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Abstract The paper presents water-quality evalu-
ation based on an 8-year monitoring programme
in the Gdansk Municipality region, on the South-
ern coast of the Baltic Sea. The studies were
carried out from 2000 to 2007 by surface water
analysis at 15 various sites within eight water-
courses. Sampling sites included rather urbanized
or developed lands, farming fields and non-
polluted city recreational areas such as parks and
forests. Most of the watercourses were sampled
monthly at two locations, one within the upper
course of the watercourse and the other near its
mouth. In all samples, eight parameters of water
quality were determined: total suspended solids,
dissolved oxygen, water temperature, oxygen sat-
uration, 5-day biochemical oxygen demand, chem-
ical oxygen demand, total phosphorus and total
nitrogen concentration. Interpretation of the ob-
tained results revealed that examination of those
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basic physicochemical parameters permits to dis-
criminate initially watercourses with respect to
level of water contamination. During the research,
a large dataset was obtained and it was described
by both basic statistical parameters and chemo-
metric method of cluster analysis. The paper
presents relations between analysed parameters
and influence of land exploitation mode on water
quality and describes variation of the results both
in space and time.
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Introduction

Water is the most common and widespread chem-
ical compound in nature which is a major con-
stituent of all living creatures. It is essential for
metabolism and many accompanying processes in
cells, and what is more, for many organisms, it
constitutes the only habitat for life. Natural sur-
face waters are a solution of many non-organic
and organic compounds, colloids, suspensions of
natural or anthropogenic origin (Dojlido 1987).
The quality of water is of great importance also
for human lives as it is commonly consumed and
used by households. In industry, it serves as a
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solvent, substrate or catalyst of chemical reactions
(Goncharuk 2008; Holt 2000; Van Leeuwen 2000;
Petraccia et al. 2006). To minimise health hazards,
an extensive monitoring programme of surface
water quality within limits of Gdansk Municipal-
ity, located on the southern shore of the Baltic
Sea, was introduced. The examined watercourses
flow through areas that significantly differ, not
only with regard to natural landscape but also to
the type of the surrounding land development.
The watercourses have also different hydrological
characteristics. The performed monitoring pro-
gramme generated a large database of results
which was assessed by basic statistical parameters
in order to describe variation of analysed para-
meters in particular years and determine pollution
levels of water from respective watercourses, tak-
ing into consideration land exploitation mode.

Agglomerative hierarchical cluster analysis
(CA) was applied for a detailed interpretation
of the results. CA is an extremely useful tool
which supports interpretation of large and mul-
tidimensional sets of environmental data. In this
paper CA for the results explanation was selected
because contrary to other pattern recognition
techniques (e.g. principal components analysis) it
accounts for the whole variation in the data and no
simplification of the information is necessary (Hill
and Lewicki 2006; Otto 1999; Vega et al. 1998).

The utility of CA is confirmed in many papers
regarding quality of surface waters (Zhang et al.
2009). CA can assist in classification of sam-
pling stations in accordance with similarity of
chemical composition of water (Giridharan et al.
2009). When applied for different watercourses,
it supports recognition of regions with similar
physicochemical properties of water and enables
detection of factors controlling water quality. Ex-
amples of CA application are included in papers
concerning rivers in Northern Italy (Reisenhofer
et al. 1998) and Northern Greece (Simeonov et al.
2003). In both cases, analysed samples of water
were grouped into four distinct clusters collected
from various watercourses and with different
water quality.

In this paper, CA was applied to describe vari-
ation among samples collected from each water-
course in the whole study period. In such case, CA
permits to determine whether water quality can
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be modified with the watercourse flow and allows
identification of areas with specific properties of
water. Samples collected from one watercourse
can be grouped into two—clean and polluted, or
three—clean, highly and medium polluted clusters
representing similar water properties (Brogueira
and Cabecadas 2006; Chang 2005; Kannel et al.
2007; Reghunath et al. 2002). Marengo et al.
(1995) mentions application of CA for samples
from Lagoon of Venice collected from various
sites and at different seasons of the year. In this in-
stance, it was concluded that location of sampling
point rather than a season of sample collection
determines clustering of the results.

Experimental

The Gdansk Municipality lies on the southern
coast of the Baltic Sea, in Northern Poland. It is
characterized by a temperate climate with four
clearly differentiated seasons. Winters are mod-
erately severe with mean daily temperatures of
—3.4°C in January; summers are mild with mean
temperature of 21.3°C in August and frequent
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Fig. 1 Map of the study area and locations of the monitor-
ing stations that provided data for the present study



Environ Monit Assess (2012) 184:2017-2029

2019

rain or thunderstorms. Monthly rainfall varies
from 17.9 to 66.7 mm.

Figure 1 shows map of the study area with mon-
itoring stations used to provide the study data. All
watercourses in the study area enter the Gulf of
Gdansk via Dead Vistula River, only Jelitkowski
Stream flows directly into the Gulf of Gdansk
in the Jelitkowski Park. Table 1 presents names
of eight watercourses covered by this study, their
general characteristics as well as geographical co-
ordinates of the sampling stations.

The sampling points were selected in such a
way that one of them was situated farthest up-
stream (labelled by adding letter “a”), the other

point was near the mouth. The exception was
Rozwojka Canal sampled only at one point.
The water samples were collected from 2000 to
2007. From each watercourse, with the excep-
tion of Rozwojka Canal, two samples were taken
monthly from the mainstream, at the depth about
20 cm using plastic scoop. On rare occasions,
when it was not possible to collect samples from
the mainstream of the watercourse (Dead Vistula
River and Motlawa River), the samples were
taken at the distance equal to maximum length of
the scoop arm, (about 3 m) from the river bank.
In all samples, eight parameters characteris-
ing the quality of water were analysed: total

Table 1 General characteristics of the watercourses studied in the Gdansk Municipality area, details of the area surrounding

the sampling stations and their locations

Watercourse Notation

Geographical coordinates Average Length Average

Site description

of sampling Longitude Latitude  depth [km] flow
site (E) N) [m] [m3s~1]
Strzyza 1 18.6° 54.4° 0.4 13.3 0.23 Shipyard, power station
Stream (industrial and urban area)
la 18.6° 54.4° Forest
Radunia 2 18.6° 54.3° 0.4 13.5 1.50 City centre (urban area)
Canal 2a 18.6° 54.2° Area with heavy vehicle
traffic nearby (urban area)
Dead Vistula 3 18.7° 54.4° 5.0-80 27.0 600.00 City centre (urban area)
River to 1200.00
3a 18.8° 54.3° Mounds of phosphogypsum
wastes and ashes from
a power station (industrial
area)
Rozwojka 4 18.7° 54.3° 1.0 4.6 controlled Oil refinery, heavy vehicle
Canal by inflow traffic nearby (industrial
of wastewater  area)
Motlawa 5 18.7° 54.4° 2.0 65.0 6.80 City centre (urban area)
River Sa 18.7° 54.3° Fields (rural area)
Siedlicki 6 18.6° 54.3° 0.2 6.9 0.06 Park in a city centre
Stream (recreational area)
6a 18.5° 54.3° Privately owned rural,
suburban lands, wastelands
(rural area)
Jelitkowski 7 18.6° 54.4° 0.3 9.7 0.25 Park, beach—mouth
Stream to the Gulf of Gdansk
(recreational area)
7a 18.5° 54.4° Forest, park
Orunski 8 18.6° 54.3° 0.2 7.5 0.03 Park in a city centre
Stream (recreational area)
8a 18.5° 54.3° Fields, privately owned rural,

suburban lands
and wastelands (rural area)
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suspended solids (TSS), dissolved oxygen (DO),
water temperature (T), oxygen saturation (OS),
5-day biochemical oxygen demand (BOD), chemi-
cal oxygen demand (COD), total phosphorus (TP)
and total nitrogen (TN). Determinations were
performed using the procedures recommended
in APHA (2005). List of examined parameters
with their units, used abbreviations and applied
analytical methods is shown in Table 2. All the
analytical reagents were supplied by the POCH
Joint-Stock Company, Poland, and by Merck
Poland. Thermometer (model HI 145-20) was pro-
vided by HANNA instruments Inc., Woonsocket,
RI, USA. ‘Spectronic Genesys 5’ spectropho-
tometer used for colorimetric determinations of
TN and TP was produced by Milton Roy Com-
pany, Rochester, NY, USA. For TSS deter-
mination, Millipore filtration system was used
(Millipore Sp. z o. 0., Warsaw, Poland).

All physicochemical parameters of water were
determined immediately upon arrival of the sam-
ples at the laboratory. Sample storage was avoided
because it might have changed the chemical com-
position of water.

All dendrograms in cluster analysis were plot-
ted using Ward’s method (Hill and Lewicki 2006;
Otto 1999). Euclidean distance was applied for
clustering of water samples (Fig. 5); for clustering

of variables (Fig. 4), 1-r Pearson distance was
used. All data were initially standardized through
z-score transformation (Marengo et al. 1995),
and then statistical and mathematical calculations
were performed using version 8.0 of the Statistica
software (StatSoft Inc., Cracow, Poland) and Mi-
crosoft Office Excel 2003 spreadsheet (Microsoft
Corporation, Warsaw, Poland). For dendrograms
shown in Fig. 5, the number of significant clus-
ters was determined using the more restrictive
Sneath’s index criterion, at 1/3 of the maximum
distance D, (Astel et al. 2007).

Results and discussion

Physicochemical characteristics of the studied
watercourses

A statistical description of eight physicochemical
parameters determined in Gdansk Municipality
region for consecutive years of study from 2000
to 2007 is presented in Fig. 2a—f, whereas for
different watercourses in the whole study period
in Fig. 3a—f. In the study, over 1,300 samples of
water were collected and analysed, what produced
a large database of more than 10,500 results.
Figures 2 and 3 are whisker plots which present

Table 2 List of
physicochemical
parameters measured for

Parameter

Units Abbreviation

Applied analytical techniques
used in the text

Water temperature
5-day biochemical
oxygen demand
Chemical oxygen

demand
Total nitrogen
concentration

the river water, their units
and abbreviations used

Total phosphorus
concentration
Oxygen saturation

Dissolved oxygen
concentration
Total suspended solids

mg O,/L BOD
mg O,/L COD

mg/L

mg/L

mg O,/L DO

mg/L

T Thermometer
Incubation, Winkler titration

Permanganate titration

N Peroxydisulfate oxidation,
cadmium—copper reduction,
spectrophotometry

TP Peroxydisulfate oxidation,
spectrophotometry

(ON Calculated based on the DO

values after accounting for T,
atmospheric pressure,
and water salinity.

Winkler titration

TSS Filtration and drying
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Fig. 2 a—f Whisker plots of the results for years 2000-2007 covered by this study, eight studied watercourses are listed in
Table 1, units are given in Table 2

minimal, maximal and median values of investi-
gated parameters and indicate outliers and ex-
tremes. Median values were used instead of mean

values because they are less dependent on the
extremes and therefore better characterise envi-
ronmental data
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Fig. 3 a—f Whisker plots for the studied watercourses (listed in Table 1), results from years 2000-2007; units are given in
Table 2

The assessment of water quality is based on which implement guidelines of the Directive
standards established by the Polish Minister of 2000/60/EC of the European Parliament known
the Environment (Dz. U. Nr 162, poz. 1008 2008), as Water Framework Directive (WFD 2000)
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into Polish legal system. WFD mainly highlights
on biotic components of the European Waters;
however, chemical monitoring is also taken into
account as an effective source of information
(Ocampo-Duque et al. 2006). The values for the
first and second class of water had been marked
in the whisker plots; inferior water quality classes
had not been assigned.

From Figs. 2a—f and 3a-f, it can be concluded
that the quality of examined waters is relatively
good. They are well-oxygenated, with median DO
values in the first class of water quality; median
TSS content is also within the first class accord-
ing to Polish standards, below 10 mg/L for most
years and majority of watercourses. The nutrient
(TN, TP) concentrations are within the limits for
the first class of water quality; however, since
2006, a significant increase in the TN content
should alarm the local authorities. In Fig. 3e,
elevated concentrations of TN rather do not refer
to Strzyza Stream and Jelitkowski Stream. The
results for TP concentration in consecutive years
are quite variable, with many extreme and out-
lying values (Fig. 2f). This is for the most part
caused by elevated TP concentrations detected
for the two watercourses: Dead Vistula (site 3a)
and Rozwojka (site 4). In case of Rozwojka, high
TP values might be attributed to low flow condi-
tions and urban run-off. For site 3a on the Dead
Vistula River, high TP concentrations are caused
by a release of phosphorus to the water from the
phosphogypsum waste dump in Wislinka district,
situated near station 3a. Considering the rapid
water flow in Dead Vistula River (from 600 to
1,200 m® s7!) and its depth of more than 5 m,
it can be concluded that the amount of phos-
phates delivered to water from the waste dump in
Wislinka cannot be neglected.

The analysed waters are characterised by rather
high organic matter content. It refers to both
organic matter biodegraded by organisms in bio-
chemical processes (BOD) or oxidised by a strong
chemical oxidant such as permanganate (COD)
(Xia et al. 2005). BOD and COD values for the
examined waters were in the second or close to the
second class of water quality; some improvement
can be observed from year 2004. Elevated organic
matter content was observed in the warm season,;
therefore it may be concluded that intensive or-

ganic matter production and a high rate of pho-
tosynthesis are the main causes of elevated BOD
and COD values.

Figure 3a—f shows that physicochemical prop-
erties of water from the two watercourses—
Jelitkowski Stream and Rozwojka Canal, notice-
ably differ from the others in the area of Gdansk
Municipality. The Jelitkowski Stream (sites 7, 7a)
can be distinguished from all watercourses by
the lowest load of pollution. In the whole study
period, this watercourse had the lowest levels of
organic pollution (BOD and COD). Moreover, in
Jelitkowski Stream, the lowest concentrations of
TN and TP were determined. Jelitkowski Stream
contained the least TSS content; water from this
watercourse was also well saturated with oxy-
gen (high DO). Good quality of water in case
of Jelitkowski Stream can be attributed to the
fact that it flows through protected area of a
Tricity Landscape Park and a few recreational
parks. The second watercourse with an outstand-
ing water quality is Rozwojka Canal. In the whole
study period, most physicochemical parameters
of its waters had median values in the second
class of water quality or below, the only excep-
tion was noticed for TSS and TN values. This
refers especially to DO concentration and organic
matter content (BOD, COD) and may indicate
considerable contamination of water (Olajire and
Imeokparia 2001). Pollution of water in Rozwojka
Canal (site 4) and the highest median value of wa-
ter temperature (T) might be caused by an inflow
of drainage waters or treated wastewater from the
nearby oil refinery or the refinery’s wastewater
treatment plant. Effluents from the oil refinery
cannot be easily flushed away because of a rela-
tively low or at times even no flow of water.

Radunia Canal, Motlawa River and Strzyza
Stream belong to rather clean watercourses, with
similar physicochemical properties. Examination
of water quality in those watercourses allows con-
cluding that in the investigated area fields and
farming areas (Radunia Canal, Motlawa River) do
not contribute to increase in water pollution or
higher concentrations of biogenic substances. In
case of Strzyza Stream, vicinity of shipyard, power
station and storage place for ashes from the power
station also does not remarkably worsen the water
quality.
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More polluted seem to be the three remain-
ing watercourses: Dead Vistula River, Siedlicki
Stream and Orunski Stream. Deteriorated water
quality in the Dead Vistula can be caused by the
fact that it is an artificial canal that intersects
Vistula River, the largest River in Poland, which
flows through the whole country and accumu-
lates vast quantities of various origins pollution
(sewage, wastewater, urban and agricultural run-
off). Both Siedlicki Stream and Orunski Stream
have similar hydrological properties with rather
low flow of water (0.06 and 0.03 m® s~!, respec-
tively) and average depth of only 0.2 m. In case of
both streams, one sampling point, close to mouth,
was situated in the city centre park; however,
such a poor quality of water in those watercourses
is attributed to their flow through wastelands or
privately owned rural or suburban lands, often de-
veloped for gardening or used as a second home.
Because these lands are not served by a sewage
system and are often managed agriculturally,
water quality is at higher risk.

Relations between physicochemical
parameters of water

Relations between the physicochemical parame-
ters measured in all water samples in the whole
study period are explained on the basis of the
values of linear Pearson’s correlation coefficients
presented in Table 3. Analysis of correlation
coefficients (p = 0.05) shows that some common
relations only for variables describing oxygen con-
ditions of water can be noticed. The value of
correlation coefficient equals —0.66 for the pair
DO and T, and 0.83 for DO with OS. It can
be explained by the fact that OS is calculated

based on DO, taking into consideration the values
of temperature, atmospheric pressure and water
salinity (Chang 2005; Yunus and Nakagoshi 2004).
It is though not surprising that the relation be-
tween DO and water temperature (T) is inversely
proportional; with the increase of temperature the
value of DO decreases (correlation -0.66). DO
and OS depletion occurs also with an increase
of BOD and COD values, another pair of inter-
correlated variables. The COD with BOD cor-
relation can be explained by the fact that BOD
represents labile organic matter which undergoes
biotic decomposition and is a part of COD. COD
describes total organic matter content, which is
oxidised by a strong oxidant (Almeida et al. 2007).
A positive correlation of 0.70 between BOD and
COD might suggest that regardless the season of
sampling relation between these two variables is
constant.

The values of correlation coefficients between
the other physicochemical parameters of water
are statistically non-significant (p = 0.05). How-
ever, it is worth to point out that the values of
correlation coefficients were calculated on the
basis of a huge number of pairs of the results
(>1,300), what considerably increases the their
level of significance. Moreover, the studies carried
out through the long period of 8 years, are of en-
vironmental character and are described by high
variability, with frequently observed extreme and
outline values, what also significantly influences
the correlation coefficients.

Application of CA, a chemometric method of
data exploration, broadened and confirmed in-
formation about relations between investigated
variables. Figure 4 shows dendrogram presenting
the clustering of the analysed variables. It can be
observed that the lowest agglomeration distance,

Talt)l? 3f COtrr(el!af_liOH TSS DO T 0s BOD COD TP
maftrix 1or studaie
parameters, data from the DO —0.03
whole study 0.05 —0.66
oS 0.00 0.83 —0.14
BOD 0.19 —0.35 0.25 —0.27
:aiuig rseolf’r'e]i’;’rllffaced COD 0.23 —032 0.14 —031 0.70
significant correlation TP 0.00 —0.18 0.03 —0.22 0.24 0.19
(p = 0.05) TN —0.03 —0.08 —0.14 —0.22 —0.03 —0.11 0.15
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Fig. 4 Dendrogram showing clustering of 8 variables
(listed in Table 2) plotted for samples collected from all
monitoring sites from 2000 to 2007

less than 15% of the maximum distance D,y 1S
noticed for the two pairs of variables: DO with
OS, and COD with BOD. For these two pairs
of the results, also the highest positive values of
correlation coefficients were noted.

Different results variation was observed for
the pair of DO and OS. Both variables attach the
other physicochemical parameters of water at the
maximum distance D,,,x. It was also reflected in
the values of their linear correlation coefficients.
DO as well as OS are negatively correlated to all
other variables, and this is why they form a sepa-
rate cluster on the left side of the dendrogram.

The remaining variables are found on the right
side of the dendrogram. COD and BOD were
grouped in a common cluster at a distance less
than 40% of the maximum with the TSS and T.
This means that TSS to some extent is made up
of organic compounds, and also that the values
of COD, BOD and TSS can change seasonally
accompanied by the change of T.

OS and DO concentration are found in a
different cluster than BOD and COD, what can
be explained by the fact that high values of OS and
DO are usually associated with low values of COD
and BOD in case of clean natural waters, opposite
situation for polluted waters occurs (Ekpo and
Inyang 2000).

Separate cluster for the pair of TN and TP was
also formed. This cluster at the distance of 55% of

the maximum D, is attached to cluster created
by the variables: COD, BOD, T and TSS.

The fact that TN, TP, COD, BOD, T and TSS
were included in a common cluster on the right
side of the dendrogram may imply that those vari-
ables are involved in the processes of production
and mineralization of organic matter. In this clus-
ter, variables with low values of Pearson’s linear
correlation coefficients are present, what indicates
that some relations of a non-linear character can
be noted.

CA of water samples originating
from particular watercourses

CA was also applied to provide a visual presenta-
tion of clustering of all samples collected from a
particular watercourse. CA supports detection of
regularities or inner relations in the whole studied
database.

The way of samples from particular water-
courses (Radunia Canal and Rozwojka Canal,
Dead Vistula River and Motlawa River as well
as Strzyza, Siedlicki, Jelitkowski and Orunski
streams) grouping considering eight studied vari-
ables (TSS, DO, T, OS, BOD, COD, TP, TN)
in a simplified form is shown in Table 4. The
detailed analysis of these data revealed that
two watercourses Rozwojka Canal and Strzyza
Stream exhibit the lowest variability of the re-
sults because only two and three clusters were
formed respectively. The highest number of five
clusters was detected for the samples collected
from Jelitkowski and Orunski Stream. The re-
sults obtained for the other four watercourses:
Radunia Canal, Dead Vistula River, Motlawa
River and Siedlicki Stream, enabled discrimina-
tion of four clusters with different physicochemi-
cal water properties. The dendrograms of results
from a particular watercourse permitted to ob-
serve differences in physicochemical properties
of water between two, sampling sites within one
watercourse. The data presented in Table 4
suggest that the least differences were noticed
for the samples from two stations (5, 5a) on
a Motlawa River. In each cluster, there are a
similar number of samples collected from both
stations situated in the upper (5a) and lower (5)
course of the river. Also for the Dead Vistula
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Table 4 Composition of the clusters detected by the cluster analysis of water samples collected from 2000 to 2007

Watercourse Clusters Year Total
2000 2001 2002 2003 2004 2005 2006 2007
Strzyza Stream I 1 1 (1a)
1,1a II 1 2 1 1 4(1),1(1a)
111 13 22 23 24 18 24 24 23 83 (1), 88 (1a)
Radunia Canal I 7 3 10 3 1 2 10 7 13 (2),30 (2a)
2,2a II 5 6 2 3 3 1 4 18 (2), 6 (2a)
11 4 6 7 8 7 4 4 7 18 (2),29 (2a)
v 2 5 4 7 7 18 9 6 40 (2), 18 (2a)
Dead Vistula River I 3 10 11 11 4 10 13 12 40 (3), 34 (3a)
3,3a II 1 2 4 3 8 7 3 19 (3), 13 (3a)
111 2 4 2 1 3 2 9(3),5(3a)
v 3 5 9 9 4 1 7 21 (3),26 (3a)
Rozwojka Canal I 2 5 7 6 6 12 10 2 50 (4)
4 I 7 7 5 3 3 2 10 37 (4)
Motlawa River I 6 5 5 3 2 11 6 20 (5), 18 (5a)
5,5a IT 2 8 6 10 3 4 9 9 25(5),26 (5a)
1T 7 6 8 3 8 7 1 4 24 (5),20 (5a)
v 3 5 10 5 4 11 3 5 23 (5),23 (5a)
Siedlicki Stream I 2 1(6), 1 (6a)
6, 6a I 4 5 12 10 9 18 10 5 28 (6), 45 (6a)
111 3 4 1 1 4 6 13 (6), 6 (6a)
v 12 11 12 9 8 10 13 43 (6), 37 (6a)
Jelitkowski Stream I 1 2 6 4 6 10 8 6 15 (7),28 (7a)
7,7a II 1 4 3 1 3 9(7),3 (7a)
1T 10 8 4 5 6 6 8 31(7),16 (7a)
v 7 5 10 5 11 8 8 23 (7),31 (7a)
A% 6 3 9 2 2 2 12 (7),12 (7a)
Orunski Stream I 1 1 1(8),1 (8a)
8, 8a 1T 1 1(8)
11 1 11 8 4 5 3 7 4 19 (8), 24 (8a)
v 8 8 14 14 10 17 7 15 48 (8), 45 (8a)
\% 7 5 2 6 2 4 10 5 21 (8),20 (8a)

Eight water parameters listed in Table 2 were determined at each sampling site. Site locations and characteristics are
described in Table 1. Data in the table represent the number of samples that were grouped into a given cluster

River (sites 3 and 3a) and Orunski Stream (sites 8
and 8a) samples differences in water composition
from the two sampling sites were not significant.
Therefore, it can be concluded that rivers trans-
ferring considerable amounts of water (Motlawa,
Dead Vistula) have more stable composition due
to higher ability for self-purification and are more
resistant to inflow of pollutants or more polluted
water from other watercourses. The highest di-
versity of results between two stations 2 and 2a
was detected for Radunia Canal. Most of the
samples collected from station 2 were arranged in
cluster IV, while samples from the site 2a were
found mainly in clusters I and III. In contrast to

@ Springer

the samples originating from the station 2, the
samples from the station 2a, located in the upper
course of the canal were characterised by lower
concentration of TSS and DO, smaller degree of
organic matter pollution (COD, BOD) and bio-
genic compounds (TN, TP). It was attributed not
only to seasonal small flow or low water level in
the Radunia Canal but also inflow of water from
Orunski Stream and Siedlicki Stream, what can
modify water properties of Radunia Canal at its
mouth to the Motlawa River.

Analysis of dendrograms in Fig. Sa—d plot-
ted for samples collected from the particular
watercourses indicated that a month of sample
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collection may influence the arrangement of sam-
ples into clusters. Grouping of samples in two
periods was observed: warm, spring-summer, ap-
proximately from May to September, and cool,
autumn-winter, more or less from October to
April. Seasonal patterns were detected mainly
for DO and OS with maximal values in cool
season, accompanied by minimal values of COD
and BOD. Similar observations were made by
Simeonov et al. (2001). The exception was year
2005, for which most of the samples were grouped
into one cluster. In dendrograms plotted for the
watercourses Rozwojka Canal, Radunia Canal
and Jelitkowski Stream, the samples collected in

cool period of the year were located in the right
side of the plots (example on Fig. 5a). In case of
Orunski Stream and Dead Vistula River the op-
posite situation was noticed with the samples from
the colder period of the year on the left side of
the dendrograms (Fig. 5b). The samples collected
from three watercourses: Strzyza Stream, Siedlicki
Stream and Motlawa River, have also tendency
to cluster in accordance with the period of their
collection. This can take place either within cer-
tain clusters (Strzyza Stream, Siedlicki Stream;
Fig. 5¢), or alternately, when clusters I and III
group samples from warmer period, whereas 11
and IV from cool period (Motlawa River; Fig. 5d).
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Fig. 5 a-d Dendrograms illustrate clustering (eight pa-
rameters listed in Table 2) of samples collected from
Rozwojka—site 4 (a); Orunski Stream—sites 8, 8a (b);
Siedlicki Stream—sites 6, 6a (¢) and Motlawa River—sites

5, 5a (d) from 2000 to 2007. The two seasons of sampling
(warm, cool) with different water properties are separated
with a vertical dashed line
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Conclusions

Interpretation of the monitoring results revealed
that eight analysed water quality parameters: TSS,
DO, T, OS, BOD, COD, TP and TN allow
to differentiate watercourses according to water
quality.

It can be also concluded that the quality of
examined waters is relatively good with respect
to Polish standards of water quality which imple-
ment EU Water Framework Directive. Distinctive
physicochemical properties of water were noted
for two watercourses Jelitkowski Stream and Roz-
wojka Canal. It confirms that water quality of the
watercourses in the region of Gdansk Municipal-
ity depends on their location. Jelitkowski Stream
flows through forests, Tricity Landscape Park and
recreational areas, whereas Rozwojka on her way
passes oil refinery and receives inflow of treated
sewage and drainage water. Heap of phosph-
ogypsum dump is another source of pollution,
releasing phosphorus to water. However, this con-
tamination regards Dead Vistula River - a large
river with high flow of water and considerable
depth.

Application of cluster analysis revealed that
common clusters were formed for the two pairs of
variables: DO concentration with OS, and COD
with BOD. Moreover, DO and OS are found in
separate cluster than other variables. CA showed
also that Rozwojka Canal and Strzyza Stream
exhibit the least difference of results, while the
highest number of five clusters was observed for
Jelitkowski Stream and Orunski Stream. In addi-
tion, CA demonstrated that the least differences
for samples collected from two sampling sites
were for the Dead Vistula River, Motlawa River
and Orunski Stream. The largest diversity of re-
sults between the two stations on one watercourse
in case of Radunia Canal was detected. CA also
indicated that samples of water are clustered in
two periods warm and cool, as a month of sample
collection may determine their arrangement into
clusters.

Open Access This article is distributed under the terms
of the Creative Commons Attribution Noncommercial Li-
cense which permits any noncommercial use, distribution,
and reproduction in any medium, provided the original
author(s) and source are credited.
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