations).

FIGURE 4 - View of the upstream and downstream section of the inflow pipe.

ity is presented in Fig. 3. The calculations for the removal
efficiencies were made for BOD, nitrogen and phosphorus, based on the average of the measured values. The design temperature, for estimating the CW removal efficiency, was taken to be 5 °C, the mean minimum monthly
temperature of the year for the location of the wetland.
Since the average flow of T-1 drainage canal is quite high
(0.75 m3/s or 64800 m3/d), the wetland was designed to
receive only a portion of this flow. After taking into account evapotranspiration and seepage losses, the outflow
to the lagoon would be 50 m3/d.

The wetland is longitudinally separated into three cells
by levees made from permeable gravel (Fig. 3). The aim
is to pond and distribute the flow uniformly across the wetland width, to avoid channeling and short-circuiting of flow.
The inflow to the wetland is through a concrete pipe placed
at the right upper corner of the first cell (Figs. 3 and 4).
Views of the various cells are presented in Figs. 5-7. The
outflow to the lagoon is through a permeable levee made
by gravel (Fig. 7).
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FIGURE 5 - View of the first wetland cell (left) and first wetland cell exit (permeable gravel levee, right)

FIGURE 6 - View of the second wetland cell (left) and second wetland cell exit (permeable gravel levee, right)

FIGURE 7 - View of the third wetland cell (left) and wetland exit to the lagoon (permeable gravel levee, right).

Water Quality Monitoring

In order to assess the function and pollutant removal
efficiency of the facility, eleven field campaigns were undertaken from February 2004 until February 2005 (20/2/04,

13/5/04, 20/5/04, 3/6/04, 19/7/04, 22/10/04, 9/11/04,
30/11/04, 13/12/04, 19/1/05 and 15/2/05) in Vassova lagoon CW. Water samples were collected from the influent, the effluent, and the middle of every wetland cell, and

1558

© by PSP Volume 15 – No 12b. 2006

Fresenius Environmental Bulletin

at the point of discharge to the lagoon. Temperature, pH,
EC and DO were measured using WTW 197 series instruments. Water samples were collected at the same points,
transported to the laboratory and analyzed immediately by
standard methods for BOD, COD, TKN, ammonia, orthophosphates, total phosphorus, nitrite, nitrate, total coliforms and chlorophyll-a [10]. For BOD determination,
respirometric bottles were used, whereas for COD the
open reflux method was employed, for TKN and ammonia
the titrimetric method, for phosphorus the stannous chloride method, for nitrite the colorimetric method, for nitrate the cadmium reduction method, for chlorophyll-a the
spectrophotometric method [10], and for total coliform
determination nutrient ampules of Millipore were used.

RESULTS AND DISCUSSION
Measured physicochemical parameters and pollutant
concentration statistics are presented in Tables 2 and 3. The
temperature did not show any significant spatial variations
along the unit, and generally ranged between 0.0-27.4 oC,
depending on the season. Mean conductivity remained
relatively constant along the wetland (about 400 µS/cm)
with values about one order of magnitude lower than mean
lagoon conductivity (6309 µS/cm) at the point of discharge.
This is due to the fact that at this point the freshwater effluent of the CW mixes with the lagoon`s water. As expected,
pH values throughout the wetland were slightly alkaline,
since the origin of the water is agricultural drainage. DO
concentrations showed no significant variations along the
unit, but there were seasonal variations. Specifically, lower
concentrations were observed during summer (1.9 mg/L)
and higher ones during winter (9.4 mg/L). This is, in part,
due to lower temperatures in winter.

BOD concentrations showed an increase, especially
between the influent (5.8 mg/L) and the middle of the first
cell (18.1 mg/L). This is probably due to primary production in CW. In other cells, BOD was around 8 mg/L, with
the exception of the effluent (13.4 mg/L). The same trend
was observed for COD, with an influent mean value of
61.2 mg/L and 110.4 mg/L mean concentration at the middle of the first cell. Practically, there was an increase of
organic matter in the wetland, however, BOD and COD
values remained at low levels. A simultaneous increase of
TKN was also observed in the first cell (from 4.2 mg/L to
10.2 mg/L), and a decrease of nutrient concentrations, relating to the increase of BOD, COD and TKN by primary
production [1, 7, 8]. Specifically, ammonium, nitrate and
nitrite influent values decreased from 208.9, 213.9 and
27.6 µg/L, respectively, to 190.6, 133.9 and 23.5 µg/L, respectively, at the middle of the first cell. The removal of
inorganic nitrogen is mainly achieved through plant uptake and primary production [1, 7, 8]. The increase of primary production due to engagement of nutrients is also
shown by the increase of chlorophyll-a concentrations from
the influent values (mean concentration 31.5 µg/L) to the
middle of the first cell (63.0 µg/L), indicating that primary
production also has a significant contribution to inorganic
nitrogen removal.
Concentrations of ortho-phosphates and total phosphorus seem to have an unusual variation along the wetland. Phosphorus is mainly removed by plant uptake, adsorption and sedimentation [2, 5, 6], however, depends on
pH. When pH is alkaline, the phosphorus removal increases
[5, 6]. Therefore, it is possible that the seasonal variation
in pH (pH 7-9, Table 2) affects phosphorus removal. Although the pollutant effluent concentrations show great
variation, they were always lower than those in the lagoon
(Table 3). BOD showed minor variations along the wetland

TABLE 2 - Physico-chemical parameter statistics.

Temperature
(oC)

Conductivity
(µS/cm)

pH

DO
(mg/L)

Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max

Influent

Middle
of 1st cell

Effluent
of 1st cell

Middle
of 2nd
cell

Effluent
of 2nd cell

Middle
of 3rd
cell

Effluent
of 3rd cell

11.1
7.3
0.0
21.6
398.5
339.0
79.1
1090
7.8
0.5
7.3
9.0
5.5
2.3
1.9
9.4

13.2
7.4
3.6
24.8
369.5
281.1
75.9
838
7.7
0.3
7.3
8.4
5.4
1.6
3.1
7.8

13.3
7.9
2.6
27.4
403.6
305.6
89.4
893
8.0
0.7
7.4
9.5
5.5
2.2
2.7
9.5

12.6
7.5
2.0
25.0
406.5
238.4
91.1
777
7.7
0.5
7.3
8.8
4.3
1.2
1.9
6.3

11.8
7.1
2.3
25.2
396.7
238.0
94.6
792
7.5
0.5
6.4
8.2
5.1
2.2
2.0
8.5

11.8
6.9
2.5
24.8
469.9
257.2
97.3
839
7.5
0.3
7.2
8.0
4.0
1.4
2.1
7.2

13.0
7.6
2.5
26.7
422.1
227.1
119.4
723
7.8
0.3
7.5
8.3
4.4
1.7
1.7
6.6
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Discharge
point to
the lagoon
13.9
7.4
3.7
27.7
5027
6309
123.9
20900
7.6
0.2
7.3
7.9
4.1
1.4
2.5
7.3
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TABLE 3 - Pollutant concentration statistics.

BOD
(mg/L)

COD
(mg/L)

TKN
(mg/L)

NH4
(µg/L)

NO3
(µg/L)

NO2
(µg/L)

PO4
(µg/L)

TP
(µg/L)

TC
(n/100mL)

Chl-a
(µg/L)

Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max

Influent

Middle
of 1st cell

Effluent
of 1st cell

5.8
6.3
0.1
19.7
61.2
69.3
0.1
201.6
4.2
1.7
0.1
6.2
208.9
281.5
27.0
1011.6
213.9
325.6
0.0
1063.9
27.6
37.4
4.1
134.8
128.5
73.7
35.5
277.3
254.2
201.1
55.5
740.0
1882
4015
0
10000
31.5
49.5
1.8
162.7

18.1
17.5
2.0
50.0
110.4
121.3
4.8
388.8
10.2
9.5
0.0
28.6
190.6
232.9
0.0
828.9
133.9
262.9
0.0
883.7
23.5
51.2
1.0
176.6
321.9
632.3
0.0
2203.0
522.5
537.5
25.5
1785.5
174
386
0
1300
63.0
81.5
0.0
280.0

8.2
5.6
0.0
19.4
78.8
103.8
0.0
364.8
5.4
2.7
2.8
11.8
225.4
343.2
0.0
1209.6
96.6
243.4
0.0
825.2
7.2
7.0
0.7
21.4
173.8
210.7
29.1
706.4
308.5
249.1
44.5
840.0
312
700
0
2300
43.2
36.0
0.0
98.4

after the effluent of the first wetland cell (8.2 mg/L), but
a significant increase appeared at the end of the third cell
(13.4 mg/L). The same trend is observed for COD and
TKN, with first cell effluent concentrations at 78.8 mg/L
and 5.4 mg/L, respectively, and with third cell effluent concentrations at 61.7 mg/L and 15.2 mg/L, respectively. The
reverse phenomenon was observed for nitrate and nitrite
concentrations, showing only weak variations at the end
of the first cell, but, at its end, a significant de-crease was
observed.
Mean values of TKN, TIN and Chl-a are presented in
Figs. 8 and 9. From both figures it is obvious that when a
decrease of TIN takes place, there is a simultaneous increase
of TKN and Chl-a. This is a result of nutrient engagement
and primary production increase.

Middle
of 2nd
cell
7.4
5.2
3.0
18.8
61.2
64.1
4.8
204.0
5.1
3.3
2.1
12.9
259.5
458.3
7.6
1441.8
79.1
146.6
0.0
458.0
10.2
9.7
1.0
29.0
211.2
325.8
0.0
1039.0
190.5
103.8
87.3
350.0
295
624
0
1900
36.3
82.2
0.0
254.2

Effluent
of 2nd cell
8.2
6.7
0.0
18.5
72.3
63.4
13.0
216.0
4.6
1.9
2.0
7.3
295.6
500.8
0.0
1671.5
34.5
72.8
0.0
229.1
7.0
9.9
0.0
26.2
100.3
83.2
0.0
243.6
244.9
87.7
121.8
389.1
228
294
3
800
153.5
228.9
0.0
685.2

Middle
of 3rd
cell
8.2
7.2
0.0
22.2
53.2
40.8
4.8
124.8
6.9
4.9
2.4
18.5
327.9
504.4
0.0
1671.5
59.0
113.3
0.0
346.8
5.4
7.4
0.0
21.7
133.4
111.9
0.0
315.5
295.0
195.8
90.9
597.1
297
486
0
1200
97.2
181.3
0.0
597.1

Effluent
of 3rd cell
13.4
9.3
1.4
26.7
61.7
53.8
0.0
148.8
15.2
21.5
2.5
61.0
162.7
157.3
0.9
410.6
54.2
140.6
0.0
401.5
4.0
5.6
0.0
13.4
110.7
98.5
0.0
301.8
272.0
204.7
84.5
670.9
188
355
0
1000
106.4
243.3
2.1
706.5

Discharge
point to the
lagoon
8.2
9.3
0.0
29.2
121.7
188.3
0.0
600.0
20.6
32.2
3.4
103.3
386.2
448.1
2.6
1314.6
78.4
157.5
0.0
495.6
12.2
18.4
2.1
61.4
246.3
238.6
84.5
897.3
302.7
182.3
89.4
774.5
1354
4093
0
13000
27.6
41.6
0.0
118.4

Suggestions for CW Efficiency Improvement

When comparing the present study with previously
related ones, it is obvious that the influent concentrations
of nitrate and ortho-phosphate are significantly lower. Precisely, the influent concentrations of nitrate in previous
studies ranged from 3.1 to 20 mg N/L [1, 4,6, 8], and orthophosphate levels were approx. 2 mg P/L [6], compared to
0.1 mg/L in the wetland of this study. These significant
differences are probably reasons why the CW of this study
did not show a drastic reduction in pollutant concentration. Another reason is that the influent is not distributed
uniformly in the entire width of the wetland. This caused
short-circuiting, and the reduction in effective wetland area.
Furthermore, the inflow to the wetland during the monitoring period was not continuous, due to water use by farm-
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ers for irrigation of adjacent fields. In order to improve
the wetland operation, a new layout is proposed (Fig. 10).
The difference from the existing one is that the influent
will be distributed across by a diffuser and longitudinal
levees (instead of levees across) constructed along the

cells, in order to eliminate short-circuiting. In detail, the
influent is suggested to be supported by an overflow weir
at the upper side of the wetland (length 205 m). Furthermore, a better arrangement and communication with the
farmers should be made to provide continuous inflow.

FIGURE 8 - TIN / TKN chart.

FIGURE 9 - TIN / Chlorophyll-a chart.
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FIGURE 10 - Suggested layout of the constructed wetland (numbers in squares indicate ground elevations).

CONCLUSIONS
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PURIFYING PERFORMANCE OF
CONSTRUCTED WETLAND TREATING LIGHT
EUTROPHIC WATER IN AN ORNAMENTAL FISHPOND
Bo Gao, Ying Ge, Qixia Liu, Zhihuan Yang, Jun Zhang, Jie Chang, Yueping Jiang and Hang Min
College of Life Sciences, Zhejiang University, Hangzhou 310058, P. R. China

SUMMARY
A constructed wetland was established to maintain very
high quality water in an ornamental fishpond (OFP) in Hangzhou Botanical Garden, subtropical China. Reduction of ammonia nitrogen (NH4-N), and biochemical oxygen demand
(BOD5) by constructed wetland was more efficient in warm
seasons than in cold seasons; However, the removal rate
of total nitrogen (TN), total phosphorus (TP) and chemical
oxygen demand (COD) was lower in warm seasons than in
cold seasons; In addition, the reduction of nitrate nitrogen
(NO3-N) was the lowest in winter (-15.68%) and summer
(-4.29%). The concentrations of NH 4-N, TP, COD and
BOD 5 in OFP met the Chinese standard second grade for
surface water in four seasons. Comparing with a natural
pond, TN concentration in OFP was greatly brought down
(P<0.05) during the spring and summer after being purified by constructed wetland; And the TP concentration was
also greatly lowered (P<0.05) during the autumn.

some studies have demonstrated that constructed wetlands
can efficiently remove the major pollutants from shrimp
and fish farms [7, 10], but these studies only for meet the
demands of aquaculture. Our work, however, focuses on
the very high water quality so as to increase the interests
in fish watching.

KEYWORDS: Integrated vertical-flow, constructed wetland, light
eutrophic water, purify, seasonal performance

Water quality varied with seasons dependent on climate, the fluctuation of the pond’s ability to self-purify
and other factors. If the fish were excessively fed by tourists and became more active, the water quality in the OFP
would be getting worse in late spring and summer. Meanwhile, the nutrient removal efficiency of a constructed
wetland also differed with the seasons, for the plants and
microorganisms in the constructed wetland were more
active in warm seasons than in cold seasons [12]. The
water quality of OFP needed be kept at a high level constantly all seasons. Can the constructed wetland keep the
water high quality stable among the four seasons? Or, at
least, can an OFP with a constructed wetland keep water
quality as a natural pond with no treatment and sustainment? In order to find out the roles of the constructed
wetland in purifying light eutrophic water, here we analyzed the water quality both in OFP with a constructed
wetland and in CP with no fish and no treatment on the
basis of 3-year data.

INTRODUCTION
Constructed wetlands are complex systems in terms
of biology, hydraulics and water chemistry [1]. They have
proven to be a promising alternative treatment for developing countries because of their low investment and operation costs, high quality effluent with less dissipation of
energy and simple operation [2-6]. During the past three
decades, studies on design, construction and performance
of constructed wetlands in treatment of different types of
wastewater, such as sewage, storm runoff, industrial wastewater, acid mine drainage and effluent from live stock operations have recently been undertaken [7-9]. Recently,

Ornamental fishpond (OFP), i.e. fishpond mainly for
fish watching but not for aquaculture, is ubiquitous in many
places in China. Water in this type of fishpond must be very
clean. But the eutrophication is becoming more and more
serious with the increase of tourism so that people can’t
watch fish easily and cheerfully. For the purpose of purifying the water in Jade Spring fishpond and conserving
the groundwater, a vertical/reverse-vertical flow constructed
wetland was built in Hangzhou Botanical Garden, subtropical China in 2001 [11]. It was a closed and circular water
system: water was refreshed by the constructed wetland
and flowed back into the fishpond, water purified continuously for the high quality demand.
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MATERIALS AND METHODS
Descriptions of the ornamental fishpond

The ornamental fishpond, located in Hangzhou Botanical Garden (30°15′ N; 120°16′ E), was 15m×40m×2m
(inner length, width and height) in size, maintaining a water
depth of around 1.5m. There was a creek in the north of
OFP. Redundant water would flow out by this channel if
water level was higher than 1.5m. At present, the pond had
over 100 individuals of the carnivorous freshwater fish
(Mylopharyngodon piceus, Carassius auratus and Cyprinus carpio). Most Mylopharyngodon piceus have a weight
of over 50 kg. And the density of fish was 12.5 kg/m2,
and for many decades they had been fed with snails.
The structure and water loading rate of constructed wetland

An integrated vertical flow constructed wetland was
established near the OFP in summer 2001 [11]. The constructed wetland, which had a total area of 600 m2, consisted of two water down-flow chambers (DFC) and two water up-flow chambers (UFC). All chambers shared a drainage layer, which was filled with gravel (Φ= 50-120 mm) to
a depth of 50 cm. And this layer was covered with another
size of gravel (Φ= 40-70 mm) for around 10 cm. On the
top layer, the DFC and UFC were filled with homogenous
sand (Φ= 0.5 - 5 mm) to a depth of 45 and 30 cm, respectively. Five plant species, Canna indica, Coix lacryma-jobi,
Lolium perenne, Juncus effusus and Typha orientalis, were
planted in the constructed wetland. The water from the
fish pond was pumped into plastic pipes, and spread onto
the surface of the down flow chambers, then water flowed
from the bottom of these chambers to up flow chambers,
lastly, the water was collected by other plastic pipes distributed on the surface and flowed back to the fish pond
(Fig. 1). The hydraulic loading rate (HLR),
HLR= Q/S

FIGURE 1 - The diagram of integrated vertical flow constructed
wetland in Hangzhou Botanical Garden, subtropical China.
Operational manner with the constructed wetland

The water in the OFP was pumped from one corner of
the fishpond into the buffer tank and then loaded to constructed wetland after deposition and filtration. At last, the
water flowed back to OFP (Fig. 2). It was pumped 8 times
every day, for one hour each time. The flow rate (Q) of
the recirculating water from OFP to the constructed wetland was 160 m3 /day. Water recirculating ratio (r), which
is defined as the ratio of daily volume of recirculating
water (Q) to total water (W) in OFP,
r = Q/W

Here, it was 0.27 times/day. The nominal hydraulic
retention time (HRT), which can be computed as (surface
× water depth × porosity of wetland)/ flow,
HRT= (S × D × P)/ Q

(1)

Here, S was the total surface area of the constructed
wetland; Q was the flow rate between the fishpond and
the constructed wetland. In this study, the hydraulic loading rate of the constructed wetland was 270 mm/day,
equal to 0.27 ton/ m2·day.

a

(2)

(3)

Here, S was the total surface area of the constructed
wetland; D was the water depth; P was the porosity of
wetland; and Q was the flow rate between the fishpond
and the constructed wetland. In this study, the HRT of the
constructed wetland was 3.70 day.

c

b

d

FIGURE 2 - Water recirculation between the ornamental fishpond (a) and the constructed
wetland (b) in Hangzhou Botanical Garden, subtropical China, c and d are water tanks.
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TABLE 1 - Seasonal variation in water quality of the compared pond (CP), the ornamental fishpond (OFP),
effluent of constructed wetland and the removal rates of pollutants in Hangzhou Botanical Garden, subtropical China.
Parameters

Sites

NH4-N

Seasons

CP
OFP
Effluent
Removal rate (%)

Winter
0.16±0.11a
0.19±0.14a
0.11±0.12a
42.49

Spring
0.18±0.10a
0.14±0.10a
0.11±0.10a
22.33

Summer
0.18±0.09c
0.09±0.03ac
0.04±0.04b
56.07

Autumn
0.10±0.09a
0.16±0.07a
0.08±0.09a
50.58

NO3-N

CP
OFP
Effluent
Removal rate (%)

0.98±0.08a
0.95±0.18a
1.10±0.61a
-15.68

1.52±0.42b
1.25±0.26ab
1.03±0.27a
17.46

1.14±0.39a
1.02±0.29a
1.06±0.40a
-4.29

0.85±0.25a
1.24±0.53a
0.56a
54.93

TN

CP
OFP
Effluent
Removal rate (%)

1.83±0.23b
1.64±0.24ab
1.31±0.38a
20.34

2.67±0.86c
1.72±0.37a
1.43±0.20b
16.84

1.92±0.35b
1.34±0.23a
1.28±0.21a
4.61

1.32±0.24a
1.62±0.66a
1.11±0.17a
31.36

TP

CP
OFP
Effluent
Removal rate (%)

0.08±0.05a
0.05±0.03a
0.02±0.03a
56.37

0.07±0.06c
0.07±0.06ac
0.02±0.02b
70.07

0.03±0.02a
0.03±0.01a
0.03±0.02a
2.34

0.08±0.02b
0.04±0.01a
0.03±0.04ab
19.42

COD

CP
OFP
Effluent
Removal rate (%)

3.37±1.77b
1.74±0.98ab
1.08±0.43a
37.80

2.55±0.78b
1.60±0.79a
1.09±0.50a
32.14

2.54±1.04b
1.48±0.65ab
0.97±0.47a
34.24

2.16±0.95a
1.29±0.34a
0.96±0.12a
26.04

BOD5

CP
3.88±1.92a
5.14±2.56c
6.33±4.04c
4.63±3.90a
OFP
2.66±1.65a
3.43±1.72ac
3.33±2.08ac
3.00±2.16a
Effluent
1.61±2.07a
0.78±0.55b
1.33±0.90b
0.97±0.06a
Removal rate (%)
39.38
77.36
60.00
67.78
Notes: Mean ± S.D.; Same letters correspond to similar retention values (P<0.05) among CP, OFP and effluent of constructed wetland.

Water sampling and measurement

Water samples were collected at the OFP, effluent of
the constructed wetland and CP in four seasons (winter:
from December to next February; spring: from March to
May; summer: from June to September; autumn: from October to November) during three years (from December,
2001 to November, 2004). Samples were collected every
month. Parameters of water quality measured included ammonia nitrogen (NH4-N), nitrate nitrogen (NO3-N), total
nitrogen (TN), total phosphorus (TP), chemical oxygen demand (COD) [13] and biochemical oxygen demand in
five days (BOD5, measured by OxiTop instrument, made
in Germany).
RESULTS
Seasonal performance of nitrogen concentration

The NH4-N concentration in OFP in which the water
purified by the constructed wetland, reached the highest
value (0.19mg/L) in winter and the lowest (0.09mg/L) in
summer (Table 1), while mean concentration of NH4-N in
CP was the highest in spring and summer (0.18mg/L), and
the lowest in autumn (0.10mg/L). The concentrations of
NH4-N in OFP were lower than in CP in spring and summer, but higher in autumn and winter. The highest removal
rate of NH4-N (56.07%) appeared in summer, and the mean

value of the whole year was 42.87%. There was significant difference of NH4-N concentration between OFP and
the effluent of constructed wetland in summer (P<0.05).
The NO3-N concentration in OFP appeared two peaks
in spring and autumn, while in CP, it was the highest in
spring (1.52mg/L). The concentrations of NO3-N were lower in OFP than in CP in all seasons except autumn. The
NO3-N concentration at the effluent of constructed wetland increased in winter and summer. The average removal
rate of NO3-N was only 13.10%.
The TN concentration in OFP was the highest in spring
(1.72 mg/L), and lowest in summer (1.34mg/L). The highest concentration of TN in CP, coincident with OFP, appeared in spring (2.67 mg/L). The TN concentration in OFP
was lower than CP in spring (P<0.01) and summer (P<
0.05). The mean percent reductions were highest in autumn (31.36%) and lowest in summer (4.61%). There was
significant difference of TN concentration between OFP
and the effluent of constructed wetland in spring (P<0.05).
Seasonal performance of TP concentration

TP concentration in OFP in summer was the lowest.
In CP, the lowest TP concentration also appeared in summer, and the highest in autumn (Table 1), there was significant difference between summer and autumn (P<0.05).
In contrast to CP, the highest TP concentration in OFP ap-
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peared in spring, and there was significant difference between OFP and constructed wetland effluent (P<0.05). In
autumn and winter, TP concentration in OFP was lower
than in CP, while in spring and summer, it was similar in
both ponds. The TP removal rate was the highest in spring
(70.07%) and lowest in summer (2.34%), and the mean
value was 37.05%.
Seasonal performance of COD and BOD5 concentration

The efficiency of organic pollutant removal is indicated
by the change in COD and BOD5 concentrations (Table 1).
In OFP, the mean COD concentration decreased from
1.53 mg/L to 1.03 mg/L, a percent reduction of 32.56%.
In CP, the COD concentration was highest in winter (3.37
mg/L) and lowest in autumn (2.16 mg/L).
In contrast to COD, the mean BOD5 concentration in
CP was the highest in summer (6.33 mg/L) and lowest in
winter (3.88 mg/L). In OFP, BOD5 concentration decreasing from 3.11 mg/L to 1.17 mg/L, a reduction of 61.13%,
was better than COD removal. There were significant differences between OFP and effluent of constructed wetland in spring and summer (P<0.05).
DISCUSSION
Our study demonstrated that the constructed wetland
could effectively reduce the concentrations of NH4-N, TP,
COD and BOD5 in an ornamental fishpond, and the water
met high surface water quality standard for whole year.
The annual mean removal rate of NH4-N by the constructed wetland was 42.87%, which was lower than that
in the light eutrophic creek water (92.97%) [12] and in the
shrimp culture tank (64%-66%) [7], but it still maintained
the concentration of NH4-N in OFP at a low level (0.090.19mg/L), which met the Chinese standard of second grade
for surface water (0.5mg/L, GB3838-2002).
In contrast to NH4-N, NO3-N concentration increased
in winter and summer. This situation also occurred in other
studies, for example, -33.05% in Chang [12] and -2.4%5.4% in Lin [7]. Nitrogen cycling was temperature dependent [1, 14, 15], and with plant senescence, temporary sequestering of nutrients would be released rather than taken
up [16, 17]. Both water concentration and removal rate of
TN in OFP in this study (1.34 mg/L and 18.03%, respectively) were lower than in light eutrophic creek water (410 mg/L and 31%-70%, respectively) [12], and those in
lagoon and domestic wastewater (30-70%) [15, 18]. The
very low influent concentration (i.e. concentration of contaminants in OFP) might be the main reason of the lower
removal rate.
TP concentration and removal rate changed in different seasons, moreover, the removal rate was also higher in
the season when TP concentration increased (Table 1).
Some studies also showed that there was seasonal variation
in TP removal efficiency [1, 19]. In addition, Pant reported

that removal of TP was primarily related to the retention
capacity of media and equilibrium phosphorus concentration [20]. In our study, TP concentrations in OFP in winter (0.05mg/L) and spring (0.07mg/L) were higher than the
values in summer (0.03mg/L) and autumn (0.04mg/L). This
probably resulted in the high removal rate in winter and
spring. The operation of constructed wetland in autumn and
winter could make the TP concentration in OFP lower than
in CP with no treatment by constructed wetland (P<0.05).
COD and BOD5 concentrations in effluent of constructed wetland were generally less than the values of OFP
for the same time period (Table 1). Overall there were reductions of 32.56% and 61.13% in COD and BOD5 concentrations. The temperature of the constructed wetland in
winter was defined below 10 ºC, and the plants senesced
during this period [19]. Newman [19] found the COD and
BOD5 concentration increase in winter, and our results
showed the same trend. Physical and microbial mechanisms could lead the high removal rates of COD and BOD5
[1]. First, owing to the physical separation mechanism and
low porosity of the sand media, the organism and solids
could be filtered and trapped in the constructed wetland
beds for a long time, thus allowing a better hydrolysis of organism solids for biodegradation to proceed easily. Second,
the strategy of tidal flow operation had been demonstrated
as beneficial not only to overcome poor water distribution
problem, but also to enhance the oxygen mass transfer and
diffusion from the open air into the sand beds. Third, anoxic condition was more easily introduced into the bed due to
the low porosity of sand media, which made organic biodegradation undergo anaerobic pathways. As such, the
limitation of oxygen levels could be avoided.
CONCLUSION
Constructed wetland could efficiently purify the very
light eutrophic water in ornamental fishpond, and maintained the water at a high quality level. Annual mean reductions of contaminants by constructed wetland were 42.87%
for NH4-N, 13.11% for NO3-N, 18.29% for TN, 37.05%
for TP, 32.56% for COD and 61.13% for BOD5. The removal rates of NH4-N and BOD5 by constructed wetland
was more efficient in warm seasons than in cold seasons;
but the removal rate of TN, TP and COD was lower in
warm seasons than in cold seasons. Even during the seasons when the removal rates of contaminants were low,
water quality in OFP was always kept at a high level, the
concentrations of NH4-N, TP, COD and BOD5 in OFP
met the Chinese standard second grade for surface water
in four seasons. After being purified by constructed wetland, TN concentration in OFP was greatly brought down
(P<0.05) during the spring and summer by comparing to
CP, and there was also a significant difference in TP concentration between OFP and CP during the autumn (P<
0.05). The constructed wetland could greatly purify the
water in which the density of fish was 12.5 kg/m2 living
and satisfy the sight-seeing requirements of tourists.
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NESTE OIL’S ENVIRONMENTAL
STRATEGIES AND ORGANIZATION 1960–2005
Tarja Ketola
Department of Production, University of Vaasa, Finland

SUMMARY

INTRODUCTION

This is a follow-up study for an earlier research in
which the environmental strategies and organization (ESO)
of a Finnish oil company, Neste, during 1960–1991 were
studied. This study continues analysing the ESO of Neste
during 1992–1998 and its follower, Fortum, during 1998–
2004. In 2005 Neste Oil was separated again from Fortum. The seven areas of their ESO – strategy, structure, systems, skills, staff, symbolic behaviour and shared values –
will be evaluated on a scale: stable, reactive, anticipatory,
entrepreneurial and creative.
The ESO of Neste started to rise in the 1960s from
the stable level towards the reactive level in the 1970s and
proceeded to the anticipatory level in the 1980s. Neste’s
ESO developed drastically in the environmental decade of
the 1990s. Six of Neste’s ESO areas reached the entrepreneurial level then, and the seventh, shared values, was
coming closer. Skills had even some creative features.
Fortum adopted most of Neste’s ESO practices, but
by the beginning of the 2000s society was demanding
most of them anyway. Fortum adopted very few new ESO
practices. Hence Fortum’s ESO areas remained at the anticipatory level on the average. Skills and structure had
some anticipatory features, but in one part of the skills,
external communication, as well as in symbolic behaviour
the company resorted occasionally to reactive practices.
Fortum remained at the reactive level in the issues of
sustainable development, but it recognised the integration
of economic, social and environmental responsibilities as
its short-term ESO challenge. Its other, unrecognised, EOS
challenge was management psychological. The new Neste
Oil has these environmental strategy and organization challenges to meet.

KEYWORDS: environmental strategy, environmental organization, 7-S framework, strategic posture analysis, Neste.

Purpose of research

Before the 1990s environmental management was a
little known area of management for companies, researchers and other interest groups. During 1989–1991 I conducted
a licentiate thesis “Environmental Management – Neste
Corporation as an Example”, which studied the development of environmental strategy and organization (ESO)
theories and practices during 1960–1991, and predicted their
development in the 1990s [1]. It was the first research of
the kind. An article based on this thesis was published in
Administrative Studies [2]. The Finnish oil company, Neste,
was chosen as a case company because of its polluting line
of business, its abundant financial and human resources
allowing it to invest in environmental management, and its
environmental organization headed by an Environmental
Director – a rather uncommon post at the time.
During the Environmental Decade of the 1990s corporate environmental management gained a lot of attention and became an important and popular area of research.
By the beginning of the 21st century earlier enthusiasm
towards environmental issues and management had subsided and they have become self-evident parts of everyday
life. It is time to evaluate the environmental strategy and
organization (ESO) changes that have taken place over the
years. This paper is a summary of the 10-year follow-up
study in which I continued investigating the environmental
strategies and organization (ESO) of Neste and its follower,
Fortum, during 1992 - 2004 [3-5]. These findings will be
compared to the findings of the earlier research covering
years 1960 - 1991. Consequently, this paper will examine
Neste’s environmental strategies and organization (ESO)
during 1960 - 2004.
Research instruments: static and dynamic instrument

The research instruments developed for the original
study serve as the theoretical basis of this study, so that
comparability of the findings of the two studies is secured.
The static research instrument incorporates an environmental 7-S framework, originally developed for general strategic management purposes [6]. The seven areas
of this framework are: strategy, structure, systems, skills,
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staff, symbolic behaviour and shared values. According to
the 7-S framework organizational change requires a change
in strategy, but this is not enough: parallel changes in the
other six areas are equally important. The seven areas are
irrevocably interrelated. Change can start in any of the seven areas, but in order it to be effective, all seven areas need
to be changed accordingly.
The dynamic research instrument is an environmental
adaptation of Ansoff and McDonnell’s strategic posture
analysis [7]. In this analysis there are five levels of strategic aggressiveness: stable, reactive, anticipatory, entrepreneurial and creative. They reflect the different developmental stages of environmental strategies. The level of strategic aggressiveness needs to match externally the level of
business environment turbulence and internally the level
of organizational capability. If the levels of environmental
strategic aggressiveness, business environmental turbulence
and organizational capability match, the environmental strategy is effective. Otherwise, either the level of strategic aggressiveness or the level of organizational capability, or
both, require further development.
By combining the static and dynamic instrument it is
possible to evaluate comprehensively the development of
the environmental strategies and organization (ESO) of any
company over the years.

structured, personal interviews. The environmental contents
of the oil company’s annual reports 1960–2003 and its environmental reports 1992–1998 and corporate social responsibility reports 1999–2003 were thoroughly analysed. The
company management and other staff were interviewed on
the seven areas of environmental management. Altogether
fourteen qualitative, semi-structured interviews were conducted at the corporate, sectoral, business unit and operating unit (refinery) levels of the company between May
and August 2002. The interviewees formed a cross section
of the hierarchical structure of the company from top management through middle management and supervisors
down to operators. The interviews were taped, transcribed
and then analysed thematically. Common themes were
identified and their relationships were analysed [3, 4]. As
the researcher conducted a similar study in this company a
decade earlier [1, 2], it was possible to compare the findings to the earlier findings.
NESTE OIL’S ENVIRONMENTAL
STRATEGY AND ORGANIZATION 1960–2004
Strategy development 1960–2004

Research design: case company and methods

The development of Neste’s environmental strategy
during 1960–2004 was: 1960s: stable => 1970s: reactive
=> 1980s: anticipatory => 1990s: entrepreneurial => early
2000s: anticipatory.

The Finnish oil company, Neste Oil, represents an extreme case [8]. The company enjoys a special status in its
country because of its line of business, which allows it to
play a critical role in society. On the one hand, the company may be granted privileges or exceptions to secure its
smooth operations under any circumstances. On the other
hand, it is more in the public spotlight than other companies. Political, economic, socio-cultural, technological and
environmental interest groups may have greater expectations of this company than of other companies. This contradictory status makes this company a fascinating research
object.

In the 1960s Neste did not have any environmental
strategy: the environment was not an issue. By the 1970s
it had become an issue because different interest groups,
such as nature conservationists, local people and subsequently authorities, became more conscious of the detrimental effects of oil operations. The company reacted on
these pressures. In the 1980s a proactive environmental
strategy for the company was developed: the first Environment and Safety policy was drafted in 1984 and the
words ‘taking account of ecological considerations’ were
added to the mission statements of the company and its
business units in 1986.

Neste was established already in 1948 for importing,
storing and distributing oil, but its life cycle is usually
seen to have begun only in 1957 when it started its oil
refining operations and became a full-blooded oil company.
From the early 1970s until the 1990s it was the largest
company in Finland - before selling its internationally
widely expanded petrochemical operations. In 1998 it
merged with a Finnish electric company, Imatran Voima
(IVO). The result of the merger was called Fortum. This
unsuccessful alliance was undone in early 2005 when Neste
Oil became an independent company again. Neste Oil operates mainly in Finland, the Baltic Rim and Russia but has
some commercial units also elsewhere in Europe, North
America and Asia. After the separation it has 4,300 employees.

During the 1990s Neste’s environmental strategy became entrepreneurial because, in addition to adopting the
Responsible Care (RC) programme of the Chemical Industries’ Association and the Principles for Sustainable Development by the International Chamber of Commerce in 1991,
the company created two environmentally oriented business
strategies and consequently twice updated its Environmental, Health and Safety policy. When the Soviet Union
collapsed by the beginning of the 1990s, Neste lost its oil
monopoly in Finland (until then all oil companies owning
petrol stations in Finland could sell only petrol refined by
this Finnish oil company from Russian crude oil). The
company desperately needed a new role on the markets.

The empirical study consisted of contents analyses of
corporate documents and of thematic analyses of semi-

Neste found an excellent market gap in cleaner fuels, as
most oil companies did not want to enter it because of the
heavy technological investments it needed. The company
had invested more in environmental technologies at its
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refineries than its competitors during the 1970s and 1980s
in response to and in anticipation of external pressures. Now
it decided to take advantage of this position. During the
1990s the company turned all its products into cleaner, lesspolluting oil products and continuously improved their environmental quality, keeping well ahead of national and
international legislation.
Novel markets for Neste’s new products were found
in Sweden and Germany where the authorities were equally
willing to support the expansion of cleaner fuels with tax
breaks as in Finland. The U.S. markets, especially in California, also had room for another set of cleaner fuels. Other
oil companies at the EUROPIA (European Petroleum Industry Association) criticized heavily Neste’s strategy of
developing and selling cleaner traffic fuels. Particularly
large oil companies thought that it was troublemaker torpedoing oil refining by investing more than necessary and
thus making the quality requirements of traffic fuels more
stringent in the European Union area. Quite true: during
the course of the 1990s the EU traffic fuel quality specifications became the same as those of this company’s cleaner
products. With its aggressive green strategy the company
earned a distinctive leading edge and major competitive
advantage over its competitors that lasted the whole of the
1990s.
In its new 1997 business strategy Neste defined
strengthening its eco-competitiveness as one of its six strategic goals. The aim was to raise the company’s profile as a
producer and seller of environmentally high-quality products and services.
On the other hand, the company had been expanding
rapidly in the chemical industry sector during the 1990s.
In addition to its chemical factories in Finland, it had purchased a number of chemical factories all over the world.
Their chemicals business was no cleaner or greener than
that of other companies. Neste had adopted the Chemical
Industry Association’s Responsible Care programme –
but so had so most other western chemical industry companies. The environmentally malignant chemicals strategy
lived side by side with the more benign oils strategy.
However, in 1998 Neste merged with a Finnish electric company, Imatran Voima (IVO) to form an energy
company. As a result the whole chemicals sector was sold
and the Responsible Care programme was scrapped. Environmentally the merger gave an opportunity to juggle
with different energy forms so that there would have been
a chance to gradually replace oil with renewable energy
forms. This potential was not utilized. Even the implementation of the 1997 oil business strategy was delayed
by four years until 2001. By that time the competitors had
caught up with Neste’s lead in cleaner fuels and its competitive advantage had vanished. The new energy company’s environmental policy, published already in 1998,
was less demanding than its oil-predecessor’s policy since
the environmental status of electric part of the merger was

lagging behind. The merger was a disaster because of the
organizational cultures of the two companies clashed. In
2004 it was decided to separate the two companies again.
This was completed in 2005 when Neste Oil was re-established.
Structure development 1960–2004

Neste’s environmental structure development was:
1960s: stable => 1970s: reactive => 1980s: anticipatory =>
1990s: entrepreneurial => early 2000s: anticipatory/ entrepreneurial.
In 1969 the Neste’s CEO appointed a part-time Environmental Manager who became full-time in 1971 and was
promoted Environmental and Safety Director in 1976. She
built a central environmental staff department to run all
environmental issues of the company. The plants had their
own Environmental Coordinators who reported to the Production Manager of the plant but were issue-wise closely
connected to the corporate environmental unit. Environmental Coordinators were in charge of environmental management in plants. They were directed by the Environmental
and Safety Director and her corporate environmental staff
unit who had the overall power over and responsibility of
Neste’s environmental management. The first Environmental and Safety Director retired in the early 1990s but
the second Environmental, Health and Safety Director was
equally powerful, and she became a member of the Management Group which ran the company. This gradual promotion of the status of environmental staff equals the increased importance of environmental issues to the company: from an image threat in the 1970s to a major strategic opportunity in the 1990s.
After the merger in the late 1990s, the status of staff
units was demoted. All environmental power and responsibilities were given to the line organization. The corporate staff unit was downsized and its new Environment,
Health and Safety Director with a couple of assistants were
given a task to deal only with corporate strategic planning
issues. In plants there is now a line responsibility at all
levels of hierarchy. Environmental coordinators only advise
line and deal with authorities. Line has all the power. Line
responsibility could have meant an entrepreneurial environmental structure because the thumb rule given to all
staff – safety first, then the environment – gave environmental responsibilities priority over economic goals. However, the first priority for the line management in plants is
still the production goal, and the first priorities for the line
management at corporate level are still the profit and growth
goals. Hence the downgrading of environmental staff unit
reflected the downgrading of environmental issues in business strategies.
Systems development 1960–2004

Neste’s environmental systems development has been:
1960s: reactive => 1970s: entrepreneurial => 1980s: anticipatory/ entrepreneurial => 1990s: entrepreneurial => early
2000s: anticipatory.
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Neste’s environmental management started in the late
1960s from environmental technology investments that
were required by environmentally concerned groups and,
from the 1970s on, by gradually developing environmental
legislation. Wastewater treatment was the company’ first
environmental operation. Best available technologies were
used from the beginning, which made it easy to adopt
environmental technologies and environmental management systems, and to comply with increasingly more stringent environmental legislation. After the collapse of the
Soviet Union Neste started to change its whole product
assortment into environmentally most benign oil products
on any markets. This strategy needed the whole life cycle
of the products to become environmentally more viable.
Emissions in Neste’s production plants were radically
reduced during the 1990s. The plants complied with and
often surpassed the requirements of environmental regulations. Neste developed its own internal environmental auditing system and life cycle analysis system. The plants were
certified into the ISO 9001 quality management system in
the early 1990s and into the ISO 14001 environmental management system in the late 1990s. By 1998 about 90 per
cent of the plants were certified into ISO 14001. External
audits required by these standards complemented the internal audits. The plants integrated the quality and environmental management systems into the production plans because quality and environment issues were key factors in
producing the environmentally most benign products that
the company’s business strategy required.
The merger in 1998 meant downhill also for environmental systems. By 2003 only 80% of the company’s
plants were certified into ISO 14001. Life cycle analyses
were discontinued. The Management Group did not accept
investments into environmental technologies as readily as
before – they started to require calculations that would
show how such an investment would pay off financially.
In addition, the motor fuel component MTBE (methyl
tertiary butyl ether) Neste had produced since 1980 on a
large scale turned out to have many potential malignant
effects to humans and the environment. Yet the company
continued to produce and sell it in environmentally less
conscious countries [5]. The leading edge gained by environmentally most benign oil products was lost because of
fewer investments into R&D. Thus with the declining environmental strategies and structures, also environmental systems declined.

Neste had to start developing its environmental skills
in order to be able to react to the external pressure in the
late 1960s and 1970s. The CEO reacted to public concerns
by giving in his internal circulars to the personnel orders
and instructions on how to deal with air and water pollution problems. During the 1980s environmental expertise
was acquired through experience and education. Expertise
was dispersed through internal communication and cooperation. External environmental communication was the
most difficult skill of all. The company resorted to public disputes with environmental groups and the media,
which hurt its reputation during the 1970s and 1980s.
During the 1990s, the R&D department dedicated much
of its resources into environmental inventions. It developed
patented environmental products for the company to produce and sell, making the firm environmentally more benign than its competitors. Environmental expertise developed strongly during the decades ever since the 1970s,
both in the staff and line organisation. Every employee was
considered the environmental expert of their own work
and had environmental responsibility for their actions. The
new, environmentally benign strategy and products as well
as radically reducing emissions allowed the company to
give positive messages, which the media dutifully published. Furthermore, consequent positive feedback from the
interest groups made the company relaxed enough to really
start listening to their needs instead of disputing them.
Neste started to publish annual environmental reports in
1992. They were so comprehensive and well written that
they regularly won international and national prizes. The
1997 environmental report was the company’s best ever
report.
After the merger in 1998, the slight general decline in
the company’s environmental management had a more negative impact on external environmental communication than
on other areas of environmental skills, which were maintained and developed. The low point of external environmental communication was the way an oil spill in December 2001 was dealt with: for weeks the company denied responsibility, then tried to excuse and justify it for months
before finally accepting responsibility [9].
Staff development 1960–2004

Skills development 1960–2004

The development of Neste’s environmental staff issues has been: 1960s: stable => 1970s: reactive => 1980s:
reactive/ anticipatory => 1990s: entrepreneurial => early
2000s: anticipatory. Staff issues consist of environmental
training, motivation and payment.

Neste’s environmental skills development (except for
external environmental communication) has been: 1960s:
reactive => 1970s: anticipatory => 1980s: anticipatory/ entrepreneurial => 1990s: entrepreneurial/creative => early
2000s: entrepreneurial. The development of Neste’s external environmental communication has been: 1960s: stable
=> 1970s: reactive => 1980s: reactive => 1990s: entrepreneurial => early 2000s: reactive/anticipatory.

Since the 1970s environmental technology investments
have led to environmental training of staff at the Neste
plants. In the 1980s environmental training was included
in the introductory course for new members of staff and
gradually also in other training courses. In the 1990s special environmental training courses were developed for
the personnel – some were compulsory to all staff, others
directed to different expert groups. The RC programme,
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life cycle analyses and the ISO 14001 required separate
training courses for the staff. Environmental training was
regular with updates. After the merger, environmental
training did not have such a high profile any more and
fewer courses were offered.
Environmental motivation began in Neste in the early
1990s. During 1990–1991 Neste organized an environmental initiative competition for all staff with excellent
prizes (trips to foreign subsidiaries, money and recognition). Some managers encouraged employee participation
in environmental improvements. Staff in Neste Chemicals
in Porvoo established an environmental group of their own.
Neste Chemicals plants in Sweden, Belgium and Portugal
followed their example. These groups conducted their own
environmental audits and, based on the findings, suggested
environmental improvements. The top management of Neste
Chemicals supported this kind of employee participation
but it did not spread to the oil industry sector because of
lack of top management support there. After the merger,
Neste Chemicals was sold and employee initiative ended.
Already in the 1980s a part of the production bonus
consisted of the environmental performance of the plant.
This payment system was expanded and fine-tuned in the
1990s. This bonus system covers all operational staff and
experts. They are not very happy with it because of two
problems: individuals have little influence on the environmental performance of the highly automatized production plants, and bonus earned by good environmental performance may be cancelled by lower than average production performance. Some managers and directors have had
environmental elements in their individual bonus systems
if they have been relevant to their work.
Symbolic behaviour development 1960–2004

Neste’s environmental symbolic behaviour development was: 1960s: stable => 1970s: reactive => 1980s: reactive/ anticipatory => 1990s: entrepreneurial => early 2000s:
anticipatory/reactive.
After the retirement in 1980 of the first, authoritarian
CEO, who had behaved aggressive- defensively towards
environmental issues, the new CEO collected a Management Group of younger directors who adopted a positive
attitude towards environmental challenges and spread this
kind behaviour within the organization. After the adoption
of the new, environmentally benign business strategy in
the early 1990s, the environment became a huge opportunity for the company. The top management were now
fully committed to environmental issues. Their symbolic
behaviour encouraged entrepreneurial environmental
thinking and actions all over the company. Environmental
issues were the CEO’s most important topics in his speeches, dis-cussions and interviews. In addition to annual
reports, the CEO advocated environmental issues in environmental re-ports and other publications. Other directors
and managers followed suite at corporate, divisional and
operating unit levels and promoted cleaner fuels, eco-

competitiveness and the Responsible Care programme both
internally and externally.
The merger in 1998 practically wiped the environmental issue off the agenda. The new CEO did not find
the environment a priority, and his attitude spread quickly all
through the organization. The eco-competitiveness gained by
cleaner fuels was naturally taken advantage of, but there was
no pressure coming from the top management to keep the
whole production chain environmentally benign any more.
This lax attitude led to the disastrous oil spill in December
2001 – before the incident, there had been many similar
near-miss incidents, which had been ignored. The bitter
experiences of the oil spill turned the top management’s
symbolic behaviour into aggressively defensive externally
and strictly controlling internally.
Shared values development 1960–2004

The development of Neste’s environmental shared values has been: 1960s: stable => 1970s: stable/reactive =>
1980s: reactive => 1990s: anticipatory/entrepreneurial =>
2000s: anticipatory.
Neste did not have any written environmental values
until 1997. In earlier years the environmental values shared
by staff were tacit, reflecting the symbolic behaviour of
the top management. In the 1960s and 1970s these tacit
values were negative towards environmental challenges,
which were considered a threat and a burden. During 1980s
the environment was seen as a chance to be eco-efficient,
which would lead to cost savings. The company was so
busy implementing its benign environmental strategy in the
1990s that meeting the emerging need to develop corporate-wide values to match the strategy was delayed until
mid-1990s. Then the whole personnel were involved in this
value creation process. This bottom-up process resulted in
values that all staff was committed to. The values emphasized openness, sincerity, caring, respect, commitment and
willingness for renewal – all vital to environmental excellence. Alas, these values were never acted upon. Once they
were completed, Neste was merged into Imatran Voima
and the result, Fortum, did not recognize those values.
Fortum created values of its own through a top-down
process in 2000. Naturally, the staff belonging to the Neste
side of the merger found it difficult to commit themselves
to these corporate directed values, which differed from
the ones they had been actively developing a couple of
years earlier. Fortum’s shared values included four slogans – cool-headed, warm-hearted, open-minded and cleanhanded – with more complicated details. The values tried
to integrate hard economic values and softer human and
environmental values. This combination of economic, social
and environmental responsibilities anticipated society’s requirements. The underlying purpose of these values was
to create a shared identity for the two merged companies.
This goal was not reached. Instead the merger broke down.
Neste regained its independence and needs to regain its
identity.
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CONCLUSIONS
Environmental systems and skills (apart from external
communication) have been leading Neste’s environmental
development. Environmental strategy became central in
the 1990s but usually strategy and structure followed systems and skills. Environmental staff issues and symbolic behaviour of managers supported strategy and structure with
some delay. Shared values and external environmental communication lagged behind the other areas.
On an average Neste’s environmental strategic aggressiveness was stable in the 1960s, which matched the company’s custodial organization capability and the repetitive
turbulence of its business environment. In the 1970s Neste’s

environmental strategic aggressiveness was reactive, which
matched its production-oriented capability and the expanding business environment turbulence. In the 1980s and
again in the early 2000s Neste’s environmental strategic
aggressiveness was anticipatory, which matched its marketing-oriented capability and the changing turbulence of
its business environment. In the 1990s Neste’s environmental strategic aggressiveness was entrepreneurial, which
matched its strategic capability and the discontinuous business environment turbulence. In conclusion, as Table 1 illustrates, Neste has always known how to match its environmental strategic aggressiveness with its internal capabilities and the external circumstances.

TABLE 1 - Neste’s environmental strategic aggressiveness compared to its
organizational capability and the turbulence of the business environment during 1960–2004.

Level
Environmental
strategic
aggressiveness
Organizational
capability
Business
environment
turbulence

NESTE
1960s
1
Stable
based on
precedents
Custodial
suppresses
change
Repetitive
repetitive

NESTE
1970s
2
Reactive
based on
experience
Production
adapts to
change
Expanding
slow,
incremental

NESTE
1980s+early 2000s
3
Anticipatory
based on
extrapolation
Marketing
seeks
familiar change
Changing
fast,
incremental
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OSCILLATING WATER-OIL-WATER LIQUID MEMBRANE SYSTEMS FOR MOLECULAR RECOGNITION OF SUBSTANCES
BELONGING TO DIFFERENT TASTE CLASSES
Maria Szpakowska, Aneta Magnuszewska and Izabela Czaplicka
Commodity Science Laboratory, Faculty of Economics and Management,
Gdansk University of Technology, Narutowicza str. 11/12, 80-952 Gdansk, Poland

SUMMARY

tants have been already proposed for molecular recognition of taste substances [2-4].

The oscillations of electric potential difference between
two aqueous phases of water-oil-water systems have been
examined. One aqueous phase contains cationic (hexadecyltrimethylammonium bromide) or anionic (sodium
oleate) surfactants, meanwhile a substance from different
taste clas-ses was dissolved in the second aqueous phase.
Two phases were separated by oil phase composed of
appropriate or-ganic compounds dissolved in nitromethane. Oscillation curves were analysed by construction of
corresponding at-tractors in two-dimensional phase space
using time delay method. The shapes of attractors are
different for oscillating systems with cationic or anionic
surfactants, and with a given taste substance. The attractors for system with un-identified taste substance could be
compared with the set of data obtained for systems with
known components. This may lead to recognition of this
substance.

KEYWORDS: oscillating water-oil-water systems, liquid membranes, surfactants, chaotic oscillations, attractors.

Such a system consists of three immiscible phases. In
one aqueous phase (donor phase, d), the ionic surfactant is
present. The second aqueous phase (acceptor phase, a) consists of an appropriate taste substance. Oil phase is built
up from an organic compound (usually picric acid in cationic surfactant water-oil-water systems and 2,2’-bipyridine
in anionic surfactant-oscillating systems), which is dissolved
in nitrobenzene or nitromethane. This organic phase separates two aqueous phases.
Such oscillating systems are nonlinear and far from
equilibrium. It was already demonstrated that the approach
to equilibrium might happen in an oscillatory way [2-11].
Surfactant molecules are transported from donor phase
through liquid membrane to acceptor phase. As a consequence of this transport, electric potential difference between two aqueous phases, ΔEd/a, is changing in an oscillatory way.
In the mechanism of oscillations, the interface phenomena play an important role [2, 6, 9-11]. Some authors
claim that the donor phase/membrane interface (d/m) is the
origin of oscillations [2, 10], while the others` point of view
is opposite [8, 9].

INTRODUCTION
Fast growing food market enhances the usage of fertilizers in agriculture. This influences the quality of food
products, which can even be unhealthy for human beings.
Therefore, ecological, quality food-stuffs of good taste are
very desired by consumers.
Taste is one of the most important quality features.
This is estimated mainly by organoleptic methods [1]. However, they are not always objective enough. Therefore, a lot
of investigations are performed in order to elaborate appropriate taste sensors. Among them, oscillating water-oilwater liquid membrane systems containing ionic surfac-

Our results for a system with nitrobenzene in oil phase
and hexadecyltrimethylammonium bromide in donor phase
show undoubtedly that oscillations are generated at acceptor phase/membrane (a/m) interface, due to sudden adsorption/ desorption of surfactant molecules reinforced by the
continuous feeding by diffusion [6, 11, 13]. It was shown
that the oscillation pattern depends strongly on the composition of three phases: kind of surfactant (cationic or
anionic) in the donor phase, organic solvent (nitromethane,
nitrobenzene) in oil phase, and kind of substance in the
acceptor phase. Such systems for a given donor and oil
phase composition could be used for discrimination of an
appropriate taste substance present in the acceptor phase.
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In this work the influence of substances belonging to
four taste classes (sourness, sweetness, bitterness, saltiness)
on the oscillation pattern of water-oil-water systems involving cationic surfactant (hexadecyltrimethylammonium bromide, HTMABr) or anionic surfactant (sodium oleate) has
been examined. In the oil phase, nitromethane (more soluble in water, but less toxic than nitrobenzene) was used as
organic solvent. The oscillation curves were analyzed by
construction of attractors in two-dimensional phase space
using the time delay method.
MATERIALS AND METHODS
Analytical grade purity (>99%) products were used in
all experiments. Picric acid was recrystallized from ethanolwater mixture. Nitromethane was distilled before use.
Double-distilled water was used in all experiments.

a: 4 ml of taste substances in water sucrose (0.1M), NaCl
(0.1M), acetic acid (0.1M), quinine hydrochloride (0.05M),
The ΔEd/a values were measured by means of two
Ag/AgCl/Cl- electrodes using high–input impedance digital voltmeter under PC control (sampling speed 4s-1). Electrodes were situated at d1, a1 (1 cm) positions from the
aqueous/membrane interfaces in case of cationic surfactantoscillating systems. For anionic surfactant-oscillating systems, electrodes were situated at d2, a2 positions from
interfaces (2 cm).
The oscillation curves were similar for each case (never
exactly the same), due to chaotic behavior of the investigated systems. They were analyzed by construction of attractors using the time delay method [12]. The dependence of
∆Ed/a (t + d’) (d’ is a time delay value) in function of ∆Ed/a
values was calculated for each case. By varying the time,
delay d’ attractors of different size were obtained. Attractors
occupying the largest surface were chosen for com-parison
of different systems.

mV
RESULTS AND DISCUSSION

d2

a2

d1

a1

m2

ΔΕd2/a2 value is considered to be the algebraic sum of
the two-phase boundary potentials on the right and left interfaces (ΔΕd1/m2, ΔΕm1/a1) and diffusion potentials within
the organic (ΔΕm2/m1) and aqueous phases (ΔΕd2/d1, ΔΕa1/a2),
respectively.
ΔΕd2/a2 = ΔΕd2/d1 + ΔΕd1/m2 + ΔΕm2/m1 + ΔΕm1/a1 + ΔΕa1/a2

m1

(1)

It was found that the contribution of diffusion potentials in aqueous phases to ΔΕd2/a2 is negligible [2]. Also
small value of ΔΕm2/m1 was measured [6]. Therefore, it can
be written:

FIGURE 1 - Experimental set-up of water-oil-water system;
d2, d1, a2, a1, m2, m1 – position of electrodes in donor, acceptor aqueous phases, and oil phase, respectively, mV-highinput impedance digital voltmeter connected to PC.

ΔΕd1/a1 = ΔΕd2/a2 = ΔΕd1/m2 + ΔΕm1/a1

(2)

or

Oil phase solution was introduced at the bottom of a
thermostated (T = 25±0.1 ºC) U-shaped glass tube (Fig. 1).
At both sides, aqueous donor solution and aqueous acceptor solution were introduced simultaneously. The composition of the three phases was the following:
1) for systems with cationic surfactant, HTMABr:
m: 5 ml of picric acid (1.5x10-3M) in nitromethane
preequilibrated with water,
d: 4 ml of HTMABr (5x10-3M) in water preequilibrated
with nitromethane,
a: 4 ml of taste substance in water preequilibrated with
nitromethane:sucrose (0.1M), NaCl (0.1M), acetic acid
(0.1M), quinine hydrochloride (0.05M),
2) for systems with anionic surfactant, sodium oleate:
m: 5 ml of 2,2’-bipyridine (1x10-2M) in nitromethane,
d: 4 ml of sodium oleate (3x10-3 M) in buthanol (0.33M) –
water mixture,

ΔΕd1/a1= ΔΕd2/a2 = ΔΕd1/m2 - ΔΕa1/m1

(3)

In fact, the measured electric potential difference between two aqueous phases, ΔΕd2/a2 or ΔΕd1/a1, is composed of two-phase boundary potentials. As it was already
discussed, the a/m interface is responsible for oscillatory
behavior of these oscillating water-oil-water systems.
The influence of substances belonging to four taste
classes (sweetness, saltiness, sourness, bitterness) on oscillation curves of systems containing HTMABr is presented
in Fig. 2 I. For system containing sucrose in the acceptor
phase (Fig. 2 Ia) after certain induction time (about 700s)
rather irregular oscillations of high amplitude are observed.
In case of NaCl present in the system the amplitude of the
peaks is lower (Fig. 2 Ib). For system with sour substance
(acetic acid) the oscillation curve is characterized by peaks
of much lower frequency appearing after longer period of
time (Fig. 2 Ic) in comparison to curves described before
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(Fig. 2 Ia,b). No oscillatory behavior was found in the system containing a bitter substance (quinine hydrochloride,
Fig. 2 Id).
The oscillation curves observed in the water-oil-water
systems containing sodium oleate are completely different
(Fig. 2 II). Rather regular oscillations started from the beginning of the experiment for systems with sucrose (Fig. 2
IIa). In case of system with NaCl a very short induction
period is observed (∼150s, Fig. 2 IIb). At the beginning the
amplitude of peaks is high and diminishes about three times
at the end of experiment (3600 s). The system with acetic
acid is characterized by oscillations of very low am-plitude
(∼3 mV, Fig. 2 IIc). The presence of a bitter substance in
the system results in appearing very chaotic oscillations of
different amplitude which declined with time (Fig. 2 IId).
The oscillation curves were analyzed by construction
of two-dimensional attractors using time delay method (description in Materials and Methods part). They are presented
in Fig. 3 for water-oil-water systems with HTMABr, and an

I

appropriate taste substance. Their shape is similar to each
other.
Taking into account the surface occupied by attractors, these systems could be put in the following order:
sucrose > acetic acid > NaCl
It could be noted that the surface of attractors obtained
for system containing NaCl in the acceptor phase is much
smaller in comparison to attractor surfaces of the other
systems.
In case of water-oil-water systems with anionic surfactant the shape of attractors is different in comparison to
those obtained for cationic surfactant ones (Fig. 4).
The order of the surface occupied by systems containing different taste substance and sodium oleate is the following:

a

300

quinine hydrochloride > NaCl > sucrose > acetic acid

II

a

120
80

100
0

b

b

10

ΔEd2/a2 · 103 [V]

3

ΔEd2 /a2 · 10 [V]

300

40
50

100
300

0

c

-30
120

c

80
40
50

100

d

1000

d

10

0

-30

0

1200

t [s]

2400

0

3600

1200

t [s]

2400

3600

FIGURE 2 - Taste substance influence on oscillation curves of water-oil-water systems containing HTMABr (I)
or sodium oleate (II); a) sucrose (0.1M); b) NaCl (0.1M); c) CH3COOH (0.1M); d) quinine hydrochloride (0.05M).

1577

© by PSP Volume 15 – No 12b. 2006

Fresenius Environmental Bulletin

FIGURE 3 - Attractors for water-oil-water systems with HTMABr and various taste
substances in the acceptor phase; a) sucrose, d’=10s; b) NaCl, d’=30s; c) CH3COOH, d’=30s.

FIGURE 4 - Attractors for water-oil-water systems with sodium
oleate and various taste substances in the acceptor phase; a)
sucrose (0.1M), b) NaCl (0.1M), c) CH3COOH (0.1M), d) quinine hydrochloride (0.05M), d’=30s.
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AMMONIA TOXICITY TO THE FRESHWATER INVERTEBRATES
Polycelis felina (PLANARIIDAE, TURBELLARIA) AND Echinogammarus echinosetosus (GAMMARIDAE, CRUSTACEA)
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SUMMARY
Ammonia is one of the most widespread pollutants in
aquatic ecosystems of industrialized countries. It is found
in a freshwater solution as two different chemical species,
the unionized form (NH3) and the ionized form (NH4+), this
chemical equilibrium is controlled principally by pH and
water temperature. Toxicity of ammonia is caused principally by the NH3. In spite of its high toxicity, there is little
toxicological data available on the NH3 effects on freshwater invertebrate species. The aim of this work was to
assess the toxic effects of NH3 on the survival and movement of two species of benthic freshwater invertebrates:
the amphipod Echinogammarus echinosetosus and the planarian Polycelis felina. The LC50, LC10, LC0.01, EC50, EC10
and EC0.01 values (mg/L NH3-N) at 24, 48, 72 and 96 hours
of exposure were calculated for both species. The LC0.01
and EC0.01 values were considered as short-term safe concentrations to avoid mortality and inmobility in both species of invertebrates. These concentrations could be used
as preliminary safe levels for episodic exposures to unionized ammonia. Additionally the comparison of our results
with other species of freshwater amphipods and planarians
show the relatively high sensibility of P. felina to unionized
ammonia. This species may be a good indicator of unionized ammonia pollution.

KEYWORDS: unionized ammonia, amphipod, planarian, toxicity,
invertebrates, safe level.

INTRODUCTION
Freshwater ecosystems are affected by different sources
of pollution, such as agricultural runoff, industrial effluents, organic waste discharges, atmospheric deposition and

nutrient enrichment from aquaculture [1-5]. All these factors increase the concentrations of ammonia, especially the
industrial effluents because ammonia is a staple raw material in many industrial processes, and as a consequence a
common end-product [5]. Ammonia is also a natural product of organic matter degradation, and therefore is an habitual component of the effluents from sewage treatment
plants [5]. As a consequence of all these anthropogenic pollution sources, ammonia is one of the most widespread and
serious toxic water contaminants in industrialized countries
[5, 6]. This compound can be found in a freshwater solution as two different chemical species, the unionized form
(NH3) and the ionized form (NH4+), whose chemical equilibrium is controlled principally by pH and water temperature [2, 7]. High ammonia concentrations may cause
toxicity on aquatic animals, especially the unionized ammonia, which is the toxic form of ammonia [2, 3, 5, 8].
Unionized ammonia has a high solubility in lipids and it
diffuse easily across cellular membranes, causing several
toxic effects on aquatic animals such as hyperexcitability,
convulsions, gill hyperventilation and epithelial necrosis [1,
9-11]. In spite of this toxicity, there is less literature available on its effects on aquatic invertebrate species and
benthic organisms than on fish [5, 10, 12].
Among freshwater benthic invertebrates, several species of planarians and amphipods have been widely used
in aquatic toxicological studies, showing a high sensitivity to several toxics, including ammonia, nitrite, nitrate,
cadmium and several insecticides [2, 13-18]. Additionally, these invertebrates are usually an important component
of macrobenthic communities in freshwater ecosystems,
playing a key trophic role: planarians as predators feeding
on living invertebrates, and amphipods as shredders processing allochthonous and autochthonous plant material
into more digestible food for other invertebrates [13, 15,
19-22]. Additionally amphipods may be a common food
source for freshwater predatory fish and macroinvertebrates [23-24].
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The aim of this research is to evaluate the short-term
toxicity of unionized ammonia on the survival and movement of two species of freshwater invertebrates; the planarian Polycelis felina (Dalyell) (Planariidae, Turbellaria)
and the amphipod Echinogammarus echinosetosus (Pinkster)
(Gammaridae, Crustacea), under laboratory conditions. P.
felina is relatively abundant in several freshwater European ecosystems, and the genus Echinogammarus
(Stebbing) is found in a wide geographical area extending
from Europe and North Africa to Asia Minor. E. echinosetosus is an endemic amphipod of Iberian Peninsula
found in the upper and middle reaches of several Spanish
rivers [20, 25]. The use of endemic/local species in ecotoxicological studies can contribute to the establishment of
regional safe concentrations and to know the local effects
of pollution [26].
MATERIALS AND METHODS
Individuals of P. felina and E. echinosetosus were collected from two upper reaches (site A and B, respectively)
of the Henares River (Guadalajara province, Central Spain).
Physico-chemical characteristics of both reaches are presented in Table 1. Invertebrates were transported to the
laboratory in plastic containers full with river water. Once
in the laboratory, amphipods (gravid adults and precopulatory pairs were rejected) and planarians were progressively
acclimatized to the test water conditions in independent
glass aquaria (1.5 L) for seven days prior to start laboratory bioassays. The test water used in the acclimatization
and bioassays was bottled drinking water without chlorine
(Table 1). During this acclimatization week, amphipods
were fed with stream-conditioned poplar leaves (Populus
sp.) and planarians with chicken liver and gravid amphipods every two days.
TABLE 1 - Physicochemical parameters for water of both sites in
the Henares River (site A for Polycelis felina and site B for Echinogammarus echinosetosus) and for toxicity test water. Mean values ±
standard deviations are presented for each parameter. Water analyses were performed following standardized methods described in
ref. [27].
Physicochemical
parameter
Conductivity (µS)

Toxicity tests
755.3±25.6

Henares River
(site A)
536.4±13.6

Henares River
(site B)
852.5±106.4

pH

8.1±0.30

7.7±0.09

8.1±0.12

Alkalinity
(mg/L CaCO3)
Calcium
(mg/L Ca2+)
Chloride (mg/L Cl-)

200.2±0.3

294.9±27.8

267.1±31.5

77.8±3.0

84.4±17.5

103.0±9.4

56.0±2.7

6.2±0.6

95.9±22.0

Dissolved oxygen
(mg/L)
Water temperature
(ºC)
NO3-N (mg/L)

6.6±0.3

8.7±0.7

11.6±2.4

15.0±1.0

11.3±1.8

11.7±5.8

2.7±0.3

1.5±1.4

1.3±1.0

NO2-N (mg/L)

<0.005

<0.005

<0.005

NH3-N (mg/L)

<0.002

<0.002

0.0024±0.004

Two independent short-term (4d) bioassays were conducted. Unionized ammonia solutions and controls were
renewed daily. Both bioassays were carried out in glass
vessels, with 0.1L of control water or unionized ammonia
solutions, in triplicate. Vessels were covered with perforated
plastic foil in order to reduce water evaporation. No aireation was supplied during the tests to avoid significant
oxidation of ammonia. Five exposure concentrations and
control were tested for each species. In the case of planarians, nominal concentrations of unionized ammonia were
0.14, 0.27, 0.34, 0.51 and 0.69 mg/L NH3-N, and ten
individuals were used per vessel. Nominal concentrations in
the amphipod bioassay were 0.52, 1.04, 1.56, 2.09 and
2.61 mg/ L NH3-N, and eight individuals were used per
vessel. Nominal unionized ammonia solutions were prepared daily from an ammonia stock solution of 100 mg/L
NH4-N+NH3-N, which were prepared by dissolving the
required amount of ammonium chloride (NH4Cl, PANREAC, Spain, Lot No. 149959380, reported purity 99.5%)
in 1000 mL of test water. Ammonium salt was previously
dried at 60ºC during 48 hr. The concentrations of unionized ammonia as nitrogen (NH3-N) were calculated using
the aqueous ammonia equilibrium on the basis of mean
values of water temperature and pH [7]. Water temperature, pH, dissolved oxygen and total ammonia concentrations were measured daily. Total ammonia concentrations
were assessed by spectrophotometry (Spectroquant®
Merck, Germany. Detection limit = 0.002 NH3-N) in
accordance with American Public Health Association
[27]. Two parameters were monitored at 24 hr intervals in
each vessel: the number of dead invertebrates, to calculate
LC values, and the proportion of affected individuals, that
include dead and inactive organisms, to calculate EC
values [28]. A planarian was considered to be dead when
the body tissues started to degenerate, and inactive when
no displacement was observed after a gentle touch with a
soft-brush. The death of an amphipod was admitted when
no swimming displacement and no movement of any
body part were observed after a touch with a glass stick.
An amphipod was considered to be inactive if not swimming displacement was observed but some body part was
active (such as pleopods, uropods or antenna movements).
Dead invertebrates were removed every day. Glass vessels
were renewed daily. LC0.01, LC10, LC50, EC0.01, EC10 and
EC50 values for 24, 48, 72 and 96 hr, and their respective
95% confidence limits, were calculated using the multifactor probit analysis (MPA) [29]. This methodology solves
the concentration-time-response equation via the iterative
reweighed least square technique, LC and EC values
being calculated by a multiple linear regression. The dependent variable is the probit of the proportion of animals
responding to each concentration, and the independent
variables are exposure time and unionized ammonia concentrations. Mean actual concentrations of unionized
ammonia were used to calculate the LC and EC values for
each bioassay. Actual concentrations of unionized ammonia for the P. felina bioassay were 0.13, 0.26, 0.33, 0.52
and 0.70 mg/L NH3-N, and 0.69, 1.13, 1.63, 2.21 and 2.80
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mg/L NH3-N for the E. echinosetosus bioassay. In the
present study, LC0.01 or EC0.01 was considered to be calculated short-term safe concentrations of unionized ammonia for each test species. These parameters refer to the unionized ammonia concentrations that affect 0.01% individuals of the test population for each species [16, 30].
The LC0.01 value has been shown to be an appropriate safe
level of unionized ammonia to avoid mortality and feeding activity reduction in the freshwater amphipod Eulimnogammarus toletanus [16]. Additionally, LC0.01 values for
the aquatic snail Potamopyrgus antipodarum did not caused
mortality in a behavioural bioassay with this snail [30, 31].
After the E. echinosetosus bioassay, animal body lengths
from the antennal base to third uropod were measured using an ocular micrometer. Before the bioassay with P.
felina, their body lengths were measured with a Delta-T
area meter (Cambridge, UK); each planarian was placed
in a Petri disc with test water and its image was recorded
in a computer through a camera, after its body length was
measured. Differences in body length between each unionized ammonia treatment and control were assessed
by means of an analysis of variance for each bioassay
(ANOVA-Dunnett test) [32]. Significant (P<0.05) differences in LC and EC values between both species were
considered if 95% confidence limits did not overlap for the
same exposure time [29, 33].
RESULTS AND DISCUSSION
All unionized ammonia concentrations used in both
bioassays caused mortality which was proportional to exposure time and unionized ammonia concentrations. No
dead or inactive animals were found in the control vessels
after 96 hr. No significant body length differences between
each treatment and the control were found for any of the
bioassays (P>0.05; Dunnett test). Mean body length ±
standard deviations in the E. echinosetosus bioassay were
7.4±1.4 mm for the control and 7.3±1.7, 7.4±1.8, 7.3±2.1,
7.4±1.4 and 7.8±1.8 mm for each treatment of increasing
unionized ammonia concentrations, respectively. In the P.
felina bioassay mean body lengths were 7.9±2.0 mm for
the control, and 7.0±1.9, 7.3±2.1, 7.3±2.1, 7.5±2.1 and 7.3±

1.8 mm for the treatments. LC and EC values for each exposure time are presented in Table 2. P. felina was more
sensitive to lethal effects of unionized ammonia than E.
echinosetosus, since its LC50, LC10, EC50, EC10 and EC0.01
values were significantly lower than those for E. echinosetosus (P<0.05; 95% confidence limits did not overlap). In
contrast, LC0.01 values for each exposure time were similar between both species (Table 2).
The comparison of our 96 hr LC50 values (mg/L NH3N) with other results reported in bibliography for amphipods and planarians showed that P. felina has the 2nd highest sensitivity to lethal effects of unionized ammonia (Table 3). In the case of E. echinosetosus, its sensitivity was
intermediate. The planarian Polycelis tenuis showed a higher value of 96 hr LC50 than P. felina (0.58) [2]. Only the
amphipod Crangonyx pseudogracilis showed a similar sensitivity to that of planarians, with a 96 hr LC50 value of 0.36
(0.17-0.59) mg/L NH3-N, as reported by Prenter et al. [34].
However, Arthur et al. [35] reported a high tolerance for
the same species to unionized ammonia (LC 50 96 hr of
2.57 mg/L NH3-N). The causes for this discrepancy could
be the small size of animals used by Prenter et al. [34] and
intraspecific differences between the populations studied
by both authors. Other amphipod with a high sensitivity to
lethal and sublethal effects of unionized ammonia was Eulimnogammarus toletanus [16]. The 96 hr LC50 values of
the amphipod Hyalella azteca have been found to depend
on the water hardness, hard water (270 mg/L CaCO3) reducing the toxicity of ammonia [36]. The other amphipods
(Gammarus duebeni celticus and Gammarus pulex) showed
a higher tolerance to unionized ammonia than P. felina,
with values of 1.15 and 1.54-1.69 mg/L NH3-N, respectively [2, 34]. These values were very similar to 96 hr LC50
value of E. echinosetosus (1.22; Table 3).
As expected, calculated EC values were more sensitive than LC values for both species (Table 2). Furthermore, the proportion of individuals affected by unionized
ammonia was clearly higher than the corresponding lethal
values in the case of P. felina. This difference was especially higher after 96 hr of exposure time between LC0.01
(0.12 mg/L NH3-N) and EC0.01 (0.04 mg/L NH3-N) to P.
felina, although differences could not be statistically com-

TABLE 2 - 24, 48, 72 and 96 hr LC0.01, LC10, LC50, EC0.01, EC10 and EC50 values of
NH3-N (mg/L) for E. echinosetosus and P. felina. 95% confidence limits are presented in parentheses.
Species
Echinogammarus echinosetosus
Polycelis felina
Echinogammarus echinosetosus
Polycelis felina
Echinogammarus echinosetosus
Polycelis felina
Echinogammarus echinosetosus
Polycelis felina
Echinogammarus echinosetosus
Polycelis felina

Parameter
LC0.01
LC0.01
LC10
LC10
LC50
LC50
EC0.01
EC0.01
EC10
EC10

24 hr
0.40 (0.26-0.53)
0.21 (0.05-0.33)
1.33 (1.10-1.55)
0.45 (0.24-0.62)
2.51 (2.18-2.91)
0.67 (0.47-1.04)
0.36 (0.24-0.49)
0.09 (0.05-0.14)
1.18 (0.98-1.38)
0.29 (0.22-0.36)
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48 hr
0.25 (0.16-0.33)
0.14 (0.03-0.22)
0.82 (0.69-0.93)
0.31 (0.19-0.37)
1.55 (1.44-1.66)
0.47 (0.39-0.58)
0.23 (0.15-0.31)
0.06 (0.03-0.08)
0.75 (0.63-0.85)
0.18 (0.14-0.21)

72 hr
0.21 (0.13-0.29)
0.13 (0.03-0.19)
0.70 (0.58-0.80)
0.27 (0.16-0.33)
1.32 (1.21-1.43)
0.41 (0.34-0.53)
0.20 (0.12-0.27)
0.05 (0.02-0.07)
0.64 (0.53-0.74)
0.15 (0.12-0.18)

96 hr
0.19 (0.12-0.27)
0.12 (0.03-0.18)
0.65 (0.53-0.75)
0.26 (0.15-0.32)
1.22 (1.10-1.34)
0.39 (0.31-0.51)
0.18 (0.11-0.25)
0.04 (0.02-0.06)
0.60 (0.48-0.69)
0.14 (0.11-0.16)
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Echinogammarus echinosetosus
EC50
2.20 (1.92-2.55)
1.39 (1.29-1.50)
1.20 (1.09-1.30)
1.11 (1.00-1.22)
Polycelis felina
EC50
0.54 (0.46-0.65)
0.33 (0.30-0.36)
0.28 (0.25-0.31)
0.26 (0.23-0.29)
TABLE 3 - Comparison between 96 hr LC50 values of NH3-N (mg/L) for several species of freshwater amphipods (A)
and planarians (P) reported in bibliography. Water temperature and pH of test water are presented for each bioassay.
Species
Hyalella azteca+++
Crangonyx pseudogracilis
Hyalella azteca++
Gammarus pulex
Gammarus pulex
Echinogammarus echinosetosus
Gammarus duebeni celticus
Hyalella azteca+
Eulimnogammarus toletanus
Polycelis tenuis
Polycelis felina
Crangonyx pseudogracilis

Group
A
A
A
A
A
A
A
A
A
P
P
A

LC50
3.76*
2.57*
2.37*
1.69*
1.54
1.22
1.15
0.86*
0.65
0.58*
0.39
0.36

pH
6.5-8.5
8.0-8.2
6.5-8.5
7.8-8.0
7.8-8.1
8.1
7.8-8.1
6.5-8.5
8.0
7.8-8.0
8.1
7.8-8.1

T (ºC)
25
4.0-24.9
25
11.5
12.0-13.0
15.0
12.0-13.0
25
15.4
11.5
15.0
12.0-13.0

Reference
[36]
[35]
[36]
[2]
[34]
This study
[34]
[36]
[16]
[2]
This study
[34]

*Mean value of several LC50 values
+++
Hard water (270 mg/L CaCO3) ++Moderately hard water (100 mg/L CaCO3) +Soft water (≤42 mg/L CaCO3)

TABLE 4 - Short-term safe concentrations (LC0.01 96 hr) of NH3-N (mg/L) reported in bibliography
for several freshwater invertebrate species. 95% confidence limits are presented in parentheses.
Species
Echinogammarus echinosetosus a
Potamopyrgus antipodarum b
Eulimnogammarus toletanus a
Polycelis felina c

LC0.01 96 hr
0.19 (0.12-0.27)
0.16 (0.04-0.30)
0.15 (0.09-0.21)
0.12 (0.03-0.18)

Reference
This study
[30]
[16]
This study

a = amphipod, b = mollusc, c = planarian

pared (95% confidence limits overlap). Our results showed
a good dose-response relation between unionized ammonia concentrations and this endpoint for each exposure time.
This contrasts with the study of Newton et al. [28], who
found a high variability and subjectivity in this endpoint for
the mollusc Lampsilis cardium. Our results showed that the
proportion of affected individuals is a sensitivity endpoint,
especially in the case of the planarian P. felina, whose EC50
values to 96, 72 and 48 hr were significantly lower than
their corresponding LC50 values (P<0.05; 95% confidence
limits did not overlap) (Table 2). Therefore, the proportion of affected individuals can be a sensitivity and unexpensive endpoint to short-term planarian bioassays.
Ammonia discharges in aquatic ecosystems usually
occur as episodes of short duration [3]. Moreover, as a consequence of the daily variation of pH and water temperature in freshwater ecosystems with high alkalinity, the unionized ammonia fraction may reach toxic concentrations to
aquatic organisms during short-term periods [31, 37]. Therefore, it is important to determine safe short-term concentrations for unionized ammonia, which may be indicated by
LC0.01 (or EC) values. These short-term safe concentrations
have been shown to be a good level to avoid reduction of
feeding activity and survival on the freshwater amphipods
Eulimnogammarus toletanus [16]. For aquatic invertebrates
reported in bibliography, LC0.01 values to 96 hr ranged from
0.12 to 0.19 mg/L NH3-N (Table 4). However, variation in

water hardness, velocity and substrate could modify these
safe short-term levels [16].
CONCLUSION
Overall, we conclude that P. felina showed a relatively
high sensitivity to short-term lethal effects of unionized ammonia. The proportion of affected individuals has been
shown to be a short-term sensitivity endpoint, especially in
the case of the freshwater planarian P. felina. LC0.01 or EC0.01
values can be used as short-term safe level to avoid adverse effects to episodic pollution of unionized ammonia.
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SUMMARY
In this study, the effect of wastewater composition on
the activated sludge microflora has been evaluated. Wastewater samples from the aeration tank of a petrochemical
industry wastewater treatment plant were taken and analyzed during a four-months period. The results of analysis
indicate that the density of floc-forming microorganims was
higher than that of filamentous ones in the activated sludge
tank, when sludge volume index (SVI) was lower than
150 ml/g. During the study, pH values of the mixed liquor
were very high for fungal growth. Consequently, lower
amounts of fungal species than floc-forming microorganisms were observed. Increasing protozoan concentration in
activated sludge process (ASP) caused lower amounts of
suspended solids (SS), washed out especially at low dissolved oxygen (DO) concentration. Food/microorganisms
(F/M) ratios were varying between 0.3-0.7 g BOD5/g mixed
liqior suspended solids (MLSS) in the process. Even when
influent wastewater contained low nitrogen and phosphorus levels, high BOD5 removal rates were observed, provided by filamentous microorganisms dominating in the
unit. When the organic loading was higher than 14 g/m3/d,
influent COD concentrations were higher than 2100 mg/L,
and thus Pseudomonas spp. in the ASP were affected negatively.

The petrochemical industry wastewaters originate from
pumping, desalting, distillation, fractionation, alkylation,
and polymerization processes. The composition of effluents from a petrochemical plant is critically dependent on
the nature of the operation processes, which may give rise
to wastewater-streams strongly varying and containing immiscible liquids and solids, very high BOD organic loading, volatile, flammable or toxic compounds, non-biodegradable compounds, variable acidity and alkalinity etc.
Normally, a petrochemical complex consists of different
production plants, which have different types of
wastewater streams. Generally, petrochemical wastes
have high BOD load and contain different types of organic
substances. The following characteristics are generally
observed in petrochemical industry wastewaters.
• High concentration of chemical oxygen demand (COD)
• High total dissolved solids (TDS)
• Low biological oxygen demand/ chemical oxygen demand (BOD/COD) ratio
• Compounds inhibitory to biological treatment
• High frequency of spillage
• Heavy metal contamination due to catalysts used
• Product revision causing variations in waste characteristics

KEYWORDS:
Petrochemical wastewater, microflora, activated sludge.

INTRODUCTION
The petrochemical industry covers a broad range of
different products from basic petrochemicals, such as olefins, aromatics and methanol, to thermoplastics, from rubbers to fiber intermediates derived from several petroleum
and natural gas products via complex processes. Petrochemical industry reflects a dynamic and capital-intensive
nature with its ever-expanding spectrum of products and
new technology.

Activated sludge process (ASP) is applied in treating
petrochemical industry wastewaters studied (Petkim Aliağa
Petrochemical Plant). ASP performance is dramatically affected by the nature of the microorganisms present in wastewater. Toxic substances, such as heavy metals, can inhibit
the biological activity, or in some cases, destroy the microorganisms completely. Also temperature, alkalinity, pH and
nutrients can individually, or in combination, affect biological activity.
The aim of this study is to determine the effect of
wastewater composition of Petkim Aliağa Petrochemical
Plant, on the activated sludge microflora (ASM) and the
treatment efficiency. Petrochemical industry wastewater
plants operate at different removal efficiencies depending
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on the chemical substances discharged from the different
units.
MATERIALS AND METHODS
The wastewater from Aliağa petrochemical industry
is treated by physical-chemical and biological methods
(activated sludge). The mixed liquid samples have been
taken for bacteriological and chemical analyses from the
aeration tank of the treatment plant, 12 times during a 4months period. The inoculations of the samples have been
made into special media, and microscopic studies performed
in the first six hours.
In order to determine the population changes, some of
the microorganisms (Pseudomonas spp., Zooglea spp., Enterobacter spp., and fungi) in activated sludge have been
used as indicators, isolating them in special media and determining the numbers of living organisms per liter. For
Aspidisca spp., Vorticella spp., and rotifers, a microscopic
count has been realized by using a Thomas slide (counting chamber).

In order to determine the sample amount of floc-forming microorganisms, CY, MacConkey and Hektoen Enteric
agars were counted.
Entire media were sterilized by boiling with frequent
stirring, and then distributed into containers. Sterilization
was achieved by autoclaving at 121 0C for 15 min. The
samples have been inoculated on enrichment and isolation media. Dilution series (10-1-10-7) were made in sterile
saline solution (NaCl 85%). Inoculations have been carried out in duplicate for each dilution.
Analytical Methods

BOD, COD, total suspended solids (TSS), volatile
solids (VS), sludge volume index (SVI), dissolved oxygen
(DO), nitrogen, phosphorus, pH and temperature in the
influent and effluent of the wastewater treatment process
were determined in the laboratories of PETKİM, when the
samples were taken to assay the efficiency of the treatment plant. All the analyses in the study were conducted
according to Standard Methods [4].
RESULTS AND DISCUSSION

Medium Composition

The total numbers of the living microorganisms in activated sludge were assayed by Plate Count Agar (PCA).
The composition of PCA medium per L of distilled water
was as follows: tryptone 0.5 g, yeast extract 2.5 g, dextrose
1.0 g, and agar no. 1 9.0 g. Final pH was 7.0, and 17.5 g
were suspended [1, 2].
Pseudomonas isolation agar (PSA) has been used to
determine the total number of the living Pseudomonas spp.
in activated sludge [2] and Casitone Yeast (CY) agar has
been used for Zooglea spp. The composition of CY medium per L distilled water was as follows: casitone
(Difco) 5.0 g, yeast autolysate 1.0 g, agar 15.0 g. Final pH
was 7.2, and suspended was 16.0 g
For the count of yeasts and molds, Malt Extract Agar
(MEA) has been used [1]. The composition of MEA medium per L distilled water was as follows: malt extract 30 g,
mycological peptone 5 g, and agar no. 1 (Oxoid) 15 g. Final
pH was 5.4, and suspended was 50 g.
For the enrichment and isolation of Enterobacter spp.
(floc-forming bacteria), MacConkey and Hektoen Enteric
agars have been used [2, 3].
The numbers of living organisms have been determined after incubation for 24 h at 37 °C in Hektoen Enteric Agar and Mac Conkey Agar, for 48 h at 27 0C in CY
agar, for 3 days at 27 °C in PCA, and for 5 days at 27 °C
in MEA [3].
Pseudomonas Isolation Agar (Difco), McConcey Agar
(Oxoid), and Hektoen Enteric Agar (Oxoid) have been commercially obtained and 51.025 g, (at pH 7.0), 52 g (at pH
7.4), and 76 g (at pH 7.5) have been suspended in 1 L distilled water.

During the experimental study, the temperatures of the
mixed liquor in the Activated Sludge Process (ASP) were
between 24-31 0C, and considered to be suitable for microbial growth.
The amounts of the floc-forming bacteria, typical microorganisms in the activated sludge, were higher than
those of the filamentous ones, when SVI were lower than
150 ml/g. (Fig. 1). SVI is a general criterion of activated
sludge settleability, and should be kept below 150 ml/g
for practical reasons. With higher SVI values, a difficulty
arises in the performance of the secondary clarifiers. The
development of filamentous microorganisms and increase
of Zooglea indicate that bound water causes activated
sludge bulking. All these factors are influenced by the
activated sludge loading and the chemical composition of
the treated wastewater [5].
Zooglea spp. play an important role in activated sludge
process, and their increase in the unit improves the sludge
quality (Fig. 2). The actual SVI value depends not only on
the presence of a filamentous population, but is also affected by the existence or absence of compact activated
sludge flocs. The role of Zooglea spp. in activated sludge
is rather exceptional, but this genus does not represent the
only floc-forming microorganism species. On the contrary,
the slim Zooglea colonies, which are morphologically either
fingered or amorphous, should clearly be distinguished
from the common activated sludge flocs. The fingered colonies, if present in excess, can cause compacting problems,
similar to those caused by ordinary filamentous microorganisms [6].
SVI increase was caused by increase in filamentous
organisms concentration in the ASP. When being domi-
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FIGURE 1 - SVI changes depending on the amount of floc-forming microorganisms.
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nant, they provide high BOD removal in the presence of low
BOD/N/P ratios in the ASP at SVI higher than 150 ml/g
(Fig.3). Some filamentous microorganisms preferably grow
under nutrient-limiting conditions [6].

of yeasts and molds were counted when ASP-pHs were
higher than 7.5. The number of living cells in Malt agar
medium (MEA) increased, when pH decreased in the
ASP.

The suitable pH for growth of fungi is between 5-6.
The relationship between pH change in the ASP and the
number of fungal microorganisms is shown in Fig. 4. Generally, pH values >7.5 in the ASP were too high for fungal
growth. But when pH decreases below 7, the number of
fungi increases, although being too low when compared to
that of floc-forming microorganisms. Also lower amounts

The decrease of SS levels in the effluent of ASP can
be explained by the fact that ASP protozoa provide good
flocculation of bacteria and increase the removal of dispersed bacteria by adsorption [7]. The correlation between
the number of living cells of the protozoa Vorticella spp.
and Aspidisca spp., and the change in SS concentration of
influent and effluent are shown in Figs. 4 and 5, respec-
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tively. SS concentration in ASP effluent increased, due to
the low number of protozoan microorganisms. Increasing
protozoa levels in ASP caused higher wash-out rates of
SS. The highest SS concentration, even higher than influent concentration, was washed out from the ASP in the
last sample, due to the low DO concentration (about 0.7
mg/l). It can be concluded that high death rates of protozoa
increased SS concentration in the effluent.

ing was higher than 14 g/m3, influent CODs were higher
than 2100 mg/L, and Pseodomonas spp. in the ASP were
observed to be lower as compared to the other samples
(Figs. 7 and 8). As the food supply diminishes (low F/M
ratio and old sludge), rotifers and higher life-forms of microorganisms normally compete and predominate. In the
treatment of industrial wastewater, the typical value for
F/M ratio varies between 0.05 and 1.0 [8].

The relationship between COD concentrations in the
influent and the amount of Pseudomonas spp. is shown in
Fig. 7. The number of living cells is low, when COD concentrations are high. It can be stated that the high COD
levels in the influent cause microbial inhibition. This can
be clearly seen from the analysis of the last sample, where
high COD caused shock loading, resulting in decrease of
microorganisms.

The influent composition and plant conditions can encourage the growth of filamentous microorganisms. Filamentous microorganisms have a higher affinity to nutrients.
Some of the samples contained low concentrations of nitrogen and phosphorus. However, the high BOD removal rates
under these conditions can be explained by the fact that
filamentous microorganisms dominate in the ASP, thus
providing higher removal rates in the presence of low
nitrogen and phosphorus. Filamentous microorganisms
in a mixed culture grow effectively at low DO levels (below 2 mg/ l), but their growth is also affected by F/M ratio.

The F/M ratios varied between 0.3 and 0.7 g BOD5/g
MLSS. The number of living cells decreased, when the
COD concentration was high. When the daily organic load-

SSs removal efficiency
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CONCLUSIONS

[5]

J.I. Ganczarrczyk (1983) Activated Sludge Process, Theory
and Practice. Pollution Engineering and Technology: 23 270
p. Marcel Dekker Inc., New York.

[6]

Increasing filamentous microorganisms in the aeration
tank affect the activated sludge settleability. When being dominant, they provide high BOD removal in the
presence of low BOD/ N/P ratios.

J. Wanner (1994) Activated Sludge Bulking and Foaming
Control . Technomic Publishing Company Inc., 327p.

[7]

R. Sudo and S. Aiba (1984) Role and Function of Protozoa in
the Biological treatment of polluted Waters. In: Tiechter (
ed.) Advance in Biochemical Engineering Biotechnology
Berlin, FRG, Springe Verlag., vol. 29, A. pp. 117-141.

-

SS concentration in the effluent from the aeration tank
increased, when the numbers of protozoa were low.

[8]

-

High COD concentration in the influent caused death of
microorganisms in the activated sludge tank.

G. Tchobanoglous and F.L. Burton. (1991) Wastewater Engineering Treatment, Disposal, Reuse, 3rd Edition, Metcalf
Eddy, Inc., USA.

-

Composition of the activated sludge microorganisms is
affected by the wastewater constituents. In order to get
higher removal rates in wastewater treatment, fluctuations in the wastewater composition should be lowered.

The following conclusions may be drawn from the experimental studies:
-
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SUMMARY

INTRODUCTION

The study of the biodegradability of organic substances
is essential in determining the behaviour of volatile organic
compounds in natural environments or a biological system
for effluent treatment. The present study contributes to the
comprehension of the biological phenomena controlling the
degradation of methanol in a series of batch-mode operated
reactors.

Industrial development of conversion processes of oil,
coke, wood and gas, transport and incineration contribute
to atmospheric pollution [1]. The latter affects human health,
and particularly that of children, elderly and sick people
suffering from respiratory and heart diseases. The environmental effects are also devastating, since the food chain
is seriously contaminated [1, 2].

Methanol was subject to biodegradation experiments
by five different inocula taken from the wastewater treatment station of El Ménia. The consortia used to inoculate
liquid batch cultures consisted in bacteria, actinomycetes,
fungi and yeasts. The fifth consortium consisted in the mixed
culture of the activated sludge sample. Substrate biodegradation and biomass growth kinetics were studied. The concentration of substrate in the liquid phase was determined
by injecting 1 µl in a Shimadzu gas chromatograph Model
GC-17A, equipped with a DB-5 capillary column (30 m
long, 0.25 mm internal diameter). Biomass growth was determined by direct reading of the optical density at 543 nm
on a visible spectrophotometer Model Jenway 6300.

Atmospheric emissions are subjected to more stringent
regulations in several countries. Industrial operators have
no choice in adopting new non-polluting and cheaper processes in order to eliminate or recycle toxic gases. Physico-chemical processes, such as adsorption and incineration, are costly and lead to the production of more toxic
intermediate products. Bio-remediation techniques, such as
bio-filtration, are commonly used [3-5]. Numerous researchers have isolated mixed populations of microorganisms from different ecosystems that are able to degrade
volatile or-ganic compounds [6].   In   other   studies,   pure  
bacterial,   fungal   or   yeast   strains   have   been   used   [711].

Bacteria and yeasts proved to be the most efficient
methanol-degrading strains. Complete elimination of initial
methanol concentration (1000 ppm w/v) required 7 hours
for both consortia. Substrate concentrations dropped to
610 ppm and 630 ppm, respectively, one hour after the start
of degradation experiments. At t = 1 hour, methanol concentrations reached 850 ppm, 710 ppm, and 800 ppm for
fungi, actinomycetes and activated sludge, respectively.

KEYWORDS:
methanol, degradation, bacteria, actinomycetes, fungi, yeasts.

Methanol is among the most important and widely
used solvents in industry. Great quantities of methanol can
be discharged to the environment during production, storage, transport or use. It is easily oxidized photochemically
with a half life of 7-8 days.
The main objective of this work is to isolate pure microbial strains and investigate their degradative capacity
of methanol in aerobic batch-operated reactors. The sample originated from an activated sludge taken from a wastewater treatment plant situated in El Ménia in the vicinity
of the city of Constantine.
MATERIALS AND METHODS
Isolation of pure microbial strains and preparation of inocula

1592

© by PSP Volume 15 – No 12b. 2006

Fresenius Environmental Bulletin

The inoculum was an activated sludge sample taken
from a wastewater treatment plant situated some 5 miles
northwest of Constantine (006°37’E, 036°22’N).
Ready-to-use and entirely prepared liquid media were
used to isolate pure cultures of bacteria, fungi, yeasts and
actinomycetes.
A volume of 1 ml of the mixed culture was introduced
into a glass test-tube filled with 9 ml of 0.9% saline solution, and subsequent serial dilutions between 10-7 and 10-1
were prepared.
A volume of 0.1 ml of all diluted samples was inoculated and spread over various selective growth media. The
incubation period varied according to the type of cultures.
It lasted 48 hours at 30 °C and 21 days at 28 °C for bacteria and actinomycetes, respectively. For fungal and yeast
strains, the incubation period was 6 days at 28 °C [12-14].
All four strains were counted on their respective culture media. Macroscopic characteristics of microbial colonies were determined with a binocular system. Each microorganism was immediately analyzed with an optical microscope. Filamentous bacteria (actinomycetes) and nonfilamentous ones were further subjected to a microscopic
analysis by Gram-technique.
All bacterial strains were introduced into a 250-ml
flask containing 100 ml of sterile distilled water. Bacterial
colonies were streaked on previously inoculated Petri
dishes, and also introduced into a 250-ml flask containing
100 ml of sterile distilled water. The other three groups of
microbial strains were subjected to the same procedure.
The four flasks provided the inoculum of each microbial
strain and were kept at 4 °C during 24 hours [15].

To establish biodegradation parameters in batch cultures, 1-L air-tight bottles were used because of the volatility of methanol.
Five different cultures were tested. A volume of 18 ml
of the inoculum originating from the activated sludge was
subjected to centrifugation at 300 g for 2 min in order to
get rid of large particles. 2 ml of the supernatant liquid serve
to inoculate the first mixed subcultures. Similarly, 2 ml of
the previously described inocula of the four different strains
served to prepare the first strain specific subcultures [15].
First subculture

This first subculture allowed an adaptation of microorganisms to the growth conditions. Optimal conditions of
oxygen availability, inoculum size and substrate concentrations have been determined in previous studies [15], and
have, therefore, been provided in all cultures. Volumes of
72 ml of nutritive medium, 18 ml of inoculum and 100 µl
of methanol were introduced in 1-L reactors, which were
agitated in a Bain-Marie waterbath at 30 °C for variable
periods according to the type of strains utilized [17].
The exponential growth phase is generally reported to
start after 5-8 hours of incubation for bacteria, 18 hours
for yeasts, 72 hours for fungi, while for actinomycetes, half
of the maximum growth rate is attained after 96 hours of
incubation.
The exponential growth phase for the activated sludge
sample is attained after 72 hours of incubation in the same
conditions described previously [15].
Once terminated, this subculture is used to incubate a
second subculture.

Biodegradation of methanol in a batch reactor

Second subculture

The nutritive medium was that adopted by Vandermesse [16]. It was free of a carbon source and consisted
of an aqueous solution (distilled water) containing following compounds: KNO3 13.76 g L-1, KH2PO4 1.78 g L-1,
NaHPO4, 7 H2O 4.66 g L-1, Na2SO4 9.68 g L-1, MgSO4, 7
H2O 0.8 g L-1, EDTA 10 mg L-1, FeSO4, 7 H2O 5 mg L-1 ,
MnCl2, 4 H 2O 1.22 mg L -1, ZnSO 4, H 2O 0.25 mg L -1,
CuSO 4 , 5 H 2 O 0.2 mg L -1 , CaCl 2 , 2 H 2 O 1 mg L -1 ,
Na 2 MnO 4 , H2O 0.2 mg L-1.

18 ml of the first subculture were centrifuged at 400 g
for 20 min. The supernatant liquid was eliminated and replaced by 72 ml of sterile nutritive medium to which 100 µl
of methanol were added. Culture conditions were those described above [15].

The culture media used for the different consortia
were as follows:
-

For actinomycetes: Bennett medium (Yeast extract, 1 g
L-1, beef extract, 1 g L-1, casaminoacide, 2 g L-1, glucose, 10 g L-1, agar, 15 g L-1; pH 7.3). Medium was
added to 10 µg mL-1 of nalidixic acid and 50 µg mL-1
of nystatine.

-

For bacteria: Nutritive agar (Meat extract, 1 g L-1, yeast
extract, 2 g L-1, peptone, 5 g L-1, sodium chloride, 5 g
L-1, agar, 15 g L-1; pH 7.4).

-

For yeasts and fungi: Sabouraud medium (Peptone, 10 g
L-1, glucose, 20 g L-1, agar, 15 g L-1).

Kinetic studies in liquid batch
cultures and related techniques

The inoculum was an 18-ml sample of the second subculture, which was mixed with 72 ml of sterile growth medium and 100 µl of methanol. Incubation was carried out
at 30 °C for 48 hours in an agitating Marie-bath.
To establish kinetic parameters, 2 ml samples were taken hourly from all reactors through a rubber septum with a
sterile syringe. The biomass growth could be followed by
introducing 1.5 ml samples of the cultures in a cell allowing the reading of the optical density on a Jenway spectrophotometer at 546 nm.
The remaining 1.5 ml was centrifuged in an air-tight
test tube at 400 g for 20 min in order to obtain a supernatant
liquid free of microbial flora ready for the chromatographic
analysis.
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The time course of the methanol concentration in the
liquid phase was determined by injecting 1 µl in a Schimadzu gas chromatograph Model GC-17A equipped with
a DB-5 capillary column (30 m long, 0.25 mm internal diameter). Nitrogen gas was used as carrier gas at a flowrate of 45 ml/min and a split ratio of 5. The temperatures
of the injector and the flame ionization detector were 250 °C
and 200 °C, respectively. The analysis was carried out isothermally at 130 °C.
A standard curve was established with an external
standard of 250 ppm of methanol. Hourly injections of 1
µl allowed establishing biodegradation parameters of
methanol consumption.

Inoculum characterization

The microbial composition of El Ménia activated sludge
was qualitatively determined based on colonies of culturable strains (see Table 1).
Biomass production and methanol removal

The degradation performance of the different cultures
in aerobic batch-operated reactors is shown in terms of the
time needed to consume 50% and 100% of initial methanol concentrations (Table 2).
TABLE 1 - Number of bacterial colonies, actinomycetes,
fungi and yeasts isolated from El Ménia activated sludge.
Number of isolated colonies
Actinomycetes
Fungi
11
11

Yeasts
8

TABLE 2 - Time needed to eliminate 50% and
100% of initial methanol concentrations by the various inocula.

50%
100%

6h
12 h

Fig.1b shows clearly the good degradative capacity of
actinomycetes. After 6 hours of biomass growth, which coincides with half of the maximum biomass concentration,
nearly 50% of initial methanol was degraded, and completely eliminated after 12 hours of incubation.

Types of inocula
Bacteria
Yeasts
4h
7h

4h
7h

Fungi
8h
16 h

Fungi contribute to the process of methanol elimination, but much slower (Fig. 1 c). Complete elimination of
the substrate required 16 hours of incubation. Such a result
could be explained by the characteristic physiology of fungi,
which possess a complex and long-life cycle and go through
two distinct phases: the vegetative form characterized by
intense activity and growth, and the spore formation phase
characterized by the absence of growth and activity. Fungi
are compelled to use the vegetative form in order to degrade methanol. This certainly results in a time-consuming
process of biodegradation.
The variation of residual methanol concentration with
time in the case of the liquid batch inoculated with activated
sludge is shown in Fig. 1 e. Degradation started 4 hours
after the injection of substrate, i.e., during the exponential
phase. Half of the initial methanol concentration disappeared after 6 hours incubation and complete substrate
elimination occurred at t = 9 hours.

NF: Non-filamentous.

Actinomycetes

Fig. 1a shows the growth/degradation profiles of bacteria. Substrate consumption started after 3 hours of incubation and half the substrate concentration was degraded
1 hour later. At this time, the biomass concentration reaches
half its maximum value. Complete elimination of the organic substrate occurs after 7 hours of incubation.

Therefore, bacteria degrade more quickly methanol
than actinomycetes. This could be attributed to the shorter
generation time of bacteria, which leads to a quicker bacterial multiplication than actinomycetes.

RESULTS

Bacteria (NF)
7

an initial absorption of the substrate by the biomass to different degrees, according to the type of consortium.

Activated
sludge
6h
9h

The growth and degradation profiles for all types of
inocula are shown in Figures 1 a-e. Growth data are represented by OD values.

The time needed for the degradation of 50% and
100% of methanol is shown for the different inocula studied in Table 2. Evidently, bacteria and yeasts are the most
efficient methanol-degrading consortia. Such a performance is reflected in the 4-h and 7-hour periods, necessary to degrade 40% and 100%, respectively, of the initial
substrate concentrations (1000 ppm, w/v) for both consortia.
In the case of yeasts, degradation started right from
the beginning of incubation period, while a plateau lasting
3 hours preceeded the start of methanol consumption in
the case of bacteria.

DISCUSSION
Methanol degradation

The time needed for complete elimination of methanol
decreases as follows: fungi (16 h), actinomycetes (12 h),
activated sludge (9 h), bacteria (7 h), and yeasts (7 h). One
hour after the start of the experiments, methanol concentrations were 850 ppm, 710 ppm, 800 ppm, 610 ppm and
630 ppm, respectively. This could be attributed, in part, to

Actinomycetes and fungi, with much less efficient degradation capacities, contribute to a lesser extent to the
overall elimination performance of activated sludge than
bacteria and yeasts.
It is well-known that yeasts show a better resistance
to acidity than bacteria. Furthermore, the possibility to
culture yeasts in acidic conditions minimizes the risk of
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bacterial contamination of the culture medium [18]. In
addition, biomass produced by yeasts during the degradation process constitutes an important source of proteins.
The only inconvenience of using yeasts is their relatively slow growth rate (doubling time = 120 min), which
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FIGURE 1 - Growth (DO) and degradation (ppm) curves for the different consortia used to inoculate the batch cultures: a) Bacteria, b)
Actinomycetes, c) Fungi, d) Yeasts, e) Activated sludge. The initial methanol concentration in the batch cultures was 1000 ppm (1 g/L).

is lower than that of bacteria (doubling time = 20 min).
Moreover, the number of yeast species is quite limited.
It would be interesting to isolate different yeast and
bacterial strains that were responsible for methanol biodegradation in order to optimize the degradation conditions.
Growth

Methanol degradation and biomass growth profiles
were different for the various consortia tested. Maximum
OD values were obtained in ascending order as follows:
bacteria (0.4), activated sludge (0.73), yeasts (0.8), fungi
(1.22), and actinomycetes (1.42). The comparison of these
values must be made with care, as the initial biomass concentrations are not identical.

It was also noticeable that the lag-time between substrate
elimination and the continuation of biomass growth varied with the type of consortium. Such lag-time increased
in the following order: actinomycetes (0 h), activated sludge
and bacteria (1 h), fungi (2 h), and yeasts (11 h). Yeasts
were far from reaching their maximum biomass concentration at t = 18 h at the time of substrate's complete degradation at t = 7 h.
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It is evident from the results obtained that OD was
not a determining criterion for degradation performance.
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STUDY OF METAL-COMPLEXED ORGANIC MATTER
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ATOMIC ABSORPTION SPECTROMETRY
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2
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Department of Geosciences, Fundação Universidade Federal do Rio Grande, 96200-900 Rio Grande RS, Brazil

SUMMARY
Gel filtration and atomic absorption spectrometry were
used to determine the distribution of the main groups of
complexes between metals (Cu, Fe, Mn and Zn) and dissolved organic matter present in throughfall from two different plants introduced in homogeneous reforestation in
Southern Brazil: bamboo (Bambusa ssp) and pine (Pinus
ssp). Photometric analysis showed that the composition of
organic matter present in throughfall is almost similar.
Heavy metals in the throughfall were complexed with organic matter, except for Mn in bamboo, which was found
in ionic form. Other studied metals were complexed with
organic matter of molecular mass less than 3000 Da.

particularly when applied to the study of chemical composition and the capacity of metal complexation by groups
of different molecular weights [17, 18].
The present study determined the distribution of the
main groups of metal complexes (Cu, Fe, Mn and Zn) and
dissolved organic matter present in throughfall of two different taxa introduced on the southern coastal plain of Rio
Grande do Sul state (Brazil) by gel filtration and atomic
absorption spectroscopy.
MATERIALS AND METHODS
Sampling

KEYWORDS: Gel filtration; throughfall; metal-complexed; trace
metal; organic matter.

INTRODUCTION
The need to determine the chemical form of the metal
present in samples when examining the environment has
in recent times given momentum to trace metal studies [13] and of the speciation has been given special attention by
different media [4-6]. A particular aspect of this topic concerns the study of metal complexes present in the forest
throughfall deposition, which can be exposed to high levels
of trace metals through both biogeochemical and pollution processes [7, 8].
Several studies have been carried out in various forests from different countries aiming to identify the chemical composition of the throughfall [9-11], but few clarify
the relation between the chemical characters of the organic substances and trace metals [12-14].
Gel filtration is a useful procedure to identify the complexation of metals and dissolved organic matter [15, 16],

The study was carried out on the southern coastal plain
of Rio Grande do Sul state (Brazil), in the area of the municipality of Rio Grande (lat. 31° 47’ 02’’- 32° 39’ 45’’ S;
long. 52° 03’ 10’’- 52° 44’ 10’’ W). Throughfall samples
were collected in pines and bamboo plantations and gross
rainfall was taken in the open area, in a zone far from
sources of atmospheric contamination in the region. Samples were collected during a rainfall event in 29 September
2002.
Prior to the rainfall beginning, sampling collectors were
placed on each selected site. Standard funnel collectors
were fixed at a height of 1.5 m above the ground and connected to 1.0 L receiving containers. Each collector consisted of a 12 cm diameter polyvinyl funnel with a nylon
filter (63 µm pore size) attached to its stem, coupled to a
1.0 L polyvinyl container according to the model described
by Skrivan et al. [9]. After a rainfall event, collectors with
accumulated samples were immediately removed and transported to the laboratory. After the collection samples were
filtered through a membrane of acetate cellulose (Millipore, pore diameter of 0.45µm). Electrical conductivity was
measured with a digital conductivity meter (Oakton, model
WD-35607-10), with an accuracy of 0.01%. Measurements
were done in unfiltered subsamples of BP and TH (Table 1).
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An aliquot of each sample was then transferred to a
polypropylene container and kept under refrigeration (4 °C)
for further analytic procedures.

MW
(Da)
Blue Dextran
Dead volume
PEG
3000
PEG
1500
PEG
1000
PEG
400
Glucose
180
NaCl (1.0 g L-1)
23 (Na)
PEG=polyethylene glycols

TABLE 1 - Values for parameters in origin
samples of bulk precipitation (BP) and throughfall (TH).

Sample
BP
TH Bamboo
BP
TH Pine

Electrical
Conductivity
(µS cm-1)
12.4
188.2
18.5
39.9

DOC
(mg L-1)
2.0
8.7
2.5
5.9

TABLE 2 - Column calibration data of the column packed with
Sephadex G-25S. F1 to F19 corresponds to the void volume of elution (Vo = 95 mL) and F38 to the inclusion volume (Ve=190 mL).

Pre-concentration
via ice
(number of times)
3.4
3.4
3.0
3.0

BP= bulk precipitation; TH = throughfall; DOC = dissolved organic
carbon
Pre-concentration of throughfall samples

Before being separated by gel filtration, samples were
concentrated using an ice pre-concentration technique
based on Linnik and Nabivanets (1980) [19]. The sample
was transferred to a round bottom flask placed in an ice
bath and connected to a rotary evaporator. When 70% of
the sample water became frozen and adhered to the flask
wall, the remaining liquid water was removed and was
considered as an extract.
Gel Permeation Liquid Chromatography with Sephadex G-25S

A glass column (length = 66.5 cm, internal diameter =
2.0 cm) with a reservoir, an upper glass stopcock and a
restriction filled with glass beads in the lower tip was used
for this procedure. The dead volume was determined as a
porous volume of glass bed. The column was carefully
packed with a gel suspension (Sephadex G-25 superfine,
Loba Feinchemie, Austria) in a salt solution (NaCl 0.3%
w/v) up to 55.4 cm height. The column exit was connected
by silicone tubing (diameter = 4.0 mm) to a peristaltic pump
(Milan®) which maintained a constant eluent flow of 1.0 mL
min-1. The gel bed was conditioned by passing 200 mL of
the eluent through prior to analysis, at 1.5 mL min-1.
Column Calibration

After column conditioning the void volume (Vo) was
determined by elution through the 5.0 mL of Blue Dextran
2000 kDa, at 2.0 mg mL-1, supplied by Pharmacia (Sweden). The Blue Dextran elution was monitored by UV at
630 nm. Molecular size calibration was carried out with
polyethylene glycols, PEG (Loba Chemie Fischamend,
Austria) at a range of standard molecular masses (400,
1000, 1500 and 3000 Da) and glucose (180 Da). Standards
were eluted individually with Type I reagent-grade water
(18.3 MΩ-cm and TOC < 5 ppb, Barnstead EASYpure
RF system purification) and sample fractions of 5.0 mL
collected. Volume determination for ionic compounds was
carried out with NaCl. Elution volumes obtained for monitored molecular masses are presented in Table 2.

Fraction Number
(F)
1-19
20
21
24
33
36
38

V
(mL)
95
100
105
120
165
180
190

Determination of throughfall molecular sizes

5 mL of extracts obtained from pre-concentration of
throughfall samples were passed through the gel chromatography, according to section 2.4, using twice distilled water as eluent. Before the analysis of each sample, 270 mL of
sodium citrate (0.1 mol dm-3; 2.6 mS cm-1) was passed
through the column in order to remove any possible trace
metal adsorbed by the gel.
Determination of trace metals and dissolved organic
carbon (DOC) in the throughfall eluted fractions

The chemical elements Cu, Fe, Mn and Zn were analyzed with graphite furnace atomic absorption spectrometry (GFAAS) (GF3000, GBC 932), using NIST-SRM 1640
the water sample as certified standard. Before each metal
analysis, an analytical protocol (lamp current; wavelength;
slit width; atomatization temperature; working range; sensitivity; sample volume; furnace program) was optimized and
calibration curves determined according to standard recommendations [20, 21]. Detection limits were: 0.8 µg L-1
(Cu); 2.1µg L-1 (Fe); 1.6 µg L-1 (Mn) and 0.1µg L-1 (Zn).
All calibration curves were verified for linearity before any
samples were analyzed. Measurements were taken in triplicate and accepted only if RSD ≤ 5%. All solutions were prepared with high purity water (18.3 Ω-cm, Type I reagentgrade water in Barnstead Easy Pure System®) and acidified by 0.014 M HNO3.
DOC in each throughfall sample was measured by UVspectrometry (Spectrometer Micronal® B582) at 230 nm
using a quartz cell with 10 mm of optical path according to
Collins et al. (1997) [22].
Trace-metals clean procedures detailed in Mart (1982)
[23] were employed to minimize contamination risk. All
sampling containers and other fittings were polyethylene
or glass, and were acid-washed in concentrated HNO 3
(Merck Ultrapure), multiply rinsed in Milli-Q deionised
water.
RESULTS AND DISCUSSION
Results of molecular masse distribution and trace metals concentration in throughfall are presented in Figures 1
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and 2. Organic compounds in throughfall of both taxa appear in the mass spectrum, mainly in the molecular range
from 3000 Da to 230 Da. Organic compounds from bamboo throughfall were distributed in three well defined groups
corresponding to 1500, 850 and 270 Da, as can be observed
from the gel chromatographic column elution peaks. Organic compounds with molecular masses higher than
3000 Da were practically absent in the bamboo throughfall (Fig.1A), which presents less than 1% of DOC in this
fraction. On the other hand, the pine throughfall (Fig.1B)
had a fair amount of these compounds (≈ 5% of DOC).
Furthermore, the first two groups of organic compounds
of pine throughfall which were eluted from the column were
heavier (≈ 3000 Da and 1000 Da) than those from bamboo throughfall, given the next important peak for organic
compounds in bamboo throughfall was ~270 Da. Another
difference in bamboo throughfall when compared to pine
is that the latter presents a group of organic compounds in
the range 1000 Da to 360 Da (Fig.1B).

the throughfall of both plants. In spite of belonging to distant taxa, bamboo and pine, by photometric analysis, presented a very similar composition of organic matter in the
throughfall.
Analysed metals in gel chromatographic fractions
showed different behaviour between throughfall from bamboo and pine. Copper showed zones of bigger elution in
the interval of organic compounds presence in throughfall
for both plants. This can be attributed to the greater stability of copper in organic compounds in comparison with
other studied metals [24]. Nevertheless, there was a difference in copper complexation in the throughfalls. In the
pine throughfall (Fig.1B), the main peak for copper corresponded to the complexes with molecular masses near
1000 Da, whilst in the bamboo throughfall two main groups
of complexes were present: the first one near 1000 Da and
the second one well defined with molecules of 270 Da. Copper did not demonstrate the light complexes, or non complexed form in the throughfall of both studied plants.

Lightweight compounds like mono and bi-carbonic
acids (< 100 Da) did not appear in significant quantities in

FIGURE 1 - Molecular mass distribution and trace metals (Cu, Fe) concentration in throughfall: Bamboo (A) and Pine (B).

1600

© by PSP Volume 15 – No 12b. 2006

Fresenius Environmental Bulletin

FIGURE 2 - Molecular mass distribution and trace metals (Mn, Zn) concentration in throughfall: Bamboo(A) and Pine(B)

The throughfall of the studied plants was quite different
when zinc complexes (Fig.2) with organic matter were
considered. In pine throughfall, Zn occurred mainly in the
form of heavy complexes (>1500 Da) with a maximum at
3000 Da, while the bamboo throughfall had a higher Zn
content, since this metal was observed in all the analysed
fractions. The heaviest Zn complexes in the throughfall
were found within 1500 Da. However, it is worth noticing
that this element is mostly complexed with molecular
masses from 270 Da to 850 Da, with a maximum around
300 Da. Besides forming complexes with organic compounds, Zn present in the bamboo throughfall also occurred as light complexes and, quite probably, in ionic
form, since DOC was not found in these fractions (Fig. 2).
Iron was only found in complexes with organic compounds in the throughfall from both plants. In bamboo,
two groups of Fe complexes were found: a main heavy
group with a peak at 3000 Da and a second group with
low intensity with a mass around 300 Da (Figures 1A and
1B). In pine throughfall, Fe appeared only complexed with

heavy organic groups in the range from 1000 Da to 3000 Da,
being those of 3000 Da (Fig. 1B) predominant.
Manganese is known to participate of several enzymatic plant processes, acting also as a catalyst in photosynthesis [25], released by plants as resulting product of
this process [9]. Gel filtration allowed us to demonstrate
that Mn was liberated by the studied plants under different forms. In bamboo throughfall Mn appeared only complexed with organic compounds, with a distribution similar to that observed for Zn; in pine throughfall Mn appeared
as compounds with a mass considerably lower than 180 Da,
most probably in ionic form (Fig. 2A).
CONCLUSIONS
Gel filtration combined with atomic absorption spectroscopy (AAS) allows heavy metals distribution in the
organic compounds fraction to be evaluated. Composition
of organic matter in throughfall for both plants, which dif-
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fer from their taxonomic position, was similar, considering the molecular mass of organic compounds groups.
Heavy metals in the throughfall were mostly complexed
with organic matter with molecular mass of less than
3000 Da, except for Mn in bamboo which was found in
ionic form. Although there is a similarity in the composition of the organic compounds of throughfall from both
plants, the distribution of metal complexes with organic
matter had a different character for each plant (i.e., specific for each taxa).
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DEGRADATION OF ALKYLPHENOLIC
COMPOUNDS IN AQUEOUS MEDIA BY FENTON
AND ULTRAVIOLET INDUCED FENTON REACTION
Sibel Irmak, Oktay Erbatur and Erdal Kuşvuran
Chemistry Department, Arts and Sciences Faculty, Çukurova University, 01330 Balcalı, Adana, Turkey

SUMMARY
In this paper, we studied Fenton and photo-Fenton-advanced oxidation processes for degradation of alkylphenolic compounds under various experimental conditions.
Bis-phenol A (BPA) has been degraded more slowly than
3,5-dimethylphenol (3,5-DMP) and 2,5-dimethylphenol
(2,5-DMP), but faster than 2,4,6-trimethylphenol (2,4,6TMP) under the same experimental conditions (ratios of
Fe2+/Organic Substrate=2, H2O2/Organic Substrate=14).
Mineralization rate of BPA was increased by irradiation of
Fenton reagent with UV light (photo-Fenton, 40 W UV
lamp), and 89% of mineralization was achieved for 700
ml solutions, while only 63% mineralization was observed in absence of UV-light (Fenton) at 250 min reaction times. Considerable excess of H2O2 in reaction medium caused decreases in mineralization efficiency, due to
scavenging the hydroxyl radicals generated in Fenton and
photo-Fenton reactions. The efficiency of the degradation
was improved by loading H2O2 into reaction medium in
small amounts at various time intervals.

KEYWORDS:
Alkylphenols, bisphenol A, Fenton, photo-Fenton, mineralization.

INTRODUCTION
Phenols are toxic, nondegradable and bioaccumulative
compounds present in many industrial wastewaters [1,2].
Bisphenol A (BPA) is one of these compounds that is widely
used in the production of epoxy resins and polycarbonate
plastics. The chemical structure of bisphenol A (2,2-bis-(4hydroxyphenyl)propane) is given in Figure 1. BPA is wellknown as an endocrine disrupter chemical [3,4], or in other
terms endocrine modulator, which is defined as an exogeneous agent that interferes with the synthesis, secretion,
transport, binding, action, or elimination of natural body
hormones that are responsible for the maintenance of homeostasis, reproduction, development, and/or behavior [5].
Recent studies have shown that bisphenol A can leach out

of certain products, including the plastic lining of cans
used for food, polycarbonate babies’ bottles and tableware,
but also white dental fillings and sealants [6-8]. Bisphenol A
is also frequently encountered in wastewaters and surface
waters [9].

FIGURE 1 - Structural formula of Bisphenol A (BPA).

The use of conventional oxidative chemicals for destruction of organic pollutants may create additional pollution, due to the discharge of excess chemicals and/or their
toxic by-products. On the other hand, biological treatment
processes are not effectively enough for degradation of
toxic organic compounds. Advanced Oxidation Processes
(AOPs) are effective methods for the destruction of a wide
range of refractory organic pollutants. Among AOPs, Fenton and photo-Fenton processes are attractive methods because rapid degradation and higher mineralization rate can
be achieved by these methods [10-12].
Fenton reaction is expressed as follows [13]:
Fe2+ + H2O2 → Fe3+ + OH- + OH.

k= 76 M-1s-1

(1)
3+

In the photo-Fenton process, photolysis of Fe complexes enhances regeneration of Fe2+, and accelerates the
degradation [14]:
Fe(OH)2+

hν

Fe2+ + OH.

(2)
2+

Photochemical regeneration of Fe by the photoreduction of Fe3+ ions and π-activation of complexes renders the photoelectro-Fenton system more efficient [15,
16]. At acidic pH, acetic and oxalic acids which might be
formed during the degradation of organic compounds, be-
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have as photo-active complexes in the presence of ferric
ions, which undergo photo-decarboxylation, an important
mineralization reaction of organic compounds [17]:
Fe(III)(RCO2)2+ +hν → Fe2+ + CO2 + R.

(3)

In the photo-Fenton system, H2O2 can also be splitted
photolytically to generate hydroxyl radicals directly [12]:
hν

2OH. ( λ

V

H2O2

400 nm)

(4)

Fenton’s reagent can be employed to treat a variety of
industrial wastes containing a range of organic compounds,
such as phenols, pesticides, textile dyes, endocrine disruptors and plastic additives [18-21]. Although degradation
of bisphenol A by various advanced oxidation techniques
has been studied, literature on detailed comparison for mineralization of this compound is limited [22-24]. In this
study, degradation and mineralization rates of bisphenol A
towards Fenton and photo-Fenton processes were studied.
The mineralization has been investigated in various amounts
of H2O2 addition to Fenton systems, and compared with the
rate of total organic carbon (TOC) decay. In addition, the
effect of UV light intensity was compared using 6 W and
40 W 254-nm UV lamps.
Considering that wastewaters are not only polluted by
the same type of phenolic compounds, but also by differently substituted isomers of phenols, it is important to investigate the influence of various substituents and their positions on the phenolic ring during the degradation. Therefore, the efficiency of Fenton and photo-Fenton processes
was examined for degradation of various alkyl-substituted
phenolic compounds, so as to yield additional information
to the relevant literature regarding oxidative capability of
these systems in degradating refractory organics of different structures. Phenol, namely, 3,5-dimethylphenol (3,5DMP), 2,5-dimethylphenol (2,5-DMP) and 2,4,6-trimethylphenol (2,4,6-TMP), were studied as model pollutants.
Comparing degradation degree of these compounds with
bisphenol A, which has two phenolic rings bonded through
an alkyl bridge will give more information about degradation activity of different structures of alkylphenols through
Fenton reaction. The key features of the Fenton system are
based on its reagent conditions (Fe2+, Fe3+, H2O2, UV light
intensity), and the reaction characteristics (pH, temperature,
quantity of organic and inorganic compounds). Because
these parameters determine the overall reaction efficiency,
it is important to understand the mutual relationships between these parameters, in terms of hydroxyl radical production and consumption. Therefore, effects of H2O2 addition into Fenton system and UV light intensity are examined in detail.
MATERIAL AND METHODS
Chemicals

2,4,6-trimethylphenol (98%), 3,5-dimethylphenol (98%),
2,5-dimethylphenol (98%) and bisphenol A (99%) were pur-

chased from Aldrich, and used without further purification.
Phenol (99%), hydrogen peroxide (35%), Fe(NH4)2(SO4)2.
6H2O and the other chemicals were of analytical grade, and
purchased from Merck. The aqueous solutions of all phenolic compounds were prepared at 0.7 mM initial concentrations using distilled water. The initial pH of the solutions was adjusted to 3.00±0.05 by adding 0.05 M H2SO4
dropwise. All stock solutions were stored in light-resistant
Pyrex glass bottles, refrigerated at 4 ºC.
Fenton and photo-Fenton process

The reactor used in Fenton and photo-Fenton experiments was a 900-ml cylindirical glass reactor, filled with
700 ml of 0.7 mM acidic aqueous solution of the phenolic
compound. In the photo-Fenton experiments, the radiation
source was located in the center of the reactor. The light
sources used were 6 W G6T5 Germicidal and 40 W B149353 Pen Ray UV lamps, which emitted their maximum
radiation at 254 nm. The intensity of the incident light inside the photoreactor was measured by uranil actinometer
method to be 0.31 µ.photon.min-1 for 6 W UV lamp, and
0.50 µ.photon.min-1 for 40 W UV lamp [25]. The reaction
vessel was light-insulated with aluminium foil. Required
amounts of Fe2+ salt were added to the solution. Freshly
prepared H2O2 solution was added to the solution at a certain time for reaction. The reaction mixture was magnetically stirred during the runs. Sampling aliquots (4-ml) were
used at a certain interval, and experiments were carried out
in duplicate.
Analytical methods

Analyte concentrations in the samples were analyzed
by HPLC (Cecil 1100 Series, equipped with Zorbax ODS
4.6x25 cm column) at 280 nm (UV detector). The mobile
phase of 40% acetonitrile/60% water was used at a flowrate of 0.6 ml/min. Total organic carbon (TOC) analysis
of the samples was performed using a Tekmar-Dohrmann
Apollo 9000 TOC analyser. In this application, the samples were ignited at 700 °C on the platinum-based catalyst, and the carbon dioxide formed was swept by pure oxygen as carrier gas through a nondispersive infrared (NDIR)
detector. UV spectra of the samples were taken using a
Shimadzu UV-2101 PC Scanning spectrophotometer.
RESULTS AND DISCUSSION
Comparison of mineralization of
phenol, 3,5-DMP, 2,5-DMP and 2,4,6-TMP

Mineralization efficiency of phenolic compounds at
Fe2+/Organic Substrate=2 ratio was investigated, adding
0.69 mmol H2O2 in each time period to the reactor containing 0.49 mmol of phenolic substrate and 0.98 mmol
Fe2+ under UV irradiation (6 W UV lamp). Total H2O2 used
in the experiments was 6.9 mmol and it corresponded to 14
in H2O2/Organic Substrate ratio. Mineralization degree
was followed by measuring TOC contents of the samples
withdrawn from the reactor at certain oxidation times.
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Figure 2 represents the decreases of TOC percentage versus time in these samples.
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FIGURE 2 - Decreases of TOC contents of phenolic
compounds by photo-Fenton process (6 W UV lamp).

Mineralization efficiency of phenol was observed to
be highest in the overall reaction stages. In case of alkylphenols, no significant difference was observed in the
first 30 min of degradation. After this time, mineralization
of di-methylphenols was much more than that of 2,4,6TMP. Mineralization rates of the phenolic compounds at
the end of 70 min were found to be in the following order:
Phenol > 2,5-DMP > 3,5-DMP > 2,4,6-TMP. The attack of
the hy-droxyl radical on the aromatic ring normally prefers π-electron rich position. The hydroxyl groups bind to
ortho- and para-positions, with respect to methyl
groups and hydroxyl group already present. Because
phenol did not have an additional functional (-CH3)-group,
hydroxyl radicals have more positions to bind to the aromatic ring than methyl phenolic compounds. Since 2,4,6TMP has three blocked positions, hydroxyl radicals might
react with this compound by binding only to two positions.
Therefore, de-gradation of this compound was observed to
be less than the others. When comparison was done between 3,5-DMP and 2,5-DMP, the latter was observed to
be slightly more reactive on degradation. The position of
the methyl groups in 2,5-DMP activated the phenolic ring
slightly more than those in 3,5-DMP, and mineralization
efficiency was ob-served to be higher.
Comparison of mineralization of bisphenol A by Fenton and
photo-Fenton processes
Effect of UV light and UV light intensity under various
experimental conditions: Mineralization of BPA solutions

was studied by Fenton and photo-Fenton processes, using
two different UV lamps, but the same experimental conditions (H2O2/BPA=14 and Fe2+/BPA=2), as for the other
phenolic compounds, to examine degradation activity of a
different alkylphenol structure. Figure 3 summarizes the
percent relative decrease of TOC values versus reaction
time.
The degradation of BPA (46% TOC removal) was observed to be slower, when compared to phenol (61% TOC

removal), 2,5-dimethylphenol (54% TOC removal), and
3,5-dimethylphenol (51% TOC removal), but faster than
2,4,6-trimethylphenol (39% TOC removal). Mineralization
rate of BPA increased by irradiation of Fenton reagent
with UV light (photo-Fenton process), and 75% of mineralization was observed in photo-Fenton (6 W UV lamp) at
the end of 250 min reaction time, whereas 63% of mineralization was found in Fenton process at the same reaction
conditions. The most effective mineralization was obtained
in photo-Fenton with 40 W UV lamp. A higher intensity of
UV light accelerates the degradation rate significantly, and
89% of mineralization was achieved at the end of 250 min
photo-Fenton (40 W UV) treatment. UV light leads not only
to the formation of additional hydroxyl radicals, but also to
recycling of ferrous catalyst by reduction of Fe2+. In this
way, the concentration of Fe2+ increases and the overall
reaction is accelerated [26]. H2O2 might also be splitted
photolytically to produce hydroxyl radicals directly according to equation (4), since UV lamps used in this study
have their maxima at 254 nm (hydrogen peroxide can absorb UV radiation with ε254= 19.6 M-1cm-1 absorption coefficient). In addition, photoactivation of BPA and its byproducts towards the attack of the hydroxyl radicals led to
fast degradation.
100
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Photo-Fenton, 6 W UV Lamp
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FIGURE 3 - Decreases of TOC contents of
bisphenol A by Fenton and photo-Fenton process
(6 W and 40 W UV lamps) with H2O2/BPA=14 ratio

When H2O2 concentration was increased to H2O2/
BPA=25 ratio, and 1.22 mmol of H2O2 was added for each
time period to the reactor containing 0.49 mmol alkylphenolic substrate and 0.98 mmol Fe2+, the mineralization
rate was found to be higher than that of H2O2/ BPA=14
ratio, at the end of 250 min reaction time in both Fenton
and photo-Fenton processes (Figure 4). However, although
H2O2 concentration was increased 1.79 times, the degradation percentage did not exceed more than 70% in Fenton
and 82% in photo-Fenton with 6W UV lamp. Increase in
H2O2 concentration influenced the generation of hydroxyl
radicals. Hydroxyl radicals might be consumed by excess
H2O2, as in the following reaction [13]:
OH. + H2O2 → H2O + HO2.
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reactivity when compared to OH. radicals [27]. HO2. radicals can also scavenge hydroxyl radicals generated according to the reaction below [13]:

100
Fenton
Photo-Fenton, 6 W UV Lamp

TOC %

80

OH. + HO2. → O2 + H2O

60

(6)

Thus, the concentration of hydrogen peroxide decreases
in the reaction medium.
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k=3.7x1010 M-1s-1
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FIGURE 4 - Decreases of TOC contents of the bisphenol A by photo-Fenton process (6 W UV lamp) with H2O2/BPA=25 ratio

Considerable excess of H2O2 or Fe2+ might be detrimental, since these species can react with some of the intermediates, even OH. radicals responsible for the oxidation of organic compounds. To examine the reactivity difference of BPA in presence of UV light in early stages of
oxidation reactions, a series of experiments was carried out
at H2O2/BPA=1 and Fe2+/BPA=1 ratios. In these systems,
Fe2+and H2O2 were kept minor to prevent side reactions.
Figure 6 illustrates these results based on the decreases
in BPA concentration instead of total organic carbon content, since decreases were in TOC less than 10%. There
was a significant difference between Fenton and photo-Fenton applications. Only a 11% decrease in BPA concentration was observed in Fenton system, while it was 27% in
photo-Fenton/6 W UV and 38% in photo-Fenton/40 W UV
sytems.

F
D
C

Degradation of BPA in these samples was also followed by taking UV spectra of the samples in the 190400 nm range. As seen in the spectra in Figs. 5 a and b,
the characteristic absorption of BPA disappeared with increasing degradation time. Fig. 5b shows the disappearance of BPA using UV light with Fenton system. The remarkable improvement in the decomposition levels of BPA
reached in this system was due to the reasons discussed
earlier. Rapid hydroxylation and destruction caused decrease in aromaticity and, therefore, disappearance of BPA
in UV spectra in Fig. 5b.
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FIGURE 6 - Decreases of BPA concentration by Fenton
and photo-Fenton processes (H2O2/BPA=1 and Fe2+/BPA =1)

(b)
FIGURE 5 - UV spectrum profiles during
decomposition of BPA, (a) Fenton, (b) Photo-Fenton,
A: 0 min, B: 10 min, C: 20 min, D: 30 min, E: 60 min, F: 130 min.

Generally, HO2-radicals do not play an important role
in the overall degradation process, since they have a low

Effect of hydrogen peroxide application: In this section,
decomposition of BPA at two different applications of
H2O2 to the reactor was studied by photo-Fenton (6 W UV
lamp). In the first application; 2.45 mmol H2O2 was added
into the reactor containing 0.98 mmol Fe2+ and 0.49 mmol
BPA (H2O2/BPA=5; Fe2+/BPA=2) at the beginning of the
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experiments, and 4-ml aliquots were withdrawn from the
system at certain time intervals. In the second application;
the same amount of H2O2 (2.45 mmol) was added to the
reactor in five steps by adding 0.49 mmol of H2O2 at each
time interval. After each portion of H2O2 addition, 4 ml of
samples were taken from the reactor at time intervals (3,
6, 9, 12 and 15 min) for analysis. The results of these experiments are presented in Fig. 7. Adding all H2O2 to the
reactor resulted in a rapid and efficient production of hydroxyl radicals during the first min. However, due to consumption of hydroxyl radicals through competitive reactions, degradation rate rapidly decreased. Loading H2O2 to
the reactor in five portions, is slightly more effective than
applying all of the H2O2 in one step. Adding H2O2 into the
system by small portions enhanced the degradation by 5%.
This slight difference could be more significant at higher
H2O2/BPA ratios (see H2O2/BPA=25 in the section “Effect of UV light and UV light intensity under various
experimental conditions”), since excess H2O2 might scavenge the hydroxyl radicals [13].

Concentration (mM)

0.7

H2O2-added in one step
H2O2-added in five steps
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SUMMARY
Samandağ Beach is one of the most important nesting
habitats of Chelonia mydas (L., 1758), one of the endangered species in the globe. In this study, calcium (Ca), magnesium (Mg) and chromium (Cr) in 135 sand samples collected from the nesting habitat (Samandağ) of C. mydas
species are examined. Sampling was carried out from three
types of sites: (1) adjacent to nest chambers, (2) the adults’
tracks, and (3) non-track (one random point from every
2 km) locations. The samples were obtained from three
levels at each sampling point; surface (upper layer), medium (30 cm deep) and deep (80 cm) vertically. Some biological data about nesting activity, such as nest density and
nesting success, were also monitored in 2003 nesting
season. The mean concentrations of Ca, Mg and Cr in sand
are 278 ppm (mg kg-1) (± 121.97), 317 ppm (± 9.92), and
5.40 ppm (± 1.38), respectively. Ca and Mg in sand have
a significantly positive correlation with nesting success (r
= 0.717 for Ca; r = 0.672 for Mg; both p<0.001). Moreover, Cr has a positive correlation (r = 0.760; p<0.001) with
nest density. The results indicate that both Ca and Cr concentrations on sand beaches used by green turtles to nest
play important roles in their nesting success.

KEYWORDS: Green turtles, nesting habitat, nesting success,
calcium, chromium, magnesium.

INTRODUCTION
Chelonia mydas is one of the endangered sea turtle
species nesting on Samandağ Beach. It is known that they
prefer certain locations for nesting activity, specifically
near the river-mouth in Samandağ Beach [1-5]. Globally,

sea turtles prefer a limited number of certain beaches for
their nesting activity, since other sand beaches might not
be convenient for them, on every occasion. Additionally, a
few hypotheses describe the basic factors influencing sea
turtles` preferences in terms of nesting activity. Some of
these assumptions were mainly focused on physical factors, such as beach sand grain size, sand temperature, humidity, inclination, human impacts, and, in addition, feeding ability based on rich and dense suspended particulate
matters at the river mouths [6, 7]. The selection criteria of
sea turtle nesting are noted to be sand properties, such as
type and compactness [8, 9], vegetation on sand dunes [10],
beach’s perpendicular distance to the sea and beach slope
[11, 12], artificial lights [13, 14], predation [15], interspecies
competition [9], and positive nutrient input from both humans [16] or sea turtle eggs [17], e.g. elements introduced to
the beach or impacts by human activities (fishing from
shores, sea-side developments, buildings, etc.) [18, 19], together with some sea-dependent criteria [9, 20-26]. It was
noted that river deltas might play important roles in sea
turtle nesting areas because they are rich in terms of nutrients and elements transported via stream flow [27]. Mortimer [28], Huerto [29], and Türkozan et al. [30] examined
some physical properties of sand beaches used by nesting
sea turtles. However, studies tailored to search for important chemical elements on sand beaches, which are
also found in egg shells of the sea turtles, have not carried
out until now. It might be hypothesized that Ca and Mg
are the most important substances found in sand, and play
an important role in supporting egg shell structure during
in-cubation of sea turtle eggs.
The question whether any relations exist between
nesting success and chemical characteristics of beach
sand guided to this study. Revealing the effects of some
chemicals, particularly Ca, Mg and Cr, and their concentrations on the nesting activity, but also on the hatchling
success, are the main purposes of this study.

1610

© by PSP Volume 15 – No 12b. 2006

Fresenius Environmental Bulletin

MATERIALS AND METHODS
Study Area

The study area, which is situated on the northeastern
corner of the Mediterranean Sea, is about 14 km in length,
and surrounded by Çevlik harbor at the north and Sabca
Cape at the south. This beach can be subdivided into three
sections: (1) Çevlik Beach, which is about 5.5 km in length,
and mainly the parts of the first and last 2 km are used for
recreation. Besides being open to flood at stormy days during nesting season, Çevlik Beach has little turtle nesting
activity. (2) Şeyhhızır Beach, 4 km in length, between
Şeyhhızır Tomb and Asi River, and (3) Meydan Beach,
southern section of the river, 4.5 km in length [3-5, 31].
There is no inhabitation at the back of Şeyhhızır Beach,
except on the first 2 km (referenced as northern side). Artificial sand hills were piled for protecting the fields at the
back of this beach to be flooded. This part of the beach is
the most important coast of Samandağ. However, minor
human impacts occur directly, sometimes urban
wastewaters are spilled into this area. There is a holiday
village at the south, back on the third beach, and agrarian
fields near the river mouth. Particularly the segment near
the river mouth is important for nesting activity at Meydan Beach.
The Çevlik port at the north was assumed to be the
starting point, from where the whole beach was signed as
250-m segments. The study area is shown in Figure 1.

Şeyhhızır beaches, monitored the Samandağ Beach daily
between June 8th and September 30th (115 days). Tracks
without successful nesting, successfully built nests and
emerged hatchlings were recorded carefully [32]. Nest density and nesting success of the overall study area and of the
individual beaches were computed. Nest success was computed by the following equation:
Percent nest success = 100 × [(N) / (N + T)]
where, N is number of nests, and T that of tracks without successful nesting.
Hatching success is the proportion of eggs that produced hatchlings and are alive out of total eggs`number.
Sample Collection

A total of 135 samples, 18 from nests (N), 8 from tracks
(T), and 19 randomly sand samples, were taken on surface
(0-20 cm), moderately deep (30-40 cm) and deep (6080 cm) vertically on each sampling site (45 sites), and their
coordinates were determined by Magellan® 315 type global
positioning system (GPS). The distances between sampling sites and sea, and vegetation, sand dunes, roads and
buildings, if existing, were measured. The distances
between sampling sites and sea are composed of three
components: (1) always wet distance, (2) temporary or
half-wet area (under effect of waves), and (3) always dry
distance. The deep samples were taken vertically by a sampling auger as 800-1000 gram samples. Then they were
put into clean plastic containers used for the first time, and
the cups were placed into sterile nylon bags, before tightly
sealing their openings. The sand samples from nests were
not directly taken from the nest chambers, but 20-30 cm
back of their centers, in terms of distance from the sea.
The track sand samples were taken at the most distant place
from sea. All the samples were transferred into the laboratory to make them ready for analyses.
In addition, 91 pre-selected hatched nests were excavated to have sand samples from nest chambers. These
nests were dug, which is named as control digging, following to a week after incubation period.
Elemental analyses

FIGURE 1 - The map of study area.
Biological Data

In order to obtain biological data in 2003, a team of
eight, two situated on Meydan and six on Çevlik and

Total calcium, chromium and magnesium concentrations in sand samples were determined using a Varian®
Liberty-Series II Inductively Coupled Plasma Atomic Emission Spectrophotometer (ICP-AES). The preparation of
samples for elemental determination is explained below
[33]. Analytical-grade 3 mL HCl (37%) and 1 mL HNO3
(70%) portions were mixed before being poured into the
weighed sand samples. Then, 180-mL polypropylene cups
were weighed using Scaltec SBA (31±0.0001 g), and 0.10.5 g of sand samples were put into these vessels. Aqua
regia (1 mL) was added, and then 10 mL HF was put on
each cup, and immediately the cup lids were tightened with
Teflon bands. Then, the cups were shaken on a Gerhardt®
Thermoshake for 2 hours at 120 rpm. Since there was no
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color difference between the initial and final phases after
shaking, the Teflon bands were removed from the cups.
100 mL boric acid solution was added to each cup (solution prepared by 1 L distilled and deionized water, and 70 g
H3BO3). Finally, 40 mL deionized water was poured into
each cup to make the samples ready for ICP-AES analysis.

[34, 35] on MS Excel® 7.0 and SPSS® package programs
(95% confidence intervals were accepted).
RESULTS AND DISCUSSION
Calcium (Ca)

Statistical procedure

The significance of differences among element concentrations in different depths was tested by using twoway ANOVA test. The element concentrations in nests,
tracks and random samples at each level of depth were
compared, and the differences were tested by using oneway ANOVA after applying the Levene statistics, in order
to test the homogeneity of variances. The element concentrations measured in nest chamber after control digging
were also compared with that from deep sand samples, differences between them statistically testing by using F-test

The mean Ca level with confidence limit is 261.88 ppm
(± 25.45) in all sand samples analyzed, and there is no difference in concentrations with regard to sampling site vertical levels (p>0.05). However, Ca concentrations measured
in sand samples from nesting places (N) are higher than
that in sand samples from NT and T sites (Figure 2; Table 1).
The mean Ca concentration measured in sand samples
collected from nest chambers after digging the nests is
285.10 ppm (± 105.62). This value is also less than those
measured in NTD and TD samples.
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FIGURE 2 - The mean concentrations of Ca, Mg and Cr elements in different sampling sites and levels.

TABLE 1 - Mean calcium concentrations (ppm) and significance level of difference
among means of Nest (N), track (T) and randomly collected (NT) sand samples.
Analysis of variance (one-way ANOVA)
Groups
Number of samples
NTS
19
NS
18
TS
8
NTM
19
NM
18
TM
8
NTD
19
ND
18
TD
8

Mean total Ca
221.70
299.97
265.87
243.60
273.12
214.79
231.89
334.26
241.16
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df
2

F
4.786

P-value
0.013

2

0.890

0.418

2

4.053

0.024
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Along with the horizontal distance, the nests are concentrated, particularly between 7,000 and 11,000 m, at
both sides of the River Asi delta. These areas are parts of
Şeyhhızır and Meydan beaches. Three parts of these beaches
were compared, but Ca concentration in Çevlik beach region was found to be statistically higher than the others (p<
0.05) (Figure 2).

17-41% decrease in egg shell-Ca of Eumeces fasciatus and
Opheodrys vernalis eggs during incubation. Eeva et al. [38]
reported that anthropogenically caused Ca deficiency and
heavy metal exposure may trigger the inability of Parus
major females to lay their eggs. Bilinski et al. [39] stated
that Ca content in egg shell of leatherback turtle decreased
by 42.9% during 60-days of incubation

Compared to the other beaches, the mean Ca level on
Çevlik Beach is statistically elevated (p<0.001), as shown
in Figure 5. Most C. caretta turtles build their nests on the
Çevlik. There was an insufficient number of C. mydas nests
on this beach. Whether C. caretta species especially prefer
this beach to nest, or physical beach specifications contribute to the elevated total calcium concentrations in the sand
are unknown factors. Therefore, the nesting activity of both
sea turtle species have to be scientifically determined.

The spatial distribution of nests in relation to their distance from sea indicated that they were accumulated, especially in the gap of 20-40 m. The Ca concentration shows
negative correlation with the nesting success, and also the
vertical distance from sea (Fig. 3).

While 54 sand samples taken from the nested sites
have 302.45 ppm mean Ca concentration, 24 from turtle
tracks have 240.61 ppm mean Ca level. It should be emphasized that these two values are statistically different
based on one-way ANOVA (p<0.05). This indicates that
sand Ca is probably a determining factor for nesting activity. Furthermore, randomly taken samples (no-track and nonest locations) have 232.4 ppm average Ca concentration.
Sahoo et al. [36] reported that Ca is major element
for embryonic development of Ridley sea turtle, and embryo absorbs 60% of Ca requirements from egg shell. From
this point of view, Ca should be expounded to be the most
necessary chemical element that must be on the sands, in
order for C. mydas sea turtles to construct their nest chambers and lay their eggs into them. Cox et al. [37] determined

With respect to horizontal distance, the nesting success is positively correlated with sand Ca concentrations.
However, there is no statistical correlation between nest
density and sand Ca concentrations (p>0.05) (Table 4). No
significant statistical correlations exist between Ca levels in
deep-located nest samples and hatchling success. In addition, no correlations were found between Ca amounts of
nest chambers, while digging the nests, and hatchling
success.
Magnesium (Mg)

The mean Mg concentration on the whole beach area
is 317.0 ppm (± 9.92), and that in the sand samples taken
directly from nest chambers after observation of successful hatchlings is 308.0 ppm (± 76.95).
With respect to vertical depth, no statistical difference
exists with Mg concentration (two-way ANOVA, p> 0.05).
Moreover, no statistical difference between nested locations and randomly taken samples on the beach exists.
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FIGURE 3 - The relationship between Ca concentrations and nesting success with vertical distance from sea
(The empty circles show Ca concentrations and the straight line shows total Ca concentration with respect to distance to sea).
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TABLE 2 - The numbers, mean total magnesium values and statistical one-way ANOVA test comparisons of
nested (N), track (T) and random (NT) localities that are grouped as surface (S), medium (M) and deep (D) vertical distances.
Number of samples
19
18
8
19
18
8
19
18
8

Mean total Mg
282.96
320.98
337.48
291.36
296.05
297.26
288.92
343.92
326.91

Mg 	
  c onc entrations ,	
  p pm

400

df
2

F
2.604

P-value
0.085

2

0.023

0.977

2

1.986

0.149

50

R 2 	
  = 	
  0.840

45
40

300

35
30
2

R 	
  = 	
  0.920

200

25
20
15

100

10

nes ting 	
  s uc c es s ,	
  %

ANOVA (one-way)
Sampling site
NTS
NS
TS
NTM
NM
TM
NTD
ND
TD

5
0

0
0

20

40

60

80

100

P erpendic ular	
  d is tanc e	
  to	
  s ea,	
  m

FIGURE 4 - The relationship between magnesium concentration and nesting success with respect to
perpendicular distance from sea (The full circles and strain line represent percentage of nesting success).
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FIGURE 5 - Mean Ca, Mg and Cr concentrations of sand samples collected from three parts of the beach.
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When comparing the three parts of the beach, Mg concentration was found to be highest at Çevlik beach (Fig. 5),
similar to Ca. However, in vertical distance, Mg levels decreased and, at the same time, nesting success increased
with distance from sea (Fig. 4).
On one hand, the average Mg concentration on nested
and track sites is 320.5 ppm, on the other hand, mean Mg
level in randomly taken sand samples is 267.8 ppm. In other
words, non-nested sites have almost 20% less Mg in the
sand, compared to nested and track sites of the study area.
Total Mg concentration of the beach is dissimilar to
Ca, since mean Mg concentration of the nested sites (N) is
320.31 ppm (± 31.96) and that of the track sites (T) is
320.55 ppm (± 35.07), showing no statistical difference
according to one-way ANOVA (p>0.05). Sahoo et al. [36]
do not confirm that Mg is essential in egg-shells supporting embryonic development for olive ridley turtles.
In horizontal distance, Mg concentration was found to
be at the highest level in Çevlik Beach, similar to Ca (Fig. 5).
Chromium (Cr)

The average Cr concentration is 5.39 ppm (± 1.38) on
the whole study area. The mean Cr level of sand collected
from nest chambers with successful hatchling was computed to be 5.40 ppm (± 0.79), and is not statistically different from the mean total Cr concentration on the whole
beach (p>0.05). Furthermore, with respect to vertical sampling locations, statistically insignificant differences have

been found, based on two-way ANOVA (p>0.05). On the
other hand, the Cr concentration on nested locations (N)
was calculated to be higher than that of randomly taken
samples (NT), as summarized in Table 3.
The Cr concentrations in three parts of the beach were
compared, and the mean Cr concentration was found to be
highest on Şeyhhızır Beach, which is also the most important nesting beach in Samandağ (Fig. 5). This difference
is statistically significant (one-way ANOVA p< 0.001).
In perpendicular distance to sea, there is no significant correlation between percentage of nesting success and
mean Cr concentrations (p>0.05). In horizontal distance,
the mean Cr concentration is positively correlated with nest
density (Fig. 6, Table 4).
The mean Cr concentrations in sand samples obtained
from nest chambers that were excavated after hatchlings
are correlated with hatchling success (r = 0.257, p = 0.022).
Sand Cr concentrations of nest chamber sand samples
belonging to Meydan Beach are remarkably correlated with
the hatchling success (on Meydan Beach r = 0.783, p<
0.001).
Sand is thought to be an unimportant factor in nesting
activity since the average total chromium concentration
of nested sites (5.66 ppm ± 4.32) is less than that of
track sites (6.09 ppm ± 6.01), evidencing that no statistical
difference between the two types of sampling sites exists,
based on one-way ANOVA; p>0.05.
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FIGURE 6 - The relationship between sand chromium concentration and nest density
with respect to horizontal distance on the Samandağ Beach (full circles represent nest density).
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TABLE 3 - The numbers, mean total chromium values (ppm) and statistical one-way ANOVA test comparisons of
nested (N), track (T) and random (NT) localities that are grouped as surface (S), medium (M) and deep (D) vertical distances.
Analysis of variance (one-way ANOVA)
Groups
Number of samples
NTS
19
NS
18
TS
8
NTM
19
NM
18
TM
8
NTD
19
ND
18
TD
8

Mean total Cr
4.952
6.087
6.594
4.476
5.377
6.126
4.693
5.503
5.539

df
2

F
4.651

P-value
0.015

2

6.698

0.003

2

3.441

0.041

TABLE 4 - Correlation table of nesting success, nest density, total calcium, total chromium and total magnesium concentrations.
Parameter
Nesting success
Nest density
Σ Ca
Σ Cr
Σ Mg

Nesting success
1
-0.100 (p>0.05)
0.717 (p<0.001)
-0.063 (p>0.05)
0.672 (p<0.001)

Nest density

Total calcium

Total chromium

1
0.265 (p>0.05)
0.760 (p<0.001)
0.274 (p>0.05)

1
0.383 (p>0.05)
0.97 (p<0.001)

1
0.437 (p>0.05)

CONCLUSION
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ATMOSPHERE AND THEIR INFLUENCE ON OZONE FORMATION
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SUMMARY
The elevated levels of various atmospheric pollutants
as a result of anthropogenic processes, their transformations, impacts on human population, landscape receptors as well as the simulation of their transport in the
atmosphere were addressed in the project in frames of
which three complex sampling campaigns (2001-2003)
were per-formed at three sites of the Czech Republic
with various levels of contamination. Air and aerosol
samples for subsequent chemical analysis were collected at
three sites dur-ing 5 - 10 summer days each year. A scale
of organic pol-lutants - carbonyls, semi-volatile organic
compounds (in separate fractions - acidic, basic and neutral) and volatile organic compounds (VOC) - was analyzed besides inorganic pollutants and ozone concentration. Results of VOC measurements from 2003 campaign
are presented here. A preliminary study was performed at
all sites focused on the determination of biogenic emission sources and their contribution to local tropospheric
ozone production. The Incremental Reactivity method
was used for calculations. The total VOC contribution to
local ozone production varied between 4.7 and 8.6 µg m-3,
the fractions of biogenic hydrocarbons, anthropogenic
hydrocarbons and carbonyl compounds varied from 29 to
44%, from 23 to 55%, and from 16 to 34%, respectively.

KEYWORDS: VOCs (volatile organic compounds), biogenic
hydrocarbons, tropospheric ozone, incremental reactivity.

ical smog when UV irradiated. Experts' attention is getting
increasingly focused on the tropospheric ozone as a gas
with the negative impact on all types of receptors. The
ozone concentration limit was exceeded on 94% of the
Czech Republic area (64% of population live there), and a
critical level of accumulated exposure over a treshold of
40 ppb (AOT40) was exceeded on 58% of country's area
in the following year 2003 [1].
Organic compounds in the atmosphere have anthropogenic and biogenic sources. Natural sources are the most
important contributors of organics in the atmosphere, and
hydrocarbons generated and released by human activities
constitute only about 1/7 of the total hydrocarbons in the
atmosphere [2]. Most of the hydrocarbons emitted by plants
are terpenes, which constitute a large class of organic compounds found in essential oils. The most common terpenes
are isoprene, α- pinene, β-pinene, Δ3-carene, and limonene. Because of the presence of C=C double bonds these
molecules are among the most reactive compounds in the
atmosphere. Current estimates of the total global annual
emission rate of biogenic hydrocarbons are about 1150 Tg
yr-1. Isoprene alone is estimated to be emitted at a rate of
about 500 Tg yr-1 [3].
The determination of VOC concentrations and their
behaviour in the atmosphere of three different environments (mountain, urban, and rural) as well as an estimation of their role in the tropospheric ozone production were
the aims of this study.
MATERIALS AND METHODS

INTRODUCTION
Organic pollutants have a strong effect on the quality
of atmosphere These effects can be divided into two major categories: direct effects of primary pollutants, and the
formation of secondary pollutants, especially ozone which
in the presence of nitrogen oxides produces the photochem-

Site Description

Three complex sampling campaigns (summers 20012003) were provided at the following localities:
Cervenorske Sedlo - is a remote mountain locality
(1013 m above sea level) with spruce forest within 200 me-
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ters distance from a sampling site (50o07' of northern latitude and 17o09' of eastern longitude).
Kosetice - is a remote rural locality (534 m above sea
level) in open landscape, and an agricultural area. The
sampling site was in the area of the Meteorological Station EMEP of Czech Hydrometerological Institute (49o34'
of northern latitude and 15o04' of eastern longitude).
Usti nad Labem - represents an urban locality (172 meters above sea level) with heavy traffic and emissions from
industrial sources - the chemical factory Spolchemie (50o39'
of northern latitude and 14o01' of eastern longitude).
Automatic analyzators continuously measured mixing
ratios of ozone (ultraviolet absorption photometry) and
nitrogen oxides (chemilumeniscence) and meteorological
parameters - temperature, wind direction and velocity, and
radiation at all the sites during the sampling campaigns.
Groups of monitored VOCs, Calibration Standards

Toxic organics: halogenated and aromatic hydrocarbons, Air Toxic Organic Calibration Standard TO-14, 100
ppb (Scott Specialty Gases, USA), (dichlorodifluoromethane, methylchloride, 1,2-dichloro-1,1,2,2-tetrafluorethane,
vinylchloride, methylbromide, ethylchloride, trichlorofluoromethane, 1,1-dichloroethene, dichloromethane, 3-chloropropene, 1,1,2-trichloro-1,2,2-tri-fluoroethane, dichloroethane, cis-1,2-dichloroethene, trichloromethane, benzene, 1,2dichloroethane, 1,1,1-trichloroethane, carbontetrachloride,
1,2-dichloropropane, trichloroethene, cis-1,3-dichloropropene, trans-1,3-dichloropropene, 1,1,2-trichloroethane, toluene, 1,2-dibromoethane, tetrachloroethene, chlorobenzene, ethylbenzene, m-, p-xylene, styrene, oxylene, 1,1,2,2tetrachloroethane, 4-ethyltoluene, 1,3,5-trimethylbenzene,
1,2,4-trimethylbenzene, benzylchloride, m-dichlorobenzene, p-dichlorobenzene, o-dichlorobenzene, 1,2,4-trichlorobenzene, hexachlorobutadiene).
Ozone precursors (Spectra Gases), (ethylene, ethane,
acetylene, propene, propane, isobutane, 1-butene, n-butane, trans-2-butene, cis-2-butene, 3-methyl-1-butene, 2methylbutane, 1-pentene, n-pentane, isoprene, trans-2-pentene, cis-2-pentene, 2-methyl-2-butene, 2,2-dimethylbutane, cyclopentene, 4-methyl-1-pentene, 2,3-dimethylbutane, cyclopentane, methylpentane, 3-methylpentane, 2methyl-1-pentene, hexane, trans-2-hexene, cis-2-hexene,
2,4-dimethylpentane, methylcyclopentane, benzene, cyclohexane, 2-methylhexane, 2,3-dimethylpentane, 3-methylhexane, 2,2,4-trimethylpentane, heptane, methylcyclohexane, 2,3,4-trimethylpentane, toluene, 2-methylheptane, 3methylheptane, octane, ethylbenzene, m-xylene, p-xylene,
styrene, o-xylene, nonane, isopropylbenzene, propylbenzene, 1,3,5-trimethylbenzene, n-decane, 1,2,4-trimethylbenzene, a-pinene, b-pinene, n-undecane)
TO-14 Internal Standard - Bromochlormethane, 1,4Diflurobenzene, Chlorobenzene-d5, 1-Bromo-4-Flurobenzene, 1mg.m-3 (SIAD, Bergamo, Italy).

Carbonyls (dinitrophenylhydrazones - formaldehyde,
acetaldehyde, acetone, acrolein, propionaldehyde, crotonaldehyde, methacrolein, 2-butanone, butyraldehyde,
benzaldehyde, valeraldehyde, m-toluylaldehyde, hexaldehyde), 1004 DNPH mix 2 in ACN (Supelco).
Terpenes WRK-105-Terpenes (ULTRA Scientific, Inc),
kit of 19 individual compounds in 2 w/v solutions, purity
of neat compounds: > 98% (a-pinene- 2% w/v in Ethanol,
b-pinene - 2% w/v in Ethanol, camphene - 2% w/v in Ethanol, d-limonene - 2% w/v in Ethanol, myrcene - 2% w/v
in Chloroform were used), 3-carene (Aldrich >98,5% ).
Primary stock mixture of terpenes was prepared by
injection of calculated amount of neat liquids into the static
dilution bottle (Compendium of Methods for determination of Toxic Organic Compounds in Ambient Air, Metod
TO-15, Second Edition (EPA/625/R-96/010b)). Working
standard was prepared by accuratelly tranferring of gas
from the static dilution bottle (gas tight syringe) into the
humidified canister which was then pressurized to the
final dilution volume. Amount of water injected to the canister was calculated to provide 50-55% relative humidity
in the final canister volume.
Sample collection of VOCs

The VOC samples were collected in 6-L stainless
steel canisters by pressurized sampling with an Automated Volatile Organic Compounds Sampler (AVOCS;
product of Graseby-Andersen, USA), equipped with an
ozone scrubber (copper-tube with KJ). The sampling was
provided according to the method US EPA TO-14.
Then a canister with the collected sample was connected to the AEROCan sampler equipped with a mass
flow controller (Tekmar 6000 Desorber). A known amount
of sample (500 ml) together with an internal standard was
transferred to the thermal desorber and concentrated on
the cooled (-165 °C) glass bead packed trap. A thermal desorber with the moisture control system enabled sufficient
water removal with no impact on other polar compounds.
After the sample collection the trap was thermally desorbed
(195 °C) and backflushed to transfer the sample to the chromatographic system for separation. Two analytical runs
were necessary to determine all desired compounds since
the separation of C2 gases on GC required the special conditions (sub-ambient temperature).
Sample analysis of VOCs

Gas chromatography: HP 5890 with two detectors
was used, MSD HP 5972 and FID; Column: DB1 (60 m x
0.32 mm x 3 µm); Carrier gas: helium, constant pressure
mode 70kPa (1,2 ml/min); Temperature program: 35 oC
for 5 min, 8 oC/min to 200 oC, finally held for 7 min. MS
Detector: 280 oC, electron ionization (70 eV) SIM, (at
least 2 ions per compound identification).
Sample collection of carbonyls

Ambient air was drawn through chromatographicgrade Sep-Pak silica cartridges coated with acidified 2,4-
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dinitrophenylhydrazine (LpDNPH S10; Supelco, USA).
Ozone scrubbers (LpDNPH Ozone Scrubber, Supelco,
USA) were installed upstream from the sampling cartridges,
and sampling rate was 0.7 L per min. Carbonyls reacted
with the DNPH to form hydrazones.
Sample analysis of carbonyls

The DNPH derivates were eluted from the sampling
cartridges using acetone-free acetonitrile (ACN), and quantified using reversed phase HPLC with ultraviolet absorption detection at 365 nm.
External calibration with 1004 DNPH mix 2 (see Calibration Standards) was used for quantitative HPLC analysis of carbonyls.
Column: 5 µm Symmetry ShieldTM RP8 3.9 x 150 mm
(Waters),
Precolumn: 5 µm Symmetry ShieldTM RP8 3.9 x 20 mm

Sampling periods

2001. The average 24-hour samples were taken in the
period 17.9.-24.9. 2001, at all the localities.
2002. The average 24-hour samples were taken in the
periods 12.7.-16.7. 2002 and 26.-30.7.2002, at all the localities.
2003. The sampling campaign was focused on monitoring diurnal dynamics of organic compounds. VOCs
were monitored in 4-hour intervals for 5 days at three localities during hot and sunny weather. The average 4-hour
samples were taken at Cervenohorske Sedlo from 3.6.2003
to 8.6.2003, and in Usti nad Labem from 15.7.2003 to
21.7.2003. At the Kosetice locality, the sampling campaign (starting on 1.7.2003) was interrupted on 4.7.2003,
because of cold weather. The second part of the campaign was provided in the term 12.-15.8.2003. Table 1
shows the meteorological conditions during the sampling
campaigns.

Flow rates: 0.8ml/min; Gradient program: 0–10 min,
65% methanol in water; 10–18 min, gradient from 65%
methanol to 100% methanol; 18–20 min, 100% methanol.

TABLE 1 - Meteorological conditions during sampling campaigns.
Locality
Year
Global radiation
(W m-2)
Temperature
(oC)
Ozone
(µg m-3)

Cervenohorske Sedlo

Kosetice
2003
2002
July

Usti nad Labem
2003
August

2001

2002

2003

2001

2002

2003

2001

59.3

186

299

98

204

200

246

86.8

215

242

6.8

16.4

19.9

9.7

19.1

15.2

21.8

9.8

19.2

22.2

69.5

103

121

49

85.3

78.2

128

29.5

86.5

93

RESULTS AND DISCUSSION

dehyde. Aldehydes are emitted from combustion sources,
and they are also oxidation products of hydrocarbons.

In summary, 90 VOC and terpenes samples, as well
as 90 carbonyls samples were taken at the three sites during
the three sampling campaigns. Ozone, temperature, and
global radiation were continuously measured at EMEP
stations.
The widest spectrum of VOCs, and the highest concentrations in the air, were found in Usti nad Labem (20100 µg.m-3), followed by Kosetice (10-20 µg.m-3), and
Cervenohorske Sedlo was the least polluted area (7-11
µg.m-3), additionally showing the poorest analytes` spectrum.
The main attention was dedicated to olefinic and
aromatic hydricarbons, that have the highest photochemical ozone-creating potential (POCP). They persist in the
atmosphere for a short time only and influence the local
ozone production. Troposhere-essential formaldehyde is
an oxidation product of these substances, and a further
product of tropospheric reaction with OH radicals is acetal-

The analytical results were processed, the sum of all
VOC concentrations and the sum of VOC with POCP
higher than 50 that are the most efficient ozone producers
(ethene, propene, xylenes, isoprene, alkanes > 6 C, alkenes, aldehydes except formaldehyde and acetaldehyde)
were calculated. POCP values (Photochemical Ozone Creation Potentials) give a ranking of the ozone formazion
ability of an individual VOC relative to other VOC. The
POCP values are generally presented as relative values
where the amount of ozone produced from a certain VOC
is divided with the amount of ozone produced from an
equally large emission of ethene. Diurnal cycles of VOC
concentrations and relations between analytes concentrations were examined, meteorological parameters, and ozone
concentrations were followed.
The results of 2003 campaign are the most significant
for our study of organic hydrocarbons' behaviour in the
troposphere.
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The relation between concentrations of analytes
in the atmosphere and meteorological parameters

Figure 1 shows the dependence of isoprene concentrations on temperature and global radiation. The highest
concentrations were found each year at Usti nad Labem,
where the isoprene sources are not only biogenic emissions but probably also heavy-traffic ones [15].
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Evaporative emission of biogenic hydrocarbons increases with temperature, and together with anthropogenic
emissions can be associated with increased ozone concentration [4].
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FIGURE 1 - Comparison of global radiation values (W/m2), temperature (°C) and isoprene concentrations at the three localities.
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FIGURE 2 - Diurnal dynamics of VOC concentration at Usti nad Labem (15.7. - 21.7.2003).
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FIGURE 3 - Diurnal dynamics of isoprene concentrations (4-hour means) at Cervenohorske Sedlo, 2003.
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Diurnal variations in VOC levels

Concentrations of aldehydes

There is a different situation at the three sites. The
sum of VOC concentrations and individual analytes had
significant diurnal dynamics in Usti nad Labem - see Figure 2. VOC are removed in the troposphere by photolysis
and chemical reactions with OH radicals, NO3 radicals,
and O3 In the presence of sunlight, the degradation reaction of the VOC lead to the conversion of NO to NO2 and
the formation of O3. In Kosetice and Cervenohorske Sedlo
there only volatile organic hydrocarbons with high POCP
(> 50) and their sum had a diurnal cycle.

Positive correlations between the sums of VOC and aldehyde concentrations were found at all the three localities
(correlation coefficients for Cervenohorske Sedlo, Kosetice,
and Usti nad Labem: 0.62, 0.69, and 0.57, resp.; see Fig. 4).
Concentrations of aldehydes also increased with temperature, e.g. formaldehyde level was 4-fold with 9 °C rise of
the average daily temperature, at Kosetice, 2003. Daily maxima of the sum of aldehyde concentrations appeared at
night, whereas formaldehyde had two daily maxima (day
and night), in the time favourable for photochemical processes.

Kosetice is a remote rural locality, surrounded by
spruce and mixed forest. The first sampling period (1.7.4.7.2003) was wet and rainy, and there was observed very
low isoprene concentration without diurnal pattern. During
12.8.-15.8. 2003, the concentrations became rapidly higher
with a maximum in the afternoon, because it was extremely
hot and clear weather. Usti nad Labem represents an urban
locality. The diurnal cycle of isoprene which is emitted in
the presence of sunlight was inversed to the diurnal cycles
of other hydrocarbons whose degradation reactions predominate at the same time. The maxima were shifted to
the later afternoon. The highest concentrations were observed at this locality, possibly caused by combination of
biogenic and traffic emissions.

120
100

Sum of VOC
[ µg.m-3]

Figure 3 shows diurnal dynamics of isoprene concentrations at Cervenohorske Sedlo, a remote locality, where
isoprene is mainly emitted from deciduous trees. Its emission rate strongly depends on leaf temperature and light
intensity, so it is negligible during the night. There was hot
weather and intensive sunshine during the sampling period (3.-8.6. 2003), and concentrations sharply increased in
the early morning after sunrise, achieving a maximum in
the afternoon.

80
60
40
20
0
0

5

15

Figure 5 shows the average concentrations of terpenes
detected at the three localities.
Contribution of biogenic hydrocarbons in ozone formation was observed for the periods of 2003 sampling campaigns, which were favourable for photochemical processes.
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FIGURE 4 - Dependence of the sums of VOC and
aldehyde concentrations at Usti nad Labem, 2003.
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FIGURE 5 - Average concentrations of terpenes detected at the
three localities during the three sampling campaigns 2001-2003.
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Average ozone concentrations were 87 µg.m-3 (Usti n.L.,
15.-21.7. 2003), 121 µg.m-3 (Cervenohorske Sedlo, 3.-8.6.
2003), and 129 µg.m-3 (Kosetice, 12.-15.8. 2003).
The highest ozone concentrations were measured at
Kosetice in August 2003, and maximum average 24-hour
concentration was 155 µg.m-3 (13.8.03), with a peak value
of 185 µg.m-3 between 8-12 a.m. on the same day.
The rate of ozone production from a given VOC is essentially a function of three factors: its atmospheric concentration, its reaction rate with OH, NO3 radicals, and O3,
and, finally, the number of ozone molecules produced each
time when VOC is oxidized [5]. To measure the ozone-forming capability of individual organics, incremental reactivity (IR) is used, defined as the amount of O3 (ppb) formed
per unit of VOC (ppbC), added or subtracted from the
VOC mixture in a given airmass [6-9], see Eq. (1). In general, the faster a VOC reacts in the atmosphere, the higher
is IR.
IR = Δ [O3]/ Δ [VOC]

(1)

The O3-isoprene reaction is consistent with formation
of formaldehyde, methacrolein, and methylvinylketone [10].
The photochemical stability of aldehydes and ketones is
substantially higher than that of isoprene. The amount of
reacted isoprene [ΔVOCisoprene] can be calculated from the
carbonyls concentration. Using the measured methacrolein
data and a methacrolein formation yield of 0.22 from the
photooxidation of isoprene [15], the concentration of reacted isoprene was determined, and termed Δisoprene
(ppbV). Data from the sampling campaign 2003 (for
Kosetice only the second part, August 2003) were used.
Using the calculated reacted isoprene values and isoprene's IR [9], ΔO3 (i.e. ozone produced from isoprene
photooxidation) was calculated according to Eq. (1).
While measurements of methacrolein could be used
to assess the extent of isoprene reaction, similar molecular
tracers of photooxidation reactions are not available for
other VOCs. The alternative approach assumes that the re-

lative source strengths of the reacting VOCs are constant
in the immediate area surrounding the site [11].
The reacted amount of individual VOCs can be then
calculated according to the following formula:
VOCi
k OH
(2)
isopren
[isopren] kOH
where kOHVOCi and kOHisopren are velocity constants of
OH radical reaction with a relevant VOC species [12].
[VOCi] and [isopren] are the measured concentrations on
average (ppbC) during the sampling campaigns 2003.

ΔVOCi = Δisopren ×

[VOCi ]

×

While more than 90 compounds were analysed in each
sample during sampling periods, a subset of 43 compounds
with mean concentration above 1µg .m3 was used to determine the O3 produced from photooxidation of VOCs, including ethane, propane, butane, pentane, hexane, heptane, oktane, isobutane, 2-methylbutane, 2-methylpentane,
2-methylhexane, 3-methylhexane, nonane, undecane, dodecane, propene, 1-butene, 1-hexene, benzene, toluene,
ethylbenzene, m-xylene, p-xylene, o-xylene, 1,2,4-trimethylbenzene, ethene, trans-2-butene, cis-2-butene, 1-pentene,
α-pinene, 2,3-dimethylbutane, methylcyclohexane, m-ethyltoluene, p-ethyltoluene, o-ethyltoluene, 1,3,5-trimethylbenzene, 1,2,3-trimethylbenzene, formaldehyde, isoprene,
acetaldehyde, propionaldehyde, ß-pinene, camphene, and
limonene. These compounds were commonly quantified
among the highest concentrations of VOCs, and selected
to include a wide range of reaction rates with hydroxyl
radicals and a variety of hydrocarbon classes.
IRs are tabulated by Bowman and Seinfeld [9] for
VOC/NOx ratios ranging from 4 to 20. At the three monitoring sites, the average ratios of VOC/NOx varied from
4.9 (Usti n. L.), over 7.5 (Cervenohorske Sedlo) to 11.1
(Kosetice). Thus, the IRs for the VOC/NOx ratio of 4 were
used in Eq. (2) at Usti n.L. test site, and the values for the
VOC/NOx ratio of 8.2 were used at Cervenohorske Sedlo
and Kosetice for the estimation of the local ozone formation.
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attributed to antropogenic olefinic VOC

60%

attributed to antropogenic aliphatic VOC
attributted to aldehydes

40%

attributed to biogenic hydrocarbons
20%
0%

Usti n.L.

Cervenohorske sedlo

Kosetice

FIGURE 6 - Locally produced ozone, attributed to photooxidation of various hydrocarbon sources.
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FIGURE 7 - Formaldehyde formed by photooxidation of isoprene and other sources.

The ozone levels attributed to VOC reactions at the
sites were 8.6, 4.7 and 8.6 ug.m-3 at Usti n.L., Cervenohorske Sedlo and Kosetice, resp., corresponding to 9.9,
3.9 and 6.7 % of total ozone levels during the sampling
campaigns 2003.
As seen in Fig. 6, biogenic hydrocarbons are responsible for a great part of locally produced ozone. This high
contribution is due to the high reactivity of isoprene.
The predicted concentrations of formaldehyde were
also calculated for the three sites, as a further measure of
the extent of oxidation in atmosphere. Predicted HCHO
concentrations were calculated from reacted isoprene, adjusted by a factor that accounts for the expected HCHO
product [14]:
[HCHO]isopren = ∆isopren ƒHCHO

produced ozone in Usti n.L., Cervenohorske Sedlo and
Kosetice, resp.
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SUMMARY
Polychlorinated dibenzo-p-dioxins and polychlorinated
dibenzofurans (PCDD/Fs) were analyzed in muscle tissue
from eels (Anguilla anguilla), bream (Abramis brama), ide
(Leuciscus idus) and European chub (Leuciscus cephalus)
from the river Elbe. By means of a statistical model, the
data resulting from the chemical analysis was used to determine the relative congener distribution in order to obtain
information about the spatial allocation of defined subpopulations of fish species, thus allowing them to be assigned to different river sections. For the purposes of the
statistical analysis the analytical uncertainty was taken into
account by implementing the extended Horwitz function.
Based on different datasets from eels a ‘normalization’ was
found to have occurred in recent years. Short-lived anomalies in some congeners brought about the August 2002
flood event are no longer in evidence in the year 2003.
Linking the data from fish, suspended particulate matter (SPM) and sediment possible relationships were postulated between relative changes in SPM and sediment congener patterns and those of the fish. For the bream, both
temporal and spatial connections between the congener
distributions for sediment and for this species could be
established.

KEYWORDS:
Bream, eel, spatial allocation, sediment.

Czech Republic and two-thirds in Germany (Figure 1).
After the political reunification of East and West Germany
many large chemical plants in the former German Democratic Republic were shut down, mainly for economic
rea-sons, and numerous sewage treatment works were
built or significantly improved. As a result of this the
water quality has recovered considerably and the number
of fish spe-cies found in the river has increased from 79
counted in the years 1991 to 1993 to 101 recorded in 2005
[1]. Commercial fishing has recommenced in the Elbe on
a small scale, whereby marketing restrictions still have to
be enforced on account of food regulations, particularly in
respect of certain organic compounds.
The first PCDD/F analyses from Elbe fish are dated
from the year 1989. In the following years more samples
were investigated for these contaminants, mostly in the light
of consumer health consideration and not only for statistical
purposes. In this paper the results for PCDD/Fs in eels
and three whitefish species from the Elbe are presented.
The fish data was subjected to statistical analysis using a
transfer model which enables a correlation between the
samples and specific river sections or specific localities to
be made on the basis of the relative congener distribution
of the PCDD/Fs. Further, congener profiles for PCDD/F
data based on the matrices fish, SPM and sediment were
compared using the log likelihood model in order to be
able to estimate the mobility distances for eels and bream.

METHODS

INTRODUCTION
With a length of 1091 km and a catchment area of
148,268 km2, the river Elbe is one of the major rivers of
Central Europe. Its source lies in the Riesengebirge mountains of the Czech Republic, from whence it flows to the
North Sea, entering it at Cuxhaven in the Federal Republic of Germany. About one-third of the length is in the

Investigations of the ichthyofauna in the Elbe are undertaken in an official capacity by the Arbeitsgemeinschaft für die Reinhaltung der Elbe (http://www.argeelbe.de). These investigations are coupled with monitoring programs using different fish species. One of the species concerned is the eel (Anguilla anguilla) which accu-
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mulates lipophil contaminants such as PCDD/Fs in their
muscle tissue very readily because it contains a high portion of fats. In addition the three species bream (Abramis
brama), ide (Leuciscus idus) and European chub (Leuciscus cephalus) were chosen as representatives of whitefish
species for the purposes of the monitoring program. These
species exhibit different degrees of mobility and their habitats differ from an ecological point of view. Whereas the
ide and the European chub are considered to be nomadic
and rheophile, i.e. preferring flowing waters, the bream is
a carp-like still water fish known for its tendency to remain in one place. Lühmann and Mann [2] showed that the
bream’s mobility is normally limited to a range of up to
20 km. In view of its relatively small radius of action the

bream is suitable for monitoring purposes and can be assumed, on the whole, to reflect a local contamination situation quite faithfully. The carp-like mouth enables the bream
to select sedimentary benthic organisms from the substrate.
All three species are omnivorous.
Sampling

Eels were caught in creels or in static nets, whilst the
bream, ide and European chub were obtained using static
nets or by means of electrofishing. Figure 1 shows the locations where the fish were caught. Until they were analyzed
the samples were either preserved using liquid N2 [3] or
frozen at -22°C. Both individuals and composite samples
of muscle tissue were analyzed.

FIGURE 1 - Locations where eels, bream, ide and European chub were caught in the river Elbe.

Analyzed Compounds

Analytical Method

PCDDs: 2,3,7,8-TCDD; 1,2,3,7,8-PeCDD; 1,2,3,4,7,8HxCDD; 1,2,3,6,7,8-HxCDD; 1,2,3,7,8,9-HxCDD; 1,2,3,4,
6,7,8-HpCDD and OCDD. PCDFs: 2,3,7,8-TCDF; 1,2,3,
7,8-PeCDF; 2,3,4,7,8-PeCDF; 1,2,3,4,7,8-HxCDF; 1,2,3,
6,7,8-HxCDF; 2,3,4,6,7,8-HxCDF; 1,2,3,7,8,9-HxCDF;
1,2,3,4,6,7,8-HpCDF; 1,2,3,4,7,8,9-HpCDF and OCDF.
SPM=suspended particulate matter

The analytical procedure is based on the US EPA
method 1613 [4] and the European Directive 2002/69/EC
[5]. Freeze dried and disaggregated samples of the muscle
tissue were soxhlet extracted with toluene. Prior to extraction 13C12-labeled analogs were added to the sample for
identification and quantification. The measurement was performed with the use of high resolution gaschromatography/high resolution mass spectrometry. For quality
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control, certified reference material was analyzed in parallel with the samples. The upper-bound method was used:
Up-per-bound concentrations are calculated assuming that
all the values of the different congeners less than the limit
of quantification are equal to the limit of quantification.

TABLE 1 - Concentrations of PCDD/Fs in muscle tissue from eels
(Anguilla anguilla) from the river Elbe and Hamburg Harbor, in pg
WHO-TEQ/g ww. SF = single fish, CS = composite sample, n = number of individuals. Sampling sites see Figure 1.
Sample

WHO-PCDD/FTEQ

SF, n=25

0.6-6.9

SF, n=24
CS, n=10
CS, n=20

1.5-12
5.8
22

CS, n=10

7.3

SF, n=6

1.7 - 6.9

CS, n=10

8.2

Data Basis

Table 1 (eels) and Table 2 (white fish) describe the
kind of samples (single fish or composite sample), the
PCDD/F concentrations expressed as WHO-TEQ, the sampling locations and year of sampling. The data basis for the
statistical analysis is provided by the congener profiles of
the PCDD/Fs found in fish which were caught in the
years 1989, 1990, 1994, 1995, 1998, 1999, 2002 and 2003
in the Elbe.

Sampling site and year
Elbe, sampling sites LüchowDannenberg, km 520, HamburgHarburg, km 615, Stade, km 660,
Medemsand (Cuxhaven), km 715; 2003
Elbe, Gorleben, km 490; 2002
Elbe, Geesthacht, km 590; 1998
Elbe, Bunthaus, km 609; 1998
Elbe, Mühlenberger Loch, km 635;
1998
Hamburg Harbor, Rethe/ Kattwykhafen; 1999
Hamburg Harbor, Köhlbrand; 1998

Statistical Analysis
Fish

The statistical model calculates relative congener patterns with the maximum likelihood approach. This technique was applied to the analysis results for the fish samples from the Elbe. On the one hand it can be used to estimate concentrations for individual congeners, and on the
other hand it provides the basis for the likelihood ratio
test, which enables sub-populations to be assigned to different river sections.
It is assumed that the concentration matrix

cij for the

analyses I = 1,...,n and for congeners j = 1,...,m are lognormally distributed. The following linear model is used
for the logarithms of the concentrations, Yij = ln cij
Yij = µi + α j + εij

where

∑ µi = 0
i

The parameters µi and αj are fixed, unknown quantities, whereas ε ij is a normally distributed quantity with
variance σ ij2 , determined by the expected value of Yij and
the congener j:
ln σ ij = ln(σ 0γ j ) + (λ − 1)(µi + α j )

or equivalently
σ ij = σ 0γ j exp ⎡⎣( λ − 1) ( µi + α j )⎤⎦

The multiplicative factor σ 0 and its relative variance
σ 02 are assumed to be unknown.
The data basis for the calculation of the parameters λ
and γj in the uncertainty function described above are the
analysis results from an intercalibration study in which
PCDD/Fs in salmon (Salmo salar, muscle) were determined [6].

TABLE 2 - Concentrations of PCDD/Fs in muscle tissue from the
whitefish bream (Abramis brama), European Chub* (Leuciscus cephalus) and Ide** (Leuciscus idus) from the river Elbe and Hamburg
Harbor, in pg WHO-TEQ/g ww. SF = single fish, CS = composite
sample, n = number of individuals. Sampling sites see Figure 1.
Sample
CS, n=2023
SF, n=1
CS, n=2
SF, n=1
SF, n=1
CS, n=15
CS, n=20;22

WHOPCDD/F

5.0

Elbe, Prossen, km 13; 1995, 1998, 2002,
2003
Elbe, Königstein, km 15; 1990
Elbe, Pillnitz, km 40; 1990
Elbe, Dresden, km 60; 1990
Elbe, Meißen, km 80; 1994
Elbe, Meißen, km 80; 1994
Elbe, Zehren, km 93; 1995, 2003
Elbe, upstream of Wittenberg, km 205 to
210; 1994
Elbe, downstream of Wittenberg, km 220;
1994
Elbe, Barby, km 296, 1995, 1998, 2002,
2003
Elbe, Wittenberge, km 460; 1990

1.7; 1.9

Elbe, Cumlosen, km 470; 1995, 2003

0.72; 14
2.9
2.8
5.2
3.1
4.7; 6.0
4.7
0.48; 2.0
4.4

Elbe, Gorleben, km 490; 1994
Elbe, Gorleben, km 490; 1994
Elbe, Gorleben, km 490; 1990
Elbe, Oortkaten, 610; 1989
Elbe, Oortkaten, km 610; 1989
Elbe, Hamburg-Altona, km 625; 1989
Elbe, Hamburg-Altona, km 625; 1989
Elbe, Hamburg-Moorburg, km 630; 1994
Elbe, Hamburg-Moorburg, km 630; 1994
Elbe, Hamburg-Blankenese, km 633;
1995, 1998, 2002, 2003
Elbe, Mühlenberger Loch, km 635; 1994
Elbe, Hamburg-Mühlenberger Loch, km
635; 1989
Elbe, Fährmannsand, km 640; 1994
Elbe, Fähmannsand, km 640; 1994
Elbe, Fährmannsand, km 640; 1989
Elbe, Haseldorfer Binnenelbe, km 650;
1994
Elbe, Meißen-Harbor, km 83; 2002
Elbe, Meißen-Harbor, km 83; 2002
Elbe, Schmilka, km 4; 2002

1.2-2.0
3.3
18
14
0.88
4.3
1.7; 1.8

CS, n=5

2.0

CS, n=15

1.9

CS, n=2033
CS, n=5
CS, n=16;
40
SF, n=2
CS, n=17
CS, n=4
CS, n=2
CS, n=3
SF, n=2
CS, n=3
SF, n=2
CS, n=13
CS, n=2040
CS, n=13

0.55-2.6

3.8-6.3
2.4

SF, n=3

1.9-12

SF, n=1
CS, n=16
SF, n=4

1.9
2.2
4.0-10

CS, n=15

1.9

SF*, n=2
SF**, n=2
SF**, n=3

0.48; 0.88
0.37; 1.2
0.57-1.5
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The model formulated using these parameters can be
estimated using the maximum likelihood principle. The
likelihood function provides the basis not only for estimating individual congeners, but also for the likelihood
ratio test used to segregate sub-populations.
Fish vs. Sediments

The following assumptions provide the starting point
for the statistical model. The concentration of a congener j
in a fish i is (a) proportional to a certain factor exp(µi) which
is only dependent on i (i.e. is valid for all congeners), (b)
proportional to a certain factor exp(αj) which is only dependent on the congener j and which characterizes the accumulation behavior (which is assumed to be constant over
all fish of one species), (c) proportional to the concentration xij in the sediment, whereby not only the sediment at
the location where the fish was caught is to be taken into
account, but also the sediments upstream and downstream
in order to allow for the mobility of the fish.
On the basis of these assumptions the model generates an expected concentration E(cij) for the fish/analysis
i=1,...,n for congener j=1,...,m as follows:

E (cij ) = exp(µ i )exp(α j )xij .
Taking the logarithm of each side, we have

ln E (cij ) = µ i + α j + ln xij .
Using the logarithms of the measured concentration
values Yij = ln(xij) this leads to

Yij = µ i + α j + ln xij + ε ij ,
where εij stands for the normally distributed, assumed
measurement error. According to this assumption the
measured concentrations cij are log-normally distributed.
In order to establish whether the sediment pollution
can be reliably correlated to the congener distribution of
the fish, the log-linear model described above is augmented
by a fixed, unknown parameter θ

Yij = µ i + α j + θ ln xij + ε ij .
The case θ = 1 corresponds to a perfect correlation,
whereas θ = 0 would indicate no correlation at all between
the contamination found in the fish and that of the sediment. A value of 1 for θ indicates that a change in the
mass proportions of two congeners in the sediment gives
rise to an identical change in the mass proportions of the
same congeners in the fish. If θ is less than 1, then a change
in the mass proportions in the sediment is only partially
reflected in the fish.
The parameters µi and αj are fixed, unknown quantities, whereas xij is a fixed, known quantity. µi stands for a
factor which characterizes a particular fish species by
providing a measure of the specific accumulation behav-

ior. αj is a quantity which describes the specific accumulation behavior in respect of the congener j.
xij is a measure of the mean concentration of congener
j in the sediment of the locality in which the fish i was
caught. In computing this mean concentration the following assumption is incorporated into the model: Working
from the actual place where an individual fish was caught,
the length of time that may be expected that the fish will
have stayed elsewhere is proportional to the distance between those two points. The greater that distance is, the
less time the fish is likely to have spent at the second location. A plausible estimate of the actual likelihood can be
made by assuming it to be normally distributed.
As the actual congener concentration for any given
river kilometer is unknown, the existing sediment data for
the Elbe was used to divide the river into sections displaying constant proportions amongst the congeners. This was
performed according to the method described in [7]. Such
sections were determined separately for each year included
in the study.
Analytical Uncertainty

For the evaluation of analytical results it is important
to determine whether an analysis series presents a homogeneous congener profile or whether differences in the
relative congener profiles of the various samples or analysis data may be assumed – within the given limits of analytical certainty. The extended Horwitz function provides
a tool which enables the analytical uncertainty to be taken
into account and thus detect significant peaks or, as the
case may be, to test whether samples differ from each
other. The estimation of the model parameters and the determination of the respective confidence intervals were performed according to the maximum likelihood method [8].
For the purposes of the statistical analysis the analytical
uncertainty was taken into account by implementing the
extended Horwitz function with corrected parameters (empirically derived). The data basis for computing these uncertainty values was provided by analysis results from an
intercalibration study on PCDD/Fs in salmon (Salmo salar,
muscle tissue) [6].
RESULTS AND DISCUSSION
By means of a statistical model, the data resulting
from the chemical analysis is used to determine the relative congener distribution and thence to obtain information about the spatial distribution of the fish in the
river (Tables 1 and 2). Further, the model is employed to
investigate possible relationships between the presence of
contaminants in sediments and in fish. In the following
sections the results of the statistical analysis are presented
for the eels, bream, ide and European chub.
Aberrant Values (Outliers)
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Initially, all the data was included in the statistical
model and was then tested for possible outliers. Extreme
values which were only recorded for individual samples,
i.e. which were untypical for the respective subset of the
sample pool, were removed from the relevant datasets. In
this way a reliable characterization of the various sub-populations was enabled, whereby a sub-population normally
consists of a group of different fish species. Possible causes
for outliers include (a) analytical errors and methodological differences in the sample preparation, (b) ‘errant’ individual fish which have spent more time in other locations
than is assumed by the statistical model, (c) contamination arising from an untypical time period on account of
the age of the fish or from unusually large fat reserves built
up over a particular period and (d) individual feeding habits, which can lead to divergent accumulation processes for
certain congeners where varying congener patterns exist
within the food chain.

samples). Figure 2 shows the concentrations of the individual congeners for each group separately (group 1 Meißen
to Hamburg, group 2 from Hamburg towards the North
Sea).
Even though the disparity between the two groups
does not appear very large, it is statistically significant
(Figure 2). The conclusion to be drawn from Figure 2 is that
relatively homogeneous contamination conditions were
present in the Elbe in the year 1994 which reflect in the
homogeneous concentration patterns. If this was the case,
then the food ingested by the bream between Meißen and
Mühlenberger Loch was uniformly contaminated, so that
a congener specific accumulation in the fish followed. The
bream from group 2 represent a separate collective; i.e. the
pattern may be assumed to have been influenced by other
sources of contamination or the influence of the brackish
waters which are to be found downstream of Hamburg.

The outliers were identified by comparing the analysis results with the respective model values. Some analysis results proved to have an extremely adverse effect on
the effectiveness of the model and were therefore removed
from the respective dataset [6]. Less than 50 of about 1500
individual values were removed, i.e. about 3% of the total
data pool.
The measure of the model’s effectiveness is given by
the relative variances, which are calculated after removal
of suspected outliers to test whether the fit has improved.
For example: In one case, the removal of a series of values from the datasets for eel and whitefish from the year
2002, resulted in no significant improvement in respect of
the relative variance. This indicates that the underlying
assumption of a common congener pattern for all the fish
is not valid, or to put it another way: The accumulation of
a given congener in eels takes place in a way different to
that of the whitefish. The results illustrated below are based
entirely on data which has been purged of outliers.
Identification of Individual Sub-Populations – Bream

This section describes the segregation of individual
datasets into sub-populations on the basis of statistically
significant differences in the congener patterns. The significance criteria were calculated using the likelihood ratio
test [6].
The division of the bream dataset for 1994 (Table 2,
incl. sampling site Wittenberge, 1990) into sub-populations
proceeded as follows. Using the whole dataset (13 samples) – after the removal of implausible extreme values –
a satisfactory correlation between the analysis and model
data resulted (relative variance = 0.961). Nevertheless, the
data was tested further to find out whether it is possible to
identify sub-populations, the congener patterns of neighboring sampling sites were compared. In this way a classification into two site groups was made: group 1 contains
the sampling sites Meißen, Wittenberg, Wittenberge,
Gorleben, Moorburg and Mühlenberger Loch (16 samples), group 2 the sites Haseldorf and Fährmannsand (7

FIGURE 2 - PCDD/Fs in bream (muscle tissue)
caught in 1994, sampling sites see Figure 1.
Datasets for Eel and Whitefish, 2002

The assumption that all the eels and whitefish involved
display the same congener pattern leads to a high relative
variance of 3.5 (after the elimination of outliers). This value
is a clear indication that the total fish population (eels, ide
and European chub) consists of at least two sub-populations.
On this basis, an iterative procedure was used to determine plausible sub-populations with common congener
patterns. Thus the ide caught at Schmilka and Meißen have
the same congener profile and can be assigned to a separate group. Taking all the fish species into account – ide
(Schmilka and Meißen), European chub (Meißen) and eel
(Gorleben) –, the analysis shows significant differences
between the eels and the ide and also between the eels and
the European chub, but not between the ide and the European chub. Thus it appears reasonable to divide the total
population into two sub-populations consisting of the 24
eels caught at Gorleben on the one hand and the seven ide
and European chub caught in Saxony on the other hand.
Figure 3 shows the congener profiles of the two groups. It
should be noted that the concentrations of both HpCDF
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congeners as well as that of OCDF were below the limits
of quantification for the whitefish.
Figure 3 reveals considerable differences in the congener patterns of the eels on the one hand and the whitefish on the other hand. In the eels the congeners 2,3,4,7,8PeCDF, 1,2,3,4,7,8-HxCDF and 1,2,3,6,7,8-HxCDF predominate, whereas in the whitefish – relatively static in
comparison with the eels – only 2,3,7,8-TCDF was found
in large quantities and this substance represented the main
component of the pattern. These differences could be attributable to local conditions, e.g. different emission
sources, whereby it should be born in mind that no correlation between the congener patterns for the eels and specific localities can be made in view of the eels’ mobility.
Further, it may be assumed that the PCDD/Fs are metabolized by the various species in different ways.
A particular result of the analysis is that no significant
relationship between individual WHO-TEQ values and the
proportion of fatty tissue could be established.

cluster analysis it is clear that eel (sub)populations cannot
sensibly be assigned to specific locations on the basis of
their congener distributions. That is to say, the mobility of
the eels tends to obscure specific local contamination conditions, and the spatial correlation of congener patterns for
eels is generally inadvisable.
From the consumers’ point of view the consequence
of this statistical analysis on Elbe eels must be to warn
against a reliance on findings in respect of PCDD/F contamination in specific locations, e.g. Medemsand. An eel
caught there may very well have spent a period of time in
a more or less highly contaminated river section upstream
of Medemsand. Thus the consumption of eels continues to
present a potential health hazard of uncertain degree.
Eels, Datasets 1999, 2002 and 2003

The aim of this analysis is to find the extent to which
the total contamination with PCDD/Fs has changed in recent years and whether significant changes within the congener profile have taken place. The eel datasets from the
years 1999, 2002 and 2003 (Table 1) were analyzed, and
the results are shown in Figure 4. Taking each sampling
year to form a separate analysis group, significant differences in the congener profiles emerge.
The relative concentration patterns shown in Figure 4
are very similar, but nevertheless the differences between
them are statistically significant. It is conspicuous that the
greatest similarities between the five congeners with the
highest WHO-TEQ proportions (2,3,7,8-TCDD, 1,2,3,7,
8-PeCDD, 2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HxCDF and 1,2,
3,6,7,8-HxCDF) are to be found between the results for
1999 and for 2003, whereas those for 2002 appear more
isolated. This could be indicative of a ‘normalization’, that
is to say that short-lived anomalies in some congeners
brought about by the August 2002 flood are no longer in
evidence in 2003.

FIGURE 3 - PCDD/Fs in eels and whitefish (muscle
tissue) caught in 2002, sampling sites see Figure 1
Eels 2003

One dataset consists of the analysis results from the
25 eels caught at the sampling sites Lüchow-Dannenberg,
Harburg, Stade and Medemsand (near Cuxhaven) in Lower
Saxony (Table 1). The statistical analysis revealed only
minor differences in the relative congener profiles of the
sub-populations from Harburg and Lüchow-Dannenberg,
whereas the sub-populations from Harburg and Stade on
the one hand and Stade and Medemsand on the other hand
returned statistically significant differences.
Three sub-populations can be identified: group 1
Lüchow-Dannenberg, group 2 Stade and Harburg and
group 3 Medemsand. Group 1 consists of older eels from
various sampling sites which show a very high fat content
accompanied by ‘moderate’ PCDD/F values. Group 2 contains mainly eels from Harburg and Stade with a relatively
low fat content and low PCDD/F concentrations, whereas
group 3 mainly contains representatives from Medemsand,
but also some from Lüchow-Dannenberg. On the basis of a
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It should be noted that the eel data is mixed not only
in respect of the locations where they were caught, but in
respect of the year in which they were caught: Thus only
for 2002 and 2003 does the data originate from the same
locations. In addition, statistically significant differences
between the populations ‘Gorleben 2002’ and ‘LüchowDannenberg 2003’ have been established [6].
Fish vs. Sediments

In the previous section the possibility was demonstrated
of using a statistical model based on relative PCDD/F concentration shifts in order to achieve a spatial allocation of
defined species-specific sub-populations. In addition, the
relative concentration shifts can be used to draw statistically reliable conclusions in respect of the temporal correlation of different datasets.
In the year 2003 a newly developed statistical model,
the dilution model, was applied to perform a statistical
analysis on PCDD/F data from SPM and sediment samples from the Elbe. The method, results and conclusions of
this analysis are described in [7]. The model identified statistically significant changes in the congener concentrations of the congener profiles upstream or downstream of
the locations for a total of 13 locations on the Elbe. Here,
the PCDD/F congener profiles for the matrices fish, SPM
and sediment were processed using the maximized log
likelihood model with the aim of establishing possible relationships between relative changes in SPM and sediment
congener patterns and in congener patterns for the fish.
The data used for the statistical analysis comes from
various sources. These include chemical analysis data from
Elbe sediments taken in the years 1995, 1998 and 2002 as
well as fish data from bream caught in 1994, 1998, 2002
and 2003 and from eels caught in 1998, 1999, 2002 and
2003. In order to determine the analytical uncertainty of
the fish results, data from an intercalibration study on
PCDD/Fs in salmon was used for corroboration (see
‘Methods’). As the exact concentration of a congener for
any given location is not known, sediment data from the
years 1995, 1998 and 2002 was used to divide the Elbe into
sections displaying constant congener characteristics [7,
8]. Data from interlaboratory tests using sewage sludge
was used to provide an assessment basis for the analytical
un-certainty in the determination of PCDD/Fs in sediment
and SPM samples. As a simplification in the process of
finding relationships between contamination in Elbe sediments and in the bream or eels, it was assumed that the
estimated relative congener distributions for the individual
river sections are fixed, known quantities. In other words,
the actual – and unavoidable – statistical error is not taken
into account. This assumption can be justified, for the
statistical error is negligible in comparison to the analytical uncertainties immanent in the individual sample analyses. The statistical model used is described in [8]. The
measure of a possible relationship is given by the parameter θ (see ‘Methods’).

Eel

59 datasets from the years 1998, 1999, 2002 and 2003
(Table 1) were linked with the congener patterns from
SPM and sediment data, whereby the set from 1998 was
assigned to the sediment data from the spring of 1998 and
the 1999 data was assigned to the sediment data from
summer 1999.
The model returned a value of 0.67 for the relationship parameter θ, and in the corresponding statistical test
this parameter is highly significant. This indicates that a
(not necessarily causal) relationship exists between the
relative congener patterns found in sediments and in eels.
In other words, θ = 0.67 means that a relative change in the
proportional concentrations of any two congeners in the
sediment samples of 10% will be accompanied by a corresponding change in the proportional concentrations of
the same congeners in the eels of 6.7%.
The model also yields an estimated mobility radius
which tends to infinity in the limit. This reflects the fact
that eels cannot be expected to remain in particular river
sections; on the contrary they tend to cover long distances
in the course of time. Thus any postulated relationship between sediments and eels can only be established in the context of temporal, not spatial changes.
Bream

As with the eel samples described above, the bream
samples (49 in total) from the years 1994, 1995, 1998,
2002 and 2003 were linked with corresponding SPM and
sediment data. Here, the data sets from the years 2002 and
2003 were assigned to the sediment data from 2002. In this
case the relationship parameter θ has the value 0.63, which
is also of high statistical significance relative to zero. Thus
a (not necessarily causal) relationship between the relative
congener distribution for bream data and for the sediment
data may be postulated. Here the model yields an estimated mobility radius of 61 km with a confidence interval
from 32 km to 93 km. These values are greater than those
previously cited in studies on bream (2). This discrepancy
may be due on the one hand to the very approximate determination of the river sections with constant congener
characteristics for the years 1995 and 1998. On the other
hand it may be that the food supply was subject to drift. In
contrast to the eel data, both temporal and spatial connections between the congener distributions for sediments and
for the bream could be established. The correspondence
is not mathematically exact (θ = 1); nevertheless it approximates well to a simple proportional relationship.

CONCLUSIONS
The statistical model based on relative PCDD/F concentration shifts represents an effective tool to describe
the spatial allocation of defined sub-populations of fish
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species from the river Elbe. Using the maximized log
likelihood model possible relationships were found between relative changes in SPM and sediment congener
patterns and in those of the fish.
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Eastern Mediterranean Sea
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Echinococcus granulasus
ecological quality
ecotoxicology
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electricity generation
electrochemical degradation
electrochemical oxidation
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extracellular polymers
extraction
extraction
extreme value theory

441
1193
1382
328
1182
1076
583
1624
1531
1344
1394
1307
1413
1307
1256
74
113
267
61
1319
1115
239
289
301
791
963
659
771
782
943
659
1568
1568
1491
1168
74
1517
1193
136
370
603
963
1146
1419
1252
1003
1122
841

farmyard manure
Fe(II) sulphate
Fe(III)-oxalate complex
Fe(III)-oxalate complexes
Fe2+/H2O2 molar ratio
feeding ecology
fen
Fenton process

1408
1141
484
113
508
1174
136
508

Fenton reagent
Fenton
ferric ions
field activities
fish
fish
flame atomic absorption spectrometry
flameless atomic absorption spectrometry
flavonoids
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Greek market
green algae
green turtles
ground water
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growth inhibition
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inhalable particles
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inorganic ions
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integrated vertical-flow
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international publications
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invertebrates
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invertebrates
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ion exchange resins
182
ionic species
859
irradiation
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798
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kemicetine
kinetic model
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Kolmogorov-Smirnov test
Korea
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marine pollution
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mathematical optimization
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metal phyto-availability
metal pollution
metal-complexed
metals
metals
meteorological conditions
methamidophos
methane
methanol
methanol
methomyl
microalgae
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