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Abstract The paper presents the results of determi-
nations of physico-chemical parameters of the Mata
Welna waters, a river situated in Wielkopolska
voivodeship (Western Poland). Samples for the
physico-chemical analysis were taken in eight
gauging cross-sections once a month between May
and November 2006. To assess the physico-chemical
composition of surface water, use was made of
multivariate statistical methods of data analysis, viz.
cluster analysis (CA), factor analysis (FA), principal
components analysis (PCA), and discriminant anal-
ysis (DA). They made it possible to observe
similarities and differences in the physico-chemical
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composition of water in the gauging cross-sections,
to identify water quality indicators suitable for
characterising its temporal and spatial variability, to
uncover hidden factors accounting for the structure
of the data, and to assess the impact of man-made
sources of water pollution.
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Introduction

In the recent years, an ever wider use has been
made in the analysis of environmental data of
multivariate statistical methods known as chemo-
metric techniques. Cluster analysis (CA), factor
analysis (FA), principal components analysis
(PCA), and discriminant analysis (DA) help in the
interpretation and evaluation of multivariate data
sets coming from environmental monitoring. Che-
mometric techniques are a useful instrument in
characterising the quality of water and its temporal
and spatial variability caused by natural and man-
made factors (Singh et al. 2004). There have been
many studies confirming the usefulness of those
techniques in the analysis of large, complex sets of
measurement data and in the planning of measuring
networks for efficient control of sources of surface
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water pollution (Simeonov et al. 2003). The litera-
ture provides many examples of the application of
chemometric techniques in the interpretation of
physico-chemical results of river water (Einax et al.
1998; Vega et al. 1998; Simeonov et al. 2000, 2001,
2002; Marques da Silva and Sacomani 2001;
Brodnjak-Voncina et al. 2002; Mendiguchia et al.
2004; Singh et al. 2004, 2005a,b; Ouyang 2005;
Ouyang et al. 2006; Panda et al. 2006; Charkhabi
and Sakizadeh 2006; Kowalkowski et al. 20006;
Sundaray et al. 2006; Tarrado et al. 2006; Zeilhofer
et al. 2006; Kannel et al. 2007; Shrestha and Kazama
2007; Sotelo et al. 2007).

The aim of the present research was to use
chemometric techniques (CA, PCA, FA and DA) in
order to: (1) discover similarities and differences in
the physico-chemical composition of water in the
gauging cross-sections on the Mata Weklna river
under study, (2) identify water quality indicators
suited to its temporal and spatial variability, (3)
expose hidden factors accounting for the structure
of the data, and (4) identify man-made sources of
water pollution.

Material and methods
Study area

In terms of Kondracki’s (2000) physical-geographic
division of Poland, the catchment of the Mata
Wetna river is situated in the central part of the
Wielkopolska—Kujawy Plain, in the Wielkopolska
Lakeland macroregion and the Gniezno Lakeland
mesoregion. In accordance with the European
Union’s coding system for hydrographic units, the
Mata Welna catchment has been assigned the code
1866 (Czarnecka 2005). In abiotic typological terms,
the Mata Welna has been classified as a small river
whose ecological functioning is independent of the
eco-regions established in Europe. It is a left-bank
tributary of the Wetna river, which in turn empties
into the Warta. The total areca of the Mala Welna
catchment equals 688 km?, while the part up to the
Kiszkowo cross-section, which closes the study area,
occupies 342 km?. On its course from the headwaters
to the Kiszkowo cross-section, the Mata Welna
passes through eight lakes with a total area of
392.8 ha. Nineteen more lakes are located in its
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catchment and a complex of fish ponds with a total
area of 780.5 ha, which gives the catchment area a
lake percentage of 2.3%.

The catchment is agricultural in character: the
proportion of agricultural land is high here, at
82.7%, of which arable land accounts for 75.2%,
grassland for 7.2%, and orchards for 0.3%. Its
afforestation level is low, at about 6% of the area. It
is covered with mineral deposits formed mostly from
loamy sands and tills, with a predominance of lessivé
soils.

In the hydrological year 2006, the mean annual air
temperature was 9.2°C while rainfall amounted to
565 mm. In the summer half-year, rainfall was
298 mm, 13 mm lower than the 1989-2006 average,
and the mean air temperature was 17.1°C, or 2.2°C
higher than the multi-year average. The mean dis-
charge in the Kiszkowo cross-section equalled
0.302 m* s !, which was 0.122 m> s lower than
the multi-year average. In the summer half-year, the
mean discharge was 0.447 m> s~', up by 0.080 m* s™!
from the multi-year average. The discharges in the
individual cross-sections along the river course varied
on sampling days: the highest flows were recorded in
May, from 0.128 m’ s ' in cross-section no 1 to
0.857 m® s! in no 8, and the lowest in July, under
0.109 m* s~' (Fig. 1).

Sample collection

Surface water was sampled for physico-chemical
analysis from May to November 2006 in six gauging
cross-sections situated along the Mala Wema river
and in two lakes through which it passes (Fig. 1).
Measurements taken directly in the field included the
temperature, pH reaction and electrolytic conductivity
of the water with the help of a multifunctional
measuring device, Multi 197, made by the firm
WTW (Weilheim, Germany). The samples were
collected in polyethylene (PE) bottles using a Ton 2
sampler (Mera Btonie, Gdansk). The samples were
then fixed in accordance with the PN-EN ISO 5667-3
(2005) standard in force.

In each gauging cross-section hydrometric mea-
surements were performed, which included depth and
width of the cross-section, as well as the water flow
velocity. This was done using a Valeport BMF002
model of hydrometric current meter (Devon, United
Kingdom).



Environ Monit Assess (2008) 147:159-170

161

Fig. 1 Catchment of the
Mata Welna River down to
the Kiszkowo cross-

section
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Chemical analysis

Determinations of Cl™ were performed using argen-
tometric titration, and SO3, the gravimetric method.
Total water hardness and Ca”>" concentration were
determined by the versenate method, while Mg*"
concentration was calculated from the difference
between total hardness and the concentration of Ca®"
ions. NH," was determined by the spectrophoto-
metric method with Nessler’s reagent; NO,, with
sulphanilic acid and 1-naphthylamine; NO5, by the
salicylate method; and PO~ was determined by the

«— - sewage-treatment plant

molybdate method with ascorbic acid as a reducer,
using a Merck Nova 60 apparatus (Merck KGaA,
Darmstadt, Germany). The dissolved oxygen content
(DO) and biochemical oxygen demand (BODs) were
determined using Winkler’s method, and chemical
oxygen demand (COD), the dichromate method.
Determinations of Fe) and Mn*" were made using
atomic absorption spectrometry with flame atom-
isation (F-AAS), and those of K' and Na' (with
CsCl, as modifier), using atomic emission spectrom-
etry (F-AES) on a two-beam Perkin Elmer instru-
ment, the AAnalyst 300 model (Perkin Elmer,
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Fig. 2 Dendrogram show-
ing clustering of the
sampling sites on the Mata @ Owieczki
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Norwalk, CT, USA). This instrument was equipped
with a Perkin Elmer AS 90 autosampler (Perkin
Elmer, Norwalk, CT, USA). Hollow cathode lamps
(HCL) were used for the determinations (Perkin
Elmer, Norwalk, CT, USA).
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All the reagents used were of analytical grade, water was

deionised and of resistivity >18 M in a Milli Q-RG
apparatus (Millipore, France). The reference standard
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solutions were made of commercial standards for AAS
analysis made by Merck (Merck, Darmstadt, Germany).

Data treatment and statistical analysis

The evaluation of the physico-chemical composition
of water in the Mata Welna catchment rested on a set
of data embracing 19 parameters of water quality
determined in the eight gauging cross-sections be-
tween May and November 2006. Before performing
the statistical analysis, preliminary work was done on
the data matrix which included the assembling and
transformation of the data. At the assembling stage,
the levels of nitrate nitrogen, nitrite nitrogen and
phosphates, which were below detection limit, were
complemented with values equal to half the detection
limit. Then, with the help of the W (Shapiro—Wilk)
test, the agreement of the distribution of the physico-
chemical parameters of water with the normal
distribution was checked. Variables with a distribution
other than normal were subjected to a transformation
(Mazerski 2000). In the case of water temperature as
well as chloride and magnesium concentrations, their
post-transformation distribution differed significantly
from the normal one, hence those parameters were not
taken into consideration when making the chemo-
metric analyses. The data set embracing 16 parame-
ters of water quality was standardised and finally
analysed using three multivariate statistical methods:
CA, PCA and FA. CA was performed to highlight
similarities and differences among the gauging cross-
sections using Ward’s method. The PCA and FA
techniques were used to accentuate the components/
factors characterising the temporal and spatial vari-
ability of water quality. Discriminant analysis was
made using the data which had not been subjected to
transformation (Kowalkowski et al. 2006; Singh et al.
2005a, b; Shrestha and Kazama 2007). Its chief aim
was to employ the water quality parameters to build a
model (a discriminant function) that would allow an
assessment of the temporal and spatial variability of
water quality.

To evaluate the temporal and spatial variability of
concentrations of the parameters under study, use was
made of the analysis of variance (ANOVA).

All the statistical and mathematical calculations
were performed using the Microsoft Office — Excel
2000 spreadsheet (Microsoft Corporation, Poland)
and the Statistica 7.1 software (StatSoft, Poland).

Results and discussion

General characteristics of water quality in the Mata
Wea River over the study period

Over the study period, the water in the Mata Welna
catchment showed an alkaline reaction ranging from
pH 7.0 to 8.3. The concentrations of nitrate nitrogen
were found to be low, from <0.1 to 5.5 mg dm_3,
while those of nitrite nitrogen, from <0.01 to
0.11 mg dm . Sulphates were found to vary from
91.8 to 197.1 mg dm >, calcium from 68 to
200 mg dm >, iron from 0.03 to 1.55 mg dm >, and
manganese from 0.01 to 0.59 mg dm>. Elevated
concentrations were observed of biochemical oxygen
demand (BODs), from 1.6 to 15.0 mg dm >, chemical
oxygen demand (CODc,), from 26.0 to 84.0 mg dm >,
ammonia nitrogen, from 0.01 to 3.25 mg dm °, and
phosphates, from <0.1 to 3.3 mg dm>. In the first
cross-section the highest concentrations of CODc,
were recorded, up to 84.0 mg O, dm >, of phosphates

Table 2 Matrix of factor loadings calculated on the basis of
water quality parameters measured in the period from May to
November 2006 in the Mata Wela river down to Kiszkowo
(except the Owieczki cross-section)

Parameter VF1 VF2 VF3 VF4
pH -039 -032  0.00 -0.60°
DO -043  -030 -024  —0.66"
BOD 0.12  -0.15 -0.80° 0.18
COD¢, -0.18  —0.06 —0.74* —0.32
EC 0.54*  0.28 0.33 0.17
N-NO; -0.05 -029 -0.03 —0.11
N-NO, 024  —0.66° -0.17 -036
N-NH,4 0.50°  0.35 0.05 0.36
PO, 0.73*  0.44 0.06 0.28
SO4 081> —0.08 -035 0.13
Hard 0.56*  0.08 0.44 0.36
Na 026  087°  0.09 0.11

K 0.11 0.92°  0.07 0.02
Ca 0.82° —0.02 0.4 0.19
Fe 0.07  0.13 0.06 0.75°
Mn 023  0.01 -0.01  0.89°
Eigenvalue 6.74 2.19 1.41 1.29
Variance % 42.16 13.72 8.83 8.08

Cumulative variance %  42.16  55.87 64.71 72.78

#Medium correlated factor loadings

®Strongly correlated factor loadings
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up to 3.3 mg dm >, the highest electrolytic conductiv-
ity, at 1.133 puS ecm ', and very low concentrations of
DO, below 3.6 mg dm_3, which can also be associated
with a very low discharge here, at 27 dm® s '. The
statistical parameters of the water quality indicators
under study are listed in Table 1.

The analysis of variance showed there to be
temporal variations over the study period in the
concentrations of dissolved oxygen and the com-
pounds of nitrogen, sodium and potassium, as well as
spatial variations in the levels of dissolved oxygen,
biochemical oxygen demand, chemical oxygen de-
mand, phosphates, sulphates, chlorides, sodium, and
calcium, and in the hardness, electrolytic conductivity
and pH reaction of water (statistically significant
differences at the Pa=0.05 level).

Assessment of the temporal and spatial variability
of water using multivariate statistical methods

The results of cluster analysis CA are presented in
a dendrogram (Fig. 2). The gauging cross-sections
were grouped into three statistically significant
clusters (Djjni/Dmax) * 100<60. The first (HP, highly
polluted) embraced the cross-section at Owieczki (1)
located in the upper course of the river, with the
most polluted water; the second (MP, medium
polluted), the cross-sections at Zakrzewo (5), Myszki
(6), the Kiszkowo weir (7) and Kiszkowo (8) with a
moderate level of water pollution; and the third (LP,
low-polluted), the sites on lakes Kiteckie (2) and
Gorzuchowskie (4) as well as the Klecko cross-
section (3) located between them. The lakes in the
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Fig. 4 Results of principal components analysis (PCA) for months of sample collection (a, b) and monitoring cross-sections (c, d)
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stream—lake system of the studied catchment have a
high capacity for stopping and immobilising chem-
ical compounds, whether dissolved or adsorbed to
suspension, hence the composition of water and
its quality in the Kilecko cross-section (3) are
determined by the impact of Lake Kteckie (2). The
reason the Zakrzewo site (5) was not classed in
group three (LP) was the discharge of waste from a
treatment plant located below Lake Gorzuchowskie
(4) — Fig. 1.

Principal components analysis (PCA) confirmed
the significant differences in the composition of the
analysed physico-chemical parameters of water in the
Owieczki cross-section (1), which is clearly affected
by point pollution sources (domestic and agricultural
waste) — Fig. 3. The cumulative variance for the first
two principal components (PC1 and PC2) was only
54.18%, which caused the results of PCA analysis to
diverge from those of cluster analysis (CA). The
measuring points formerly placed in groups two (MP)
and three (LP) did not show under PCA. In the next
stage of the calculations, the Owieczki cross-section
(1) was eliminated from the PCA, FA and DA analyses
in order to ensure a correct interpretation of the results.

Factor analysis made it possible to reduce the set of
16 parameters used initially to characterise water

quality in the catchment to four factors (VF —
varifactors) necessary to identify sources of the
elements in the river and to describe water quality
(Table 2). The factors account for about 73% of the
structure of the parameters analysed, each having an
eigenvalue higher than 1. By the criterion proposed
by Liu et al. (2003), when factor loadings between the
water quality parameters and the VF factors are equal
to 0.75-1.00, 0.50-0.75 and 0.30-0.50, the values are
strongly, medium and weakly correlated, respectively.
The first factor, VF1 (accounting for as much as
42.16% of total variance), was strongly correlated
with the concentrations of sulphates and calcium,
which can imply a natural origin of those components
in the water of the Mala Welna catchment: they may
have been released from carbonate tills. The next
three factors with a cumulative variance amounting to
30.62% were strongly correlated with the levels of
sodium and potassium (VF2), BODs and CODc,
(VF3), and iron and manganese (VF4), which is
indicative an inflow of organic pollutants. The
negative correlation of the fourth factor, VF4, with
the concentrations of dissolved oxygen and the pH
reaction shows that at low values of those two
parameters iron and manganese can be released from
bottom deposits into the body of water.

Table 3 Results of discriminant analysis calculated on the basis of water quality parameters measured in the period from May to
November 2006 in the Mata Welna river down to Kiszkowo (except the Owieczki cross-section)

Monitoring sites Months

Parameter Wilks’ lambda  Partial Wilks” lambda  Tolerance Parameter Wilks’ lambda Partial Wilks’ lambda  Tolerance
Ca 0.0023 0.685 0.509 Na 0.0033% 0.574* 0.198*
DO 0.0028* 0.550% 0.197% N-NO; 0.0046° 0.410* 0.481*
N-NO, 0.0025 0.633 0.391 Mn 0.0026 0.722 0.319
N-NH4 0.0027% 0.572% 0.218* Fe 0.0031% 0.599% 0.413%
Hard 0.00417 0.381% 0.217% EC 0.0024 0.780 0.355
SO, 0.0026 0.600 0.397 N-NO, 0.0026 0.732 0.643
pH 0.0034? 0.458? 0.222% CODc, 0.0025 0.744 0.647
BOD 0.0025 0.615 0.411 K 0.0027 0.701 0.252
Fe 0.0030° 0.521* 0.305% N-NH, 0.0025 0.740 0.307
EC 0.0025 0.627 0.220 SO4 0.0032? 0.582% 0.301%
N-NO; 0.0021 0.734 0.326 pH 0.0028 0.663 0.195
Mn 0.0022 0.707 0.329 BOD 0.0032? 0.590% 0.325%
K 0.0023 0.684 0.074 DO 0.0030? 0.628% 0.130%
Na 0.0022 0.716 0.061 POy 0.0025 0.763 0.238

?The greatest discriminant power in the model created
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Principal components analysis performed with
the help of the VARIMAX method with rotation
did not allow an unequivocal assessment of the
temporal and spatial variability of the composition

Fig. 5 Results of discrimi-
nant analysis (DA) for
months of sample collection
(a) and monitoring cross-
sections (b)
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55.88 and 50.99%, respectively, of the internal
structure of the analysed parameters of water
quality.

In the final stage of calculations, discriminant
analysis was performed on the preliminarily pro-
cessed data using a forward stepwise method. This
allowed the building of two models (functions)
containing 14 parameters of water quality, which
were used to characterise the temporal and spatial
variability of the physico-chemical composition of
water in the catchment (Table 3).

The discriminant functions were created with an
exclusion of two parameters, viz. the levels of
phosphates and CODc, (the first function), and the
levels of calcium and hardness (the second function),
because partial Wilks’ lambdas were higher than 0.75
(Kowalkowski et al. 2006). The discriminant analysis
made it possible to build four orthogonal functions
with a cumulative variance of 98.55% in the case of
temporal changes and 97.75% in the case of spatial
ones. The first two were employed in characterising
the temporal and spatial variability of water quality in
the Mata Welna catchment (Fig. 5). The partial Wilks’
lambdas presented in Table 3 show that the concen-
trations of DO, ammonia nitrogen and iron, as well
as the pH reaction and water hardness were the
most influential in discriminating the gauging cross-
sections. In turn, the parameters most crucial for the
model of the temporal variability of the physico-
chemical composition of water were the levels of
nitrate nitrogen, iron, sulphates, DO and BOD. The
discriminant analysis allowed the gauging cross-
sections to be divided into four groups. Group I —
Lakes Kteckie (2) and Gorzuchowskie (4): lacustrine
ecosystems with their physico-chemical composition
of water differentiating them from the other measur-
ing sites; group II — Ktecko (3) and Zakrzewo (5):
cross-sections located below weirs raising the water
levels of Lakes Kteckie and Gorzuchowskie; group
I — Myszki (6) and the Kiszkowo weir (7): cross-
sections located above a weir which impounds water
to fill fish ponds; and group IV — Kiszkowo (8): the
cross-section situated below the Kiszkowo weirs,
markedly affected by fish-pond water management
and a treatment plant. The other discriminant model
allowed a division of the successive observation
months into three periods: group I — May and June;
group II — July and August; and group III — October
and November.

Conclusions

The results of the determination and analysis of the
parameters of water quality in the period from May to
November 2006 permit the following conclusions:

1. In the study period the following were observed:

— A temporal variability in the concentrations of
DO and the nitrogen, sodium and potassium
compounds,

— A spatial variability in the levels of dissolved
oxygen, biochemical oxygen demand, chemical
oxygen demand, phosphates, sulphates, chlo-
rides, sodium, calcium, and the hardness, elec-
trolytic conductivity and pH reaction of water;
this is undoubtedly a result of the agricultural
nature of the Mata Welna catchment and
discharges from point pollution sources.

2. A special impact of point pollution sources is visible
in the gauging cross-section no 1 (Owieczki), in the
period from June to October at very low discharges,
under 27 dm® 57",

3. Cluster analysis allowed a division of the gauging
cross-sections into three groups characterised by
various levels of pollution (HP, MP and LP).

4. Principal components analysis and factor analysis
did not corroborate unequivocally the division of
the measuring sites obtained on the basis of
cluster analysis.

5. Discriminant analysis permitted the building of two
models, which made it possible to classify the seven
measuring points into four groups following from
the interaction between the hydraulic structures and
local pollution sources, and a division of the
research months into three periods displaying a
similar composition and variability of water quality.
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