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Abstract: Pollution of river bottom sediments with heavy metals (HMs) has emerged as a main
environmental issue related to intensive anthropopressure on the water environment. In this context,
the risk of harmful effects of the HMs presence in the bottom sediments of the Warta River, the third
longest river in Poland, has been assessed. The concentrations of Cr, Ni, Cu, Zn, Cd, and Pb in the
river bottom sediments collected at 24 sample collection stations along the whole river length have
been measured and analyzed. Moreover, in the GIS environment, a method predicting variation
of HMs concentrations along the whole river length, not at particular sites, has been proposed.
Analysis of the Warta River bottom sediment pollution with heavy metals in terms of the indices:
the Geoaccumulation Index (Igeo), Enrichment Factor (EF), Pollution Load Index (PLI), and Metal
Pollution Index (MPI), has proved that, in 2016, the pollution was heavier than in 2017. Assessment of
the potential toxic effects of HMs accumulated in bottom sediments, made on the basis of Threshold
Effect Concentration (TEC), Midpoint Effect Concentration (MEC), and Probable Effect Concentration
(PEC) values, and the Toxic Risk Index (TRI), has shown that the ecological hazard in 2017 was
much lower. Cluster analysis revealed two main groups of sample collection stations at which
bottom sediments showed similar chemical properties. Changes in classification of particular sample
collection stations into the two groups analyzed over a period of two subsequent years indicated that
the main impact on the concentrations of HMs could have their point sources in urbanized areas and
river fluvial process.

Keywords: heavy metals; pollution; bottom sediments; river

1. Introduction

Surface water accumulated in the rivers, lakes and water reservoirs makes invaluable
resources of fresh water vital for all kinds of use, e.g., for household users and industry,
agriculture purposes, production of renewable energy, water transport, and recreation
purposes. The possibility of using water resources is closely related to a number of
factors modified by the type of natural or anthropogenic sources and climate changes.
These factors include the quality of water [1-5], the quality of bottom sediments [6-§],
processes of eutrophication and overgrowth [9,10], hydrological processes, and extreme
natural phenomena [11,12].

One of the greatest hazards to the water environment is the pollution of water and
bottom sediments with heavy metals. According to Liu et al. [13] and Jain and Sharma [14],
over 97% of the mass transport of heavy metals to oceans involves river bottom sediments.
Water pollution with heavy metals is a common problem, so their concentrations, dis-
tribution and sources have been of global interest [15-18]. The presence of heavy metal
pollutants in the water environment has been of great concern because of their estab-
lished negative effect on the health of humans and state of ecosystems [19-21]. Moreover,
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Wau et al. [22] have suggested that future climate changes will increase the harmful effect
of heavy metals in water environment because of their release from bottom sediments
to water.

Pollution with heavy metals is considered as a serious threat to the water environment
because of its chronic character, stability, toxicity, heavy metal ability to enter the food chain
and bioaccumulation [23-25]. After the release, heavy metals can be distributed through
different elements of the river environment, they can accumulate in water, bottom sedi-
ments, as well as the river fauna and flora. As follows from the hitherto studies, some small
amount of heavy metals remains in the water column, while their majority gets accumu-
lated in bottom sediments [26]. It has been documented that the river bottom sediments are
of key importance in sorption and transport of heavy metals in the water environment [27].

Heavy metals combine with the bottom sediments in the hyporheic zone as a result
of many processes, including coprecipitation, particle surface adsorption, ionic exchange,
hydrolysis, and deposition in organic matter [23,28]. The most abundant sources of heavy
metals are anthropogenic point and area sources related to agricultural and industrial
activity [29,30]. After introduction to the water ecosystem, most of heavy metal pollutants
attach to solid particulate matter [6,31] and gets deposited in bottom sediments leading
to harmful biological effects, even if the water quality meets the criteria specified in a
certain regulations [32]. The content of heavy metals in bottom sediments also depends
on hydrodynamic conditions [33]. According to the hitherto studies, the content of heavy
metals in river bottom sediments is usually lower than in the water reservoirs supplied by
the rivers [23].

Accumulation of heavy metals in bottom sediments poses a persistent threat to the
uniform parts of water and other elements of the natural environment. When released from
bottom sediments heavy metals can pose a threat to the river flora and agricultural crops
as they may accumulate in the plants with water from irrigation installations, along with
causing harmful effects to the fauna [34]. Some of the metals accumulated in bottom
sediments have been proved to be dangerous even when present in small amounts, de-
pending on their origin [30]. In view of the above, it is of great importance to define and
analyze the indices describing the quality of bottom sediments in order to establish the
risk of contamination and toxicity related to the presence of heavy metals in the water
environment. So far, a number of such indices have been defined, including the Geoac-
cumulation Index (Igeo), Enrichment Factor (EF), Pollution Load Index (PLI), and Metal
Pollution Index (MPI), and some regulations concerning the quality of bottom sediments
have been formulated [26,35,36].

This study was undertaken to perform spatial analysis of variability of heavy metal
concentration in the bottom sediments of the Warta River, the third longest river in Poland.
The analysis was performed on the basis of data collected at 24 sample collection stations
localized along the river course. In the samples collected at these sites the concentrations
of the metals: Cr, Ni, Cu, Zn, Cd, and Pb were measured. The overriding aim was
realized through fulfilment of the following objectives: (1) analysis of the concentrations of
heavy metals in the river bottom sediments; (2) determination of the temporal and spatial
variability of the heavy metals concentration; (3) analysis of contamination of the river
bottom sediments; (4) evaluation of ecological hazard; and (5) identification of potential
sources and factors determining the content and spatial distribution of heavy metals in the
Warta River.

2. Materials and Methods
2.1. Study Site Description

The Warta River of 808 km in length is the third longest river in Poland. Its catchment
area is 54.5.103 km?2, which makes about 17.4% of the area of Poland. The river flows in the
western part of Poland and is the right tributary of the river Odra. The main tributaries
of the Warta River are: Ner, Prosna, Obra, and Note¢ (Figure 1). The source of the Warta
River is at the altitude of about 380 m a.s.l., while its mouth is at 12 m a.s.l. The parent
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rocks of the soil in the river catchment area are postglacial formations. The near-surface
layer is dominated with sand and clay formations. The dominant form of land use in the
catchment area of the Warta River is agriculture (arable land), covering about 60% of the
whole area. The total annual precipitation in the area varies from over 650 mm in the upper
course (the Krakowsko-Czestochowska Upland) to nearly 500 mm in the middle course
(e.g., catchment area of the upper course of the river Note¢), for the sake of comparison the
mean annual precipitation for Poland is 600 mm.
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Figure 1. Study site location.

2.2. Materials

The analysis was made on the basis of the measurements of the concentrations of the
metals: Cr, Ni, Cu, Zn, Cd, and Pb in the bottom sediments of the Warta River, performed
within the program of State Monitoring of the Natural Environment from the period of
2016-2017. Samples of the river bottom sediments were collected in 2016 and 2017 at
24 sample collection stations localized along the course of the Warta River (Figure 1).
Sample collection stations were located at the borders of the catchment area, at the mouths
of tributaries and below large cities or towns where industrial plants are located. Chemical
analysis was performed for a 5 cm thick surface layer of the bottom sediment collected
at, from 4 to 5 sites over a section of 50 m for each of the 24 sample collection stations.
The samples were mixed and subjected to chemical analysis. Measurements were made
by the inductively coupled plasma atomic emission spectroscopy (ICP-OES) according to
PN-EN ISO 11885:2009 PB/1/13/D:04.2013.

The boundaries of the Warta River basin area were delimited on the basis of the Raster
Hydrographical Map of Poland (MPHP) developed by the Section of Hydrography and
Morphology of Riverbeds of the Institute of Meteorology and Water Management (IMGW).
The map shows a complete hydrography of Poland in vector format at a scale of 1:50,000,
in the PUWG-92 coordinate system. The type of landscape sculpture was characterized on
the basis of the Digital Terrain Model (DTM) of the mesh size of at least 100 m, provided by
the Head Office of Geodesy and Cartography (GUGIK). The structure of land use over the
river basin area was characterized on the basis of the digital database Corine Land Cover
(CLC) obtained from the Chief Inspectorate of Environmental Protection.
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2.3. Methods

Analysis of the content of heavy metals in the Warta River bottom sediments was
performed in four stages. At first, a general characterization of the contents of heavy metals
in the bottom sediments in 2016 and 2017 was made using the basic tools of statistical
analysis. The second stage was devoted to assessment of contamination of the bottom
sediments with heavy metals based on the calculation of Geoaccumulation Index (Igeo),
Enrichment Factor (EF), Pollution Load Index (PLI), and Metal Pollution Index (MPI).
At the third stage analysis of the possible hazardous effects of the heavy metals present in
the river bottom sediments on the water flora and fauna was made using the procedure
proposed by MacDonald et al. [37] based on the Threshold Effect Concentration (TEC),
Probable Effect Concentration (PEC), and Midpoint Effect Concentration (MEC). Another
parameter taken into account was the Toxic Risk Index (TRI), which permitted identification
of the sample collection stations running the highest risk of toxic effect of heavy metals
on water organisms. At the last stage, the multidimensional statistical methods were used
to identify the river sections of similar contents of heavy metals in bottom sediments and
to expose potential sources of contamination. Moreover, the content of heavy metals in
bottom sediments was analyzed in relation to the hydrological conditions in the years 2016
and 2017, as well as the structure of land use in the land zone adjacent to the river, above the
sampling site. It was expected to show if the content of heavy metals was increasing down
the river.

2.3.1. General Characterization of the Content of Heavy Metals in the Warta River
Bottom Sediments

To characterize the contents of the metals Cr, Ni, Cu, Zn, Cd, and Pb in the Warta River
bottom sediments, the mean concentrations of the metals, their minimum and maximum
values and median were calculated. The calculations were performed for 2016 and 2017
separately and jointly for the two years. For each metal, the percentiles were found (1%,
5%, 10%, 25%, 50%, 75%, 90%, 95%, and 99%). The data on the concentrations of Cr,
Ni, Cu, Zn, Cd, and Pb were analyzed to establish the type of the values distribution,
the presence of divergent results and the character of their variation. The distributions of
Cr, Ni, Cu, Zn, Cd, and Pb concentration were characterized by performing one-sample
Kolmogorov-Smirnov test (K-S). The divergent results in the analyzed data set were
detected with the Grubbs—Beck (G-B) test. As the distributions of concentrations of all
heavy metals considered differed from the normal distribution, in further analysis the
nonparametric methods were applied. The Kruskal-Wallis (K-W) test and Dunn’s test,
as a post-hoc procedure, were used to find out the possible differences in the median
values of concentrations of particular metals between 2016 and 2017. The variations in the
concentrations of Cr, Ni, Cu, Zn, Cd, and Pb in the years 2016 and 2017 were characterized
on the basis of the range, interquartile range (IQR), median absolute deviation (MAD),
and quartile coefficient of dispersion (QCD). The correlations between the concentrations of
particular heavy metals in the bottom sediments were checked using the Spearman’s rank
correlation coefficient. The Grubbs—Beck (G-B) test, Kruskal-Wallis (K-W), and Dunn’s
test, Kolmogorov-Smirnov test (K-5S) and Spearman’s correlation analysis were carried out
using the STATISTICA software version 13.1 (Statistica).

2.3.2. Geoaccumulation Index

The Geoaccumulation Index (Igeo) was first developed by Muller [35] and is used
to assess different pollution levels in bottom sediments and soils. The value of Igeo was
calculated from the following, Equation (1):

Igeo =logy[C;/1.5B;], 1)

where C; is the concentration of each heavy metal (HM) in the sediment (mg-kg~!) and B;
is reference geochemical background value of each HM.
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The following geochemical background values were adopted in this study: Cd—
0.5 mg-kg !, Cu—6 mg'kg !, Cr—5 mg-kg !, Fe—10,000 mg-kg !, Ni—5 mg-kg !, Pb—
10 mg-kg ! and Zn—48 mg-kg ! [38]. The factor 1.5 is used for correction of the possible
variability of the background data due to lithological conditions. On the basis of the Igeo
value, the level of pollution of the bottom sediments can be classified into six different
classes (Table 1) [39].

Table 1. Geoaccumulation Index (Igeo) classification.

Class Value Sediment Pollution
0 Igeo <0 no enrichment
1 O<Igeo <1 minor enrichment
2 1<Igeo <2 moderate enrichment
3 2<Igeo <3 moderately severe enrichment
4 3<Igeo <4 severe enrichment
5 4<Igeo <5 very severe enrichment
6 5 <Igeo extremely severe enrichment

2.3.3. Enrichment Factor

Calculation of the Enrichment Factor (EF) allows differentiation of the sources of
metals, which can be natural or anthropogenic. EF is mostly used for quantification of the
human impact on the concentration of each HM in sediments [40]. The Enrichment Factor
describes the stabilization of sediments relative to reference elements, e.g., aluminum
(Al), iron (Fe), manganese (Mn), scandium (Sc), or titanium (Ti) [26,41]. In this study,
anthropogenic metal enrichment was measured by using iron (Fe) as a reference element.
The EF values were calculated as Equation (2):

EF; = (Ci/Cge) / (Bi/Bre), ()

where C; is the concentration of each HM in the sediment (mg-kg~!), Cg, is the concen-
tration of iron (Fe), B; is the reference geochemical background value of each HM, Bg, is
the reference geochemical background value of iron (Fe). On the basis of the obtained EF
values, bottom sediments can be classified into different classes presented in Table 2 [42].

Table 2. Enrichment Factor (EF) classification.

Class Value Sediment Pollution
0 EF <1 no enrichment
1 1<EF<3 minor enrichment
2 3<EF<5 moderate enrichment
3 5<EF <10 moderately severe enrichment
4 10 < EF <25 severe enrichment
5 25 < EF <50 very severe enrichment
6 50 < EF extremely severe enrichment

2.3.4. Pollution Load Index

The Pollution Load Index (PLI) was originally developed by Tommilson et al. [36]
to assess the extent of pollution status of the summarized heavy metals (HMs) in bottom
sediments. The PLI is calculated as follows Equation (3):

Sl

PLI = (CFilX CFiz X ... X CFin) ’ (3)

where n is the number of heavy metals and CF is a contamination factor defined for
each studied heavy metal, which is one of the most recognized and effective tools in
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monitoring the heavy metal concentrations. The value of CF was calculated from the
following Equation (4) [43]:
CF; =Ci/B;, 4)

where C; is the concentration of each HM in the sediment (mg-kg™!) and B; is the reference
geochemical background value of each HM.

On the basis of the PLI, the Warta River bottom sediments can be classified into two
classes: no pollution (PLI < 1) or pollution (PLI > 1).

2.3.5. Metal Pollution Index

The Metal Pollution Index (MPI) is a presentation of all metal concentrations in
sediments as a single value, overcoming the difficulties with application and understanding
statistical analysis [44]. To compare the total content of all heavy metals at different sample
collection stations, the MPI was calculated from Equation (5):

Bl

MPI — (Cllx C12 X ... X Cin) 7 (5)

where C; is the concentration of each HM in the sediment (mg-kg™) and n is the number of
heavy metals considered.

2.3.6. Ecological Risk Assessment

In order to assess the ecological risk of the impact of heavy metals on aquatic organisms
the ecotoxicological criteria were applied. Assessment of the potential toxic effects of
heavy metals accumulated in bottom sediments was made on the basis of TEC, MEC and
PEC values [37]. The Threshold Effect Concentration (TEC) value is defined as the limit
below which no harmful effects on aquatic organisms are expected, the Probable Effect
Concentration (PEC) marks the limit above which a toxic effect on aquatic organisms
can be expected. The Midpoint Effects Concentrations (MEC) is the mean of TEC and
PEC limits. On the basis of the method proposed by MacDonald et al. [37], four levels
of bottom sediment pollution and their impact on organisms have been distinguished
(Table 3). According to the adopted methodology, the sediments classified as level I, II,
I (<PEC) may cause sporadic harmful effects on organisms, while the sediments at level
IV (>PEC) often have harmful effect on living organisms. It is assumed that the sediments
are classified as harmful to living organisms when PEC calculated for at least one analyzed
heavy metal in the sediments exceeds the limit value.

Table 3. Ecotoxicological criteria for assessing the quality of bottom sediments using the Threshold
Effect Concentration (TEC), Midpoint Effect Concentration (MEC), and Probable Effect Concentration
(PEC) values (mg~kg*1).

HMs Level I Level 11 Level I1I Level IV
(< TEC) (>TEC < MECQ) (>MEC < PEQ) (>PEC)
Cd <0.99 0.99-3.0 3.0-5.0 >5.0
Cr <43 43-76.5 76.5-110 >110
Cu <32 32-91 91-150 >150
Ni <23 23-36 36-49 >49
Pb <36 36-83 83-130 >130
/n <120 120-290 290-460 >460

2.3.7. Toxic Risk Index

Toxic Risk Index (TRI) was introduced by Zhang et al. [45] to assess potential integrated
toxic risk caused by heavy metals to aquatic organisms. The TRI values calculated on the basis
of the threshold (TEC) and probable (PEC) effect concentrations of heavy metals are presented
in Table 2. The TEC and PEC values have been successfully used to assess ecological risk in
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many previous studies concerning rivers, lakes and reservoirs sediments [23,45,46]. The Toxic
Risk Index is calculated according to the following Equation (6):

TRI = Y " | TRL= {[(C;/TEC;)* + (Ci/PEG;)?]/2) 2, ©)

where n is the number of HMs, C; is the concentration of each HM in the sediment
(mgkg1), TEC; is the threshold effect concentration of each HM, PEC; is the probable
effect concentration of each HM, and TRIj is the toxic risk index of each HM. The toxic risks
are classified into five categories based on the obtained TRI values [47] (Table 4).

Table 4. Toxic Risk Index (TRI) classification.

Class Value Toxic Risk
0 TRIL5 no toxic risk
1 5<TRI< 10 low
2 10<TRI< 15 moderate
3 15<TRI <20 considerable
4 20 < TRI very high

2.3.8. Analysis of Spatial Variability of the Heavy Metal Content in the Warta River
Bottom Sediments

Cluster analysis (CA) was applied to distinguish the groups of the sample collection
stations at which the bottom sediments samples revealed similar contents of heavy metals.
The grouping was performed by the Ward method assuming the square of Euclidean
distance as a measure of similarity. The division of sample collection stations into groups
and subgroups was made assuming the limits of Djjk.Dinik max. 100% at 66% and 25% [48].
For the groups and subgroups the mean heavy metal concentrations and median were cal-
culated. The differences in heavy metal concentrations between the groups and subgroups
were analyzed by the nonparametric Kruskal-Wallis (K-W) test and Dunn’s tests as post
hoc procedures. The cluster analysis (CA) was carried out using STATISTICA software
(version 13.1, StatSoft, Krakow, Poland).

The types of land use were established for the zone adjacent to the river of 600 m
in width. Taking into account great differences in spatial concentration of heavy metals,
independent of the km of the river course, the land use character was analyzed separately
at the distances of 1, 2, 3, 4, and 5 km from the sample collection station (Figure 2).
The structure of land cover in the zone adjacent to the river was analyzed using the ArcGIS
software and Buffer function.

600 m
SAMPLING
POINT

Figure 2. Scheme of land cover analysis.
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2.3.9. Linear Interpolation

Point representation of the data on the contamination with heavy metals does not permit
presentation of the changes taking place along the river course in a continuous way. However,
on the basis of the point data a linear interpolation was performed to make a graphic presenta-
tion of the distribution of heavy metal contamination in the form of raster graphics of pixel
resolution of 100 m. The linear interpolation can be described by Equation (7):

Ci = ((Cx - Cy) /ny) Pxi t Cx’ (7)

where C; is the concentration of each HM in the sediment (mg-kg_l) in the cell, Cy—
the concentration of each HM in the sediment (mg-kg~!) at the point of measurement
below a reference localization along the river course, pxy—the number of pixels of a
certain spatial resolution between the points of measurements, py;—the number of pixels
between the point of measurement below along the river course and the reference point
(Figure 3). The linear interpolation was performed in the ArcGIS software (10.7 version,
ESRI, Redlands, California, CA, USA).

Cy

Figure 3. Scheme of linear interpolation developed in this study.

3. Results
3.1. General Characterization of Heavy Metal Concentrations

The concentrations of Cd, Cr, Cu, Ni, Pb, and Zn in the samples of the Warta River bottom
sediments measured in 2016 and 2017 at particular sample collection stations are presented in
Table 5, with reference to the values of TEC, MEC, and PEC. The concentrations of individual
metals in the river bottom sediments varied in the following ranges: Cd: 0.03-14.50 mg-kg~?,
Cr: 0.78-193.0mg-kg !, Cu: 0.40-116.0 mg-kg !, Ni: 0.56-36.7 mg-kg !, Pb: 1.0-144.0 mg-kg
and Zn: 0.50-519.0 mg-kg ! (Tables 5 and 6). Analysis of the data set with the Grubbs—Beck
(G-B) test revealed a number of deviating results. In 2016 the deviating observations included
the concentrations of Cd at site numbers 19, 20, and 23, and the concentrations of Cu and Pb at
site 23. In 2017, the deviating observations were the concentration of Cr at site 1 and that of
Pb at sites 1 and 24. Analysis of the concentrations of Cd, Cr, Cu, Ni, Pb, and Zn proved that
they showed mostly a logarithmic-normal distribution, only the concentrations of Ni in 2016
showed a normal distribution.
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Table 5. Concentrations of heavy metals in the bottom sediments of Warta River (mg-kg~!) in 2016 and 2017 on the
background of ecotoxicological criteria.

HMs
No. Cd Cr Cu Ni Pb Zn
2016 2017 2016 2017 2016 2017 2016 2017 2016 2017 2016 2017
1 0.37 0.53 193.00 152.00*  23.20 36.98 22.20 16.80 27.00 106.00 * 168.00  234.00
2 0.52 0.47 4.32 0.78 0.40 2.93 2.84 0.77 12.00 5.99 200.00  168.50
3 0.13 0.03 17.40 6.26 0.40 6.12 10.30 5.99 16.00 6.32 132.00 55.79
4 2.62 1.04 41.40 25.05 39.10 20.07 28.60 16.66 69.00 41.66 440.00 207.50
5 0.05 0.31 37.00 4.12 6.50 14.30 13.10 3.21 15.00 27.90 58.90 31.20
6 0.05 0.17 12.60 6.57 1.16 5.12 15.90 10.11 6.00 6.26 73.10 48.48
7 0.05 0.12 5.75 4.20 0.91 4.49 12.40 247 1.00 3.32 11.10 13.52
8 0.05 0.19 39.30 7.33 3.09 7.48 14.40 6.23 16.00 7.72 0.50 29.84
9 0.05 0.03 19.60 3.46 4.55 1.42 9.96 3.76 12.00 1.91 40.80 24.31
10 0.05 0.03 52.20 2.90 8.28 2.40 21.90 2.47 34.00 2.13 64.60 19.62
11 0.21 0.06 39.40 3.46 7.74 3.79 18.60 2.58 27.00 4.35 22.80 21.11
12 0.61 0.31 64.50 13.79 11.20 6.91 19.70 6.36 43.00 10.30 84.20 55.35
13 0.05 0.54 33.30 1.41 2.54 7.30 13.80 1.09 15.00 2.94 0.50 6.09
14 2.16 0.44 86.30 15.23 23.80 8.69 16.60 3.88 27.00 9.12 170.00 46.45
15 0.96 0.29 63.10 7.11 21.00 3.52 18.40 1.94 26.00 6.90 153.00 25.67
16 0.05 1.15 6.60 3.17 0.40 11.92 1.48 1.65 2.00 3.90 19.80 9.05
17 1.56 0.05 100.00 4.68 83.80 4.82 20.20 1.93 85.00 5.95 327.00 14.44
18 0.47 2.00 27.40 24.40 10.20 24.34 8.92 7.49 17.00 21.38 78.60 97.10
19 4.22* 3.23 69.60 35.89 52.60 21.77 23.20 6.86 45.00 21.39 296.00 95.61
20 6.46 * 3.52 81.30 40.26 58.30 39.00 21.60 16.60 52.00 31.81 283.00 173.50
21 0.71 0.67 56.90 10.66 12.30 10.17 24.90 4.58 34.00 10.18 74.70 38.67
22 1.70 0.12 27.00 2.12 38.20 9.60 7.36 0.56 19.00 4.12 88.90 19.02
23 14.50 * 1.17 184.00* 21.33 116.00 16.11 36.70 6.61 144.00 * 16.22 519.00 67.95
24 0.05 0.12 3.20 6.56 9.00 13.55 1.30 1.91 10.00 90.47 * 11.30 95.45

*-deviating values, Ecotoxicological criteria for assessment of the lakes quality using TEC, MEC, and PEC values: X—level 1, X—level 2,
X—level 3, X—level 4.

Table 6. The characteristic concentrations of heavy metals (mg.kg~!) in the Warta River bottom sediments in 2016 and 2017.

Period 2016 2017 2016/2017
HMs Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn
Minimum 0.05 320 040 1.30 1.00 0.50 0.03 0.78 142 056 191 609 003 078 040 056 1.00 0.50
Mean 157 527 223 16.0 314 138 0.69 16.8 11.8 552 187 666 113 347 170 108 250 102
Maximum 14.5 193 116 36.7 144 519 35 152 39.0 168 106 234 14.5 193 116  36.7 144 519

1% 005 320 040 1.30 1.00 0.50 0.03 0.78 142 056 191 609 003 078 040 056 1.00 0.50
5% 0.05 432 040 1.48 2.00 0.50 0.03 141 240 077 213 9.05 003 212 040 109 200 @ 6.09
10% 005 575 040 2.84 6.00 11.1 0.03 212 293 109 294 135 005 317 116 148 294 111
25% 0.05 185 282 10.1 13.5 31.8 0.12 3.46 466 194 424 204 005 522 414 271 6.13 220
Percentile 50% 042 393  9.60 16.3 22.5 81.4 0.31 6.57 809 382 731 426 034 185 885 821 155  61.7
75% 1.63 671 310 21.8 38.5 185 0.86 18.3 152 674 214 955 110 408 214 167 299 161
90%  4.22 100 58.3 249 69.0 327 2.00 35.9 243 166 417 174 323 863 391 222 690 283
95%  6.46 184 83.8 28.6 85.0 440 3.23 40.3 370 167 905 208 422 152 583 249 905 327
9%  14.5 193 116 36.7 144 519 3.52 152 39.0 168 106 234 14.5 193 116 36.7 144 519

Range 14.5 190 116 35.4 143 519 3.5 151 376 162 104 228 14.5 192 116 36.1 143 519
IOR 158 48.6 282 11.6 25.0 153 0.74 14.8 106 480 172 752 105 356 172 140 237 139
MAD 037 245 895 5.80 11.0 70.2 0.24 3.88 443 229 370 245 029 150 584 627 113 420
QCD 094 057 083 0.36 0.48 0.71 0.75 0.68 053 055 067 065 091 077 068 072 066 076

On the basis of the measured concentrations of individual metals, their minimum,
maximum mean values and median were calculated. Moreover, for each metal considered,
the percentile values were found (Table 6). The calculations were made separately for 2016
and 2017 as well as for the two years together. The mean concentrations of heavy metals
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in the Warta River bottom sediments in 2016 and 2017 can be ordered as Zn > Cr > Pb >
Cu>Ni>Cdand Zn > Pb > Cr > Cu > Ni > Cd, respectively. The mean concentrations of
all heavy metals considered were higher in 2016 than in 2017. Analysis of the differences
between the medians of heavy metal concentrations in the bottom sediments in 2016 and
2017 performed by the nonparametric Kruskal-Wallis test proved that the differences were
statistically significant for Cr, Ni, and Pb at the level of 0.05, while for Zn — at the level of
0.10. For Cd and Cu, the differences were statistically insignificant.

In 2016 the concentrations of Cr showed the highest variation, while in 2017—the
concentrations of Pb. When considering the two years together, the highest variations were
noted for the concentrations of Cd and Zn, while the lowest was for Ni. The variations of
Cd, Cr, Cu, Ni, Pb, and Zn concentrations in 2016 and 2017 are presented in the form of vio-
lin plots (Figure 4), which clearly reveals the considerable variation of the concentrations of
the analyzed metals as well as the fact that in 2016 the heavy metal concentrations showed
greater variation than in 2017. Moreover, the mean concentrations of individual heavy met-
als (marked in Figure 4 as a square) were higher than the corresponding medians (marked
as a cross). These results confirm the earlier results proving the right skewed distributions
of Cd, Cr, Cu, Nji, Pb, and Zn in the Warta River bottom sediments. The exceptions are
the concentrations of Ni in 2016, whose mean values and medians are close, indicating the
normal distribution of concentrations.

3.2. Assessment of the Contamination of the Warta River Bottom Sediment

As follows from the calculated Igeo index values, the river bottom sediments were
more contaminated in 2016 than in 2017. The highest contribution to the bottom sediments
contamination with heavy metals in 2016 brought chromium; from among 24 samples,
for six, the values of the Igeo index for Cr indicated heavy contamination, while for two
samples—very heavy contamination. For two samples, the values of Igeo for Cd and Cu
were in the range of heavy contamination, while for one sample Igeo for Pb indicated heavy
contamination. At sample collection stations 14 and 24, the values of Igeo for all analyzed
heavy metals were lower than zero, which points to no contamination of the bottom
sediments, (Figure 5a). The highest level of contamination was detected for the bottom
sediments at sample collection station 23, with Igeo for Cd, Cr, Cu, and Pb indicating
heavy and very heavy contamination. In 2017, the general level of contamination with
heavy metals was lower. Only at station 1, the Igeo value for Cr indicated very heavy
contamination. For three samples collected at stations 19, 20, and 24 in the lower course
of the Warta River, the Igeo values were higher than 2, which corresponds to moderate
contamination of the bottom sediments (Figure 5b).
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=
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Figure 4. Cont.
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Figure 4. Variation of the concentrations of (a) Cd, (b) Cr, (c) Cu, (d) Ni, (e) Pb, and (f) Zn in the Warta River
sediments in 2016 and 2017.
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Figure 5. Geoaccumulation Index (Igeo) in bottom sediments of the Warta River in 2016 (a) and 2017 (b).

Analysis of the EF index data also revealed the heaviest contamination of the Warta
River bottom sediments with Cr. In 2016, the values of EF calculated for Cr indicated

higher than average contamination of the river bottom sediments (Figure 6).
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Figure 6. Enrichment Factor (EF) in bottom sediments of Warta River in 2016 and 2017.

The EF values calculated for Cd and Cu signaled the heavier contamination of the
bottom sediments in the lower course of the Warta River. In 2016 for Ni the highest EF
were obtained for the bottom sediments from the middle course of the river, while for Pb a
similar level of contamination was noted along the whole course of the river. According
to EF data, the poorest contamination of the bottom sediment was observed with Zn;
only in the upper course of the river at a few sample collection stations elevated EF values
were calculated (Figure 6). The elevated EF values found for almost all heavy metals
considered along the whole river course imply that the contaminants come mainly from
local point sources. In 2017, the EF values for Ni, Pb, and Zn were at a level indicating poor
contamination of bottom sediments with these elements, however, the EF values for Cd, Cr,

and Cu were higher, indicating above average contamination with these metals.

The calculated PLI values in the period 2016-2017 varied from 0.25 to 16.93. The mean
PLI values calculated for the years 1016 and 2017 were 3.32 and 1.46, respectively. According
to the PLI values analysis for the concentrations of all heavy metals jointly, the river bottom
sediments were highly contaminated at 15 of the 24 sample collection stations in 2016
(Figure 7a), and at 11 of the 24 stations in 2017 (Figure 7b). At 17 sample collection stations,
the PLI values decreased in 2017 relative to those in 2016, while only at seven stations
did the PLI values increase in 2017. Particular attention should be given to the increase in
the value of PLI at station 24 in 2017, relative to the value determined in 2016. In general,
PLI values indicate the heaviest contamination of the bottom sediments in the low course
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of the river. In 2017, in the upper and middle course of the river, the data indicate the
scattered character of contamination, suggesting its origin from point sources.
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Figure 7. Classes of Pollution Load Index (PLI) in bottom sediments of the Warta River in 2016 (a) and 2017 (b).

A similar picture of contamination of the Warta River bottom sediments with heavy
metals emerges from the analysis of MPI values, pointing generally to a reduced level of
contamination in 2017. The mean value of MPI in 2016 was 10.7 higher than that obtained
in 2017. According to MPI analysis, in 2017 (MPI > 15) the highest contamination was
noted at stations 1, 4, 18, 19, and 20. In 2016, the MPI values were higher than 15 at 11 of
the 24 stations: 1, 4, 10, 12, 14, 15,17, 19, 20, 21, 22, and 23 (Figure 8).
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Figure 8. Comparison of Metal Pollution Index (MPI) in bottom sediments of Warta River in 2016
and 2017.

3.3. Toxic Effect of Heavy Metals

Analysis of the potential effect of heavy metals accumulated in the Warta River bottom
sediments on aquatic organisms was performed according to the procedure proposed by
MacDonald et al. [37]. It showed that in 2016 the PEC limits were exceeded at two sample
collection stations: station 1 for Cr and station 23 for Cd, Cr, Pb, and Zn. In the vicinity of
these stations, a harmful effect on living aquatic organisms is predicted (Figure 9). In 10 of
the 24 stations, numbers 5, 6, 7, 8, 9, 11, 13, 16, 18, and 24, the concentrations of all heavy
metals considered were lower than the TEC limit, which points to no harmful effect related
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to the presence of these elements in the river bottom sediments. At the other stations,
the content of heavy metals in the river bottom sediments indicates sporadic toxic effect
on aquatic organisms, at seven stations the heavy metal concentrations were above the
TEC limit but below the MEC limit, while at five stations they were below the MEC limit.
In 2017, only at station no. 1, the concentration of Cr was higher than the PEC limit, whereas
at 15 stations, the concentrations of Cd, Cr, Cu, Ni, Pb, and Zn were lower than the TEC
limit. At five sample collection stations, the river bottom sediments were contaminated
with heavy metals at level II, according to the classification introduced by MacDonald
et al. [37], while at three stations—at level III, which implied sporadic toxic effect on aquatic
organisms. In general, the highest toxic threat to aquatic life had the high concentration of
Cr and at some sites the concentrations of Cd, Pb, and Zn.
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Figure 9. Ecotoxicological criteria for assessing the lakes quality using TEC, MEC, and PEC values in bottom sediments of
Warta River in 2016 and 2017.

The values of TRI in 2016 varied from 0.37 to 23.77, with the mean value of 4.60.
In 2017, TRI varied from 0.37 to 8.06, with the mean value of 2.04. Assessment of the
potential toxic effect of heavy metals accumulated in the Warta River bottom sediments
in 2016 indicated a small effect on aquatic life at the sample collection stations 1, 4, 14, 17,
and 19. According to TRI, only at stations 20 and 23 a possible moderate and very strong
effects, respectively, on aquatic organisms could occur (Figure 10a). In 2017, only at two
stations, 1 and 20, were the values of TRI 8.06 and 6.42—so high enough to indicate a
possible small toxic effect on aquatic life (Figure 10b).
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Figure 10. Toxic Risk Index (TRI) in bottom sediments of Warta River in 2016 (a) and 2017 (b).

3.4. Spatial Analysis of Contamination of the Warta River Bottom Sediments with Heavy Metals

Cluster analysis was performed separately for the data for 2016 and 2017 (Figure 11a,b).
The cluster analysis of the data from 2016 revealed two groups of stations at which the
bottom sediment samples were characterized by similar concentrations of Cd, Cr, Cu,
Pb, Ni, and Zn. Group 1 included 19 sample collection stations; the bottom sediment
samples collected at them showed lower concentrations of Cd, Cr, Cu, Pb, Ni, and Zn
than the samples collected at group 2 of stations. The differences between the medians of
concentrations of Cd, Cr, Cu, Pb, Ni, and Zn calculated for groups 1 and 2 were statisti-
cally significant at the level of 0.05. The stations from group 1 were subdivided into two
subgroups 1-1 and 1-2. The samples collected at the stations 1-1 were characterized by
higher concentrations of all heavy metals considered than those collected at the stations
1-2. The differences were statistically significant at the level of 0.05. Group 2 included only
five stations, of which four were localized in the low course of the Warta River, below the
city of Poznan, the largest city on the river. On the basis of the data for 2017, the sample
collection stations were also divided into two groups. Group 1 included seven stations,
at which the samples of bottom sediments contained higher concentrations of all heavy
metals considered than those collected at the stations from group 2. The differences were
statistically significant at the level of 0.05. In 2017, the stations of group 1 included four
stations, numbers 4, 19, 20, and 23, classified to group 2 in 2016. Moreover, three stations
(no. 1, 18, and 24) were classified as those at which the bottom sediment samples showed
the strongest contamination with the heavy metals studied. Similarly as in 2016, the stations
at which the bottom sediment samples contain the greatest amounts of heavy metals were
in the low course of the river, except stations 1 and 4, at which probably the effect of local
anthropogenic sources of contamination was reflected. It should be mentioned that the
samples collected at the stations from group 2 were characterized by greater variation of
the heavy metals concentrations than those collected at the stations from group 1; however,
the highest concentrations of heavy metals were found in the samples collected at stations
1 and 24.
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Figure 11. Division of sample collection stations into groups as a result of cluster analysis: in 2016 (a) and 2017 (b).

3.5. Linear Interpolation

The main limitation of point measurements is the lack of possibility of presentation of
changes in the heavy metals concentrations over the whole length of the river. On the basis
of the concentrations determined at the stations, a linear interpolation was performed to
obtain a graphical presentation of the contamination with heavy metals along the whole
course of the river. Figure 12 presents the variation in the concentration of lead (Pb) along
the river section between stations 22 and 24. Considering the results of the interpolation
over this section it is apparent that the concentrations of lead in 2016 and 2017 were
significantly different along the whole section, which implies that their negative effects
can be significant not only near the sample collection stations, but also along the sections
not subjected to monitoring. Linear interpolation of the data along the course of the river
reveals important information both for identification of new sources of contamination and
for making decisions on activities aimed at limitation of a given type contamination on
the environment.

" Legend 3
¥ Sample points f ’—/\‘\/_—j
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144
— 2016
0
24
v 22
v
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v
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24
v p-24
v

Figure 12. Linear interpolation of Pb concentration between sample collection stations 22-24.

4. Discussion

According to the hitherto studies, the content of heavy metals in river bottom sed-
iments is related to the terrain relief of the catchment area, hydrological conditions and
anthropogenic activity in the catchment area, including the type of land use. Analysis of
the data from a two-year period of monitoring the content of heavy metals (Cd, Cu, Nj,
Zn, Fe, Pb, Cr, and Mn) in the mouths of the rivers revealed no seasonal changes and no
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relations to tides. The observed high content of heavy metals in the form of particles was
probably a result of anthropogenic pressure [49]. Zhou et al. [50] determined the content of
main and trace elements in bottom sediments of 26 large rivers in south China and on the
basis of EF data analysis they concluded that high concentrations of As, Cd, Hg, Mn, Mo,
Pb, and Zn in the majority of the rivers studied were strongly related to the natural factors,
in particular to geological conditions. Le Gall et al. [51] analyzed the contamination of
bottom sediments of the river Seine on the basis of determination of stable isotopes of lead
and EF index. Their conclusion was that the contamination of the river bottom sediments
below Paris was mainly caused by point influx from urbanized areas [51]. According to the
results presented in our paper, the concentrations of some heavy metals in the Warta River
bottom sediments show high variation over the period of the two years studied, 2016 and
2017. This character of results collected in two subsequent years may indicate a significant
effect of point sources of contamination from urbanized areas on the heavy metal contents
as in such a short period of time the type of land use was unchanged (Figure 13).
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Figure 13. Land cover analysis.

The results presented in this paper corroborate the conclusions drawn by Li et al. [52],
who have identified the industrial activities as the largest contributor (48.0%) of heavy
metals to the river-lake sediments, followed by the agricultural activities (27.3%) and mix
sources (24.7%). Zeng et al. [46] have shown that heavy metal concentrations in the central
city in a given area were generally higher than those in other areas. Heavy metals in
sediments pose a considerable ecological risk. The main contributors to the contamination
with heavy metals were Hg and Cd whose presence posed the highest potential ecological
risk in the central city. According to Custodio et al. [53], the rivers of the Mantaro River
watershed are exposed to contamination by heavy metals and metalloids from natural and
anthropogenic sources; among the latter, the mining metallurgical industry, agricultural
activity, and manufacturing industry are the main sources. One of the key variables affect-
ing the heavy metals release from sediments are also hydrometeorological conditions [54].
River fluvial process depends on flow rate value, so flash floods and low flows also have
impact on HMs concentration. According to Li et al. [54]. The flow rate significantly
affected the release amount of Zn, Pb, and Cr, while it slightly affected the concentration of
Cu and Cd.

Sojka et al. [23] have shown that the high values of Igeo, EF, PLI, and MPI in the
samples collected at particular stations may indicate the anthropogenic origin of the heavy
metal contamination and the influx of heavy metals from point sources. Bing et al. [47]
have suggested that local anthropogenic activity increases the concentration of certain
heavy metals in the river bottom sediments, in particular in the upper courses of the rivers.
Saleem et al. [55] have reported a relatively high level of heavy metals at the sites close to
large cities and towns. The results presented in this paper confirm the earlier observations
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indicating a significant effect of urbanized areas on the level of contamination with heavy
metals in the river bottom sediments. This conclusion implies the necessity of looking for
new solutions supporting monitoring and aimed at protection of water resources along
the whole course of the river, e.g., with the use of GIS tools. New approach to classical
interpolation method which that takes into account the curvature of the river was never
presented regarding to HMs contamination. This interpolation method allows to receive
accurate information on the status of the whole courses of the rivers not only at single
sample points. The solution proposed in this paper permits analysis of the changes in
the river bottom sediments along the whole course of the river, which is essential for
identification of potential sources of contamination and for taking up actions aimed at
limitation of the effect of such sources. The main limitation of the method proposed is the
fact that it is based only on point measurements, disregarding a variable related to the land
use, e.g., the effect of urbanized areas.

5. Conclusions
The above presented results and their analyses permit drawing the following conclusions:

e As shown by the results of analysis of Igeo, EF, PLI, and MPI values, the level of
contamination of the Warta River bottom sediments with heavy metals was higher in
2016 than in 2017.

e  According to the assessment of the potential toxic effects of heavy metals accumulated
in bottom sediments made on the basis of TEC, MEC, PEC, and TR, the ecological
risk related to the presence of heavy metals in the river bottom sediments was much
lower in 2017 than in 2016.

e  Cluster analysis permitted distinction of two groups of the sample collection stations
at which bottom sediments showed similar chemical character. Changes in the clas-
sification of particular stations to particular groups indicated that the concentration
of heavy metals in the Warta river bottom sediments is mainly related to the point
sources of contamination in urbanized areas and connected with river fluvial process.

e Inview of the necessity of taking up measures aimed at protection of water resources,
it is vital to find methods providing the possibly most accurate information on the
status of the whole courses of the rivers not only at their certain points. The solution
proposed in this paper permits analysis of the changes in the river bottom sediments
along the whole course of the river, which is essential for identification of potential
sources of contamination and for taking up actions aimed at limitation of the effect of
such sources. The main drawback of the method proposed is the fact that it is based
on point measurements, disregarding a variable related to the land use, e.g., the effect
of urbanized areas.
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