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1. Introduction

The construction of small reservoirs is one of the elements of actions 
to improve the condition as well as to increase and reconstruct 
resources. They provide protection against floods, serve as main 
source of water supplies, enable the usage of water energy, serve 
as water transport routes and storage volumes for irrigation of agri-
cultural soils, they allow tourist-recreational services, serve as fish 
ponds and significantly contribute to improve the quality of water-
bodies [1].

Most frequently, reservoirs are classified based on their capacity. 
According to the World Commission on Reservoirs [2] small reser-
voir capacity ranges from 50,000 m3 to 1 million m3. In Poland, 
it has been assumed that a small reservoir has a total capacity 
not exceeding 5 million m3 [3]. The bottom limit of the criterion 
was the damming height, which cannot be less than 1.5 m, and 
the volume not less than 20,000 m3. A similar classification in 
terms of capacity was adopted in Romania [4]. In Great Britain, 
on the other hand, a small reservoir is considered to have a capacity 
of less than 1 million m3 and closes catchments with an area of 

not more than 25 km2 [5]. According to [6], small reservoirs have 
a capacity of 1 to 10 million m3. Small reservoirs are characterized 
by high silting intensity. The reduction of the capacity of reservoirs 
as a result of mineral sedimentation is the main factor limiting 
their exploitation. Especially for small ponds, the sedimentation 
can become a severe problem as the rate of siltation is generally 
much higher in comparison to large reservoirs [7]. As a result 
of intensive siltation rate of small reservoirs, their frequent desilting 
is necessary [8]. A general life-span of small reservoirs is over 
a dozen years [9, 10] or several dozen years [11, 12]. The uncon-
taminated mineral material extracted from these reservoirs is very 
often used for agricultural or earth works carried out in the catch-
ment area. The reservoir sediments can be a good material for 
the reclamation of industrially degraded areas. In the case of such 
method of management of chemically contaminated sediment, there 
is a risk of soil pollution. Determining the degree of sediment 
pollution, among others with heavy metals, is important not only 
because of the assessment of the possible use of the extracted 
sediment. The sediment pollution assessment can also be helpful 
in assessing the state of the environment [13-16].
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The dams of small reservoirs usually close small-scale 
catchments. Small reservoirs contribute to the formation of renew-
able water resources, which in small catchments, located in areas 
with low anthropogenic impact, are chemically affected by environ-
mental conditions that are similar to natural [17]. In contrast, catch-
ments with strong anthropogenic pressure of urban and suburban 
areas are characterized by poorer water quality. The increased 
imperviousness and the resulting contaminated stormwater will 
also deteriorate the water quality in urban areas [18, 19]. Also, 
rainwater from urbanized areas is significantly contaminated with 
heavy metals [20]. Therefore, the location of the reservoir in a 
catchment area with high anthropogenic pressure may cause the 
accumulation of sediments with increased concentrations of harm-
ful substances, including heavy metals.

Sediments accumulate contaminants and serve as sources of 
pollution to the ecosystems they are connected with. These pollu-
tants, accumulated in reservoirs, are pathogens, nutrients, metals, 
and organic chemicals. Burton [21] stated that if the loading of 
these contaminants into the waterways is large enough, the sedi-
ments may accumulate excessive amounts of contaminants that 
directly and indirectly disrupt the ecosystem, causing significant 
contamination and loss of desirable species. The determination 
of the concentration of these substances in sediment and water 
is presented in many studies, where the level of contamination, 
usually with heavy metals, is assessed [22-24], as well as their 
spatial distribution, temporal variability, different chemical forms 
in sediments determining their mobility, potential toxicity and 
bioavailability [25, 26]. According to Sojka et al. [24] despite the 
numerous research results available, there are some deficiencies 
that still need attention. Sojka et al. [24] also add after Wang et 
al. [27], that the majority of research results concern a given reservoir, 
while there is few research covering the variability of heavy metal 
content in a group of reservoirs. Among these studies there are 
also those whose results enable forecasting of heavy metal con-
tamination of sediments in reservoirs.

Forecasting models are developed to determine heavy metal 
contamination mainly for rivers, their estuaries and drainage sys-
tems from catchment area. One such model is geographically weight-
ed regression (GWR) that was developed to overcome these dis-
advantages of traditional regression models [28]. This model has 
been widely employed in water pollution management and aids 
in contamination prediction and risk assessment. The GWR model 
was used for spatial prediction of trace metal concentrations in 
surface and ground waters based on spatial predictors in Pakistan 
[29]. The statistical models developed by Bąk et al. [30] for forecast-
ing the quality of stormwater sediments, in which artificial neural 
networks are used (multilayer perceptron neural networks), showed 
varied impacts of catchment characteristics and atmospheric con-
ditions on the chemical composition of sediments. The authors 
of these investigations concluded that the concentration of heavy 
metals (Ni, Mn, Co, Zn, Cu, Pb, and Fe) in sediments was far 
more affected by catchment characteristics (land use, length of 
the drainage system) than by atmospheric conditions. Yao et al. 
[31] based on data collected at eleven sites along two rivers feeding 
the Taihu Basin, China, developed a relationship between the con-
centration of five metals (aluminum (Al), titanium (Ti), nickel (Ni), 
vanadium (V), lead (Pb)) and turbidity. The linear regression equa-

tions were applied to estimate the metal concentration using online 
turbidity data. The USC (Urban Stormwater Contaminant) model 
combines information from several underlying models, including 
a catchment model (based on GLEAMS) for predicting daily sedi-
ment runoff, and an estuary hydrodynamics/sediment-transport 
mode [32]. The USC model predicts the accumulation of heavy 
metals in estuary bed sediments. Ayaz and Khan [33] developed 
the NARX-NN model (nonlinear auto regressive exogenous neural 
network model) to predict and quantify the presence of pollutants, 
particularly heavy metals such as chromium (Cr), copper (Cu), 
lead (Pb), nickel (Ni) and zinc (Zn), in sea water of the Karachi 
coastal area along the Karachi harbor at six locations. These models 
could be used to forecast heavy metal contamination of sediments 
in water bodies. However, this has not been proven. The develop-
ment of models forecasting heavy metal contamination of sediment 
in reservoirs will make it possible to predict the risk of environmental 
contamination in case of further exploitation of existing and planned 
reservoirs.

This paper presents an attempt to forecast the heavy metal pollu-
tion of sediments in the designed four small reservoirs located 
in urbanized areas. The forecast contamination of sediments that 
will accumulate in these reservoirs was determined based on the 
developed correlation dependencies of the metal concentration 
in the sediment and water flowing into the reservoir. The correlation 
dependencies were developed on the basis of the results of tests 
on sediments collected from the existing and operated six small 
reservoirs, as well as based on the analyzes of water flowing into 
these reservoirs. Lead (Pb), cadmium (Cd) and nickel (Ni) concen-
trations were determined in the collected sediment and water 
samples. The level of contamination with these metals was de-
termined for water flowing into the existing and designed reservoirs, 
the level of sediment contamination with these metals within the 
existing reservoirs was also determined. Finally, we estimated the 
level of sediment contamination with these metals in the designed 
reservoirs. The proposed approach will allow the estimation of 
the total heavy metal content in the sediments of the designed 
reservoirs.

2. Materials and Methods 

2.1. Study Area

The designed four small reservoirs will be constructed in the vicinity 
of the city of Kraków (Fig. 1). On the other hand, the existing 
small reservoirs, which were included in the study (Krempna, 
Zesławice, Maziarnia, Cierpisz, Niedźwiadek and Narożniki) 
are located in the catchments of the upper Vistula basin [34] 
(Fig. 1).

The capacity of the examined reservoirs ranged from 34 to 3,860 
103 m3 (Table 1). The Krempna reservoir on the Wisłok River was 
built in 1972. As a result of intensive silting (of 30%), the reservoir 
was dredged after fifteen years of operation. The Zesławice reservoir 
on the Dłubnia river was put into operation in 1966. After seventeen 
years it was dredged, because after this period the siltation rate 
was over 50%. The Cierpisz reservoir on the Tuszymka River was 
built in 1956. After 34 years of operation, in 1990, it was dredged 
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due to silting of over 43%. The Niedźwiadek reservoir on the 
Górno River was built in 1988, and the Narożniki reservoir on 
the Dęba River was built in 2001. These reservoirs have not 
been desilted yet. They were built to store water for agriculture, 
serve as water intake by local waterworks or recreation.

The location of the four designed reservoirs was planned near 
Kraków, at a distance of about 7 to 15 km in the north, west and 
south directions. The Piekary and the Tonie reservoirs are to serve 
as flood protection. They were designed as dry reservoirs. The 
basic parameters of the planned reservoirs are shown in Table 
1. The catchments of these reservoirs are located in the city 
of Kraków or in its immediate vicinity. The main aim of the 

construction of the planned reservoirs is the water flow regu-
lation, both during high water levels and in drought periods, im-
provement of water circulation in the valleys of their watercourses 
and to have a limited role as flood protection for the Kraków agglom-
eration [35].

Arable lands occupy the largest area in the catchments of the 
planned reservoirs, constituting over 40%, with the exception of 
the Tonie reservoir (Table S1). Forests occupy the largest area 
of the planned Tonie reservoir catchment. The catchments of the 
six existing reservoirs are mainly used for agricultural purposes. 
Their significant area is occupied by arable land, except for the 
catchment of the Krempna reservoir, which is in 80% occupied 
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Fig. 1. Location of planed small reservoirs: (a) Piekary, (b) Tonie, (c) Węgrzce, (d) Janowice, and operated small reservoirs: (e) Krempna, (f) 
Zesławice-2, (g) Maziarnia, (h) Cierpisz, (i) Niedźwiadek, (j) Narożniki.

Table 1. Comparison of Basic Parameters of the Planned Small Reservoirs

Reservoir / Watercourse
Reservoir capacity

V [103 m3]
Area of reservoir

[ha]
Mean annual water flow

Q [m3∙s-1]

Designed reservoirs

  Piekary / Szczyrzawy 45 18.0 0.046

  Tonie / Sudół 73 5.1 0.190

  Węgrzce / Sudół Dominikański 204 8.9 0.036

  Janowice / Wilga 440 14.3 0.130

Operated reservoirs

  Krempna / Wisłok 119 3.7 2.030

  Zesławice / Dłubnia 228 9.5 1.090

  Maziarnia / Łęg 3,860 160.0 1.270

  Cierpisz / Tuszymka 34 2.3 0.933

  Niedźwiadek / Górno 125 8.1 1.666

  Narożniki / Dęba 283 28.0 1.555
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by forests, and the catchment area of the Cierpisz reservoir, which 
is in 43% covered with forests (Table S1).

2.2. Sample Collection

2.2.1. Water sampling
Samples of water flowing into the existing and planned reservoirs 
were collected in the point of sampling in the measuring cross-sec-
tions, located above the backwater range of the reservoirs, i.e. outside 
the range of damming effects. The cross-sections were determined, 
apart from the water sampling, to make a hydrometrical 
measurements. Based on the hydrometrical measurements of water 
velocity the rating curves were made. At the cross-sections also 
a suspended sediment load was measured. In the case of the designed 
reservoirs, the location of measuring cross-sections in the 
Szczyrzawa, Sudół, Sudół Dominikański and in the upper Wilga 
were designated in the cross-sections of dams of the designed 
reservoirs. The Szczyrzawa and Wilga streams flow directly into 
the Vistula, while the Sudół and Sudół Dominikański streams flow 
into Białucha, which is a left-hand tributary of the Vistula. Water 
samples were collected in 2007-2009. They were collected once 
per quarter in the middle of the cross-sections of streams from 
a depth of about 0.2 m below the water surface. Water samples 
(volume of 500 mL) were collected during low flows, into chemically 
clean polypropylene containers. HNO3 and 30% H2O2 were added 
to the water samples in the containers and then were transported 
to the laboratory. At the inflows to the existing reservoirs, water 
samples were collected over a period of three years. In the period 
of 2003-2005 water samples were collected at the inflows to the 
Krempna and Niedźwiadek reservoirs, in 2004-2006 at the inflow 
to the Zesławice reservoir and in 2001-2003 at the inflows to the 
Cierpisz, Maziarnia and Narożniki reservoirs [36]. Twelve water 
samples were collected in each of the six existing reservoirs were 
taken in the appointed cross-sections, at the tributaries to the reser-
voirs, where automatic monitoring stations have been installed. 
Samples of water were taken at the depth about 0.2 m below the 
water table. At these stations in a continuous way, the water stage 
and atmospheric precipitation (rain) was recorded. On the basis 
of the hydrograph and precipitation analysis, when flood was stated 
(Fig. S1), water samples were taken. After the flood, when water 
stages related to low flows, the silting-up was measured and samples 
of bed material was taken. Results of the silting-up are in the 
works [8, 34, 36]. In the Fig. S1 exemplary hydrograph of Dłubnia 
river (Zesławice reservoir), for the hydrological year 2001 is 
presented. In this hydrograph five flood waves are marked, during 
which samples of water were taken. The water samples were taken 
during the flood crest. The water samples in the containers were 
fixed by adding HNO3 and 30% H2O2 and transported to the 
laboratory.

2.2.2. Sediment sampling
Twelve sediment samples in each of the six reservoirs were collected 
in cross-sections located in the near-dam, central and backwater 
parts of those reservoirs (Fig. S2). In each of the mentioned parts 
of reservoirs, samples were collected from the surface of the bottom 
sediments. 

Collection of sediment samples was made after flood, during 
which samples of water in the cross-sections located at the inlet 

to the reservoirs were taken. The measurements were made when 
water stages corresponded to low flows. In case of analyzed reser-
voirs the siltin-up was also measured. Description of the silting 
processes and its results are in the works [8, 34, 36]. On the basis 
of these results a mean annual silting ratio (SA) for every reservoir 
was calculated. Silting ratio (S) is a relationship of the sediment 
volume to the volume of reservoir.  Based on the mean annual 
silting ratio SA [%] the mean annual volume of recharged sediment 
was calculated, and on this basis mean thickness of recharged 
sediment, the sediment thickness is evaluated (Table S2). 

Given in the table he values of mean annual thickness of deposited 
sediment refer to the whole area of each reservoir. The thickness 
of the deposited sediment during a year at the inlet to the reservoir 
was even 3-4 times higher to the hA (Table S2). It means that 
after every water sampling at the inlet to reservoir, the samples 
from drift, either from newly deposited sediment layer was taken. 
During the measurement the sediment from the bottom sediment 
surface (i.e. at the depth 0-15 cm - upper layer) and at the depth 
40-55 cm under sediment surface (lower part) [36] was taken. The 
studies covered the surface layer of the sediments (0-0.5 cm), because 
its chemical composition reflects the sedimentation and remobiliza-
tion processes occurring shortly after the retention of sediments 
in the reservoir [37]. The properties of the sediments from this 
layer undergo significant changes throughout the year, due to in-
tense physicochemical and biological processes occurring therein. 
Separation of this layer was dictated by the need to eliminate 
the effect of the concentration of the investigated metals, deposited 
in the deeper layers of the sediment in the period before the water 
and sediment sampling campaigns. The samples of sediments were 
collected by a 5 cm-diameter polyethylene pipe sampler. The surface 
layer (0-0.5 cm) was separated from the collected core samples. 
All sediment samples, after the decantation of overlying water, 
were refrigerated until analyzes.

2.3. Chemical Analyzes

The collected water samples, after prior mineralization, were sub-
jected to heavy metal concentration determination by atomic absorp-
tion spectrophotometry on a UNICAM SOLAR 969 spectrometer. 
The pH was determined in situ with the CX-742 Elmetron apparatus.

Before heavy metal analyzes, the sediment samples were dried 
at 105°C for 48 hours. The sediment samples were mineralized 
in concentrated HNO3 in the mineralizer. Heavy metal concen-
trations determined in the obtained solutions were referred to as 
“total”. The total concentration of heavy metals was determined 
after subjecting the samples to the two-stage pressure microwave 
mineralization, followed by an ICP-AES spectroscopic analysis. 
The accuracy of the analyzes was checked using certified BCR-701 
reference material by blank analysis. Samples were analyzed in 
duplicate to eliminate any batch-specific error. The results showed 
that the percentage of recovery ranged from 89 to 112% for Pb, 
from 91 to 118% for Cd, and from 85 to 115% for Ni.

The grain size distribution of the sediment samples and the 
content of organic matter carbon were also determined. The aero-
metric method was used to analyze the grain size fractions. The 
organic matter carbon (COM) content was determined by loss-on-ig-
nition for 8 hours at 450°C. The pH was measured at a 1:2.5 sediment: 
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liquid ratio with 1 mol KCl dm-3 [38].

2.3.1. Assessment of heavy metal pollution
The lead, cadmium and nickel pollution was assessed for water 
flowing into the planned reservoirs. An assessment of the forecast 
pollution of sediments of these water reservoirs was also made 
with reference to the permissible levels of environmental con-
centrations according to various criteria, including Polish ones 
[39]. The contamination of water flowing into the planned reser-
voirs was assessed according to the Water Quality Criteria taking 
into account drinking water quality and protection of aquatic 
life (Table S3). 

The forecast metal concentration in the sediments of the planned 
reservoirs was compared with the values given by MacDonald [40, 
41]. These values were grouped, by distinguishing threshold (TEL, 
ERL, LEL and MEL), midrange (PEL and ERM) and extreme (TEL 
and SEL) effect levels according to [21] sediment quality guidelines 
(Table S4). The most widely used SQGs are the empirically based 
approaches (ERL-ERM, TEL-PEL) on a site-specific basis [21]. These 
approaches generally set two threshold levels, one below which 
effects rarely occur - e.g., the lowest effect level (LEL), threshold 
effect level (TEL), effects range low (ERL), minimal effect threshold 
(MET), and threshold effect concentration (TEC), and one above 
which effects are likely to occur - e.g., the severe effect level (SEL), 
probable effects level (PEL), effect range median (ERM), toxic effect 
threshold (TET) [21]. ERL (effect low range) and TEL (threshold 
effect level) represent concentrations below which a toxic effect 
on aquatic organisms will rarely occur, while ERM (effect medium 
range) and PEL (probable effect level) refer to concentration levels 
above which adverse effects are likely to occur [42]. The concen-
trations in between ERL and ERM and TEL and PEL, represent 
values within which adverse effects will likely occur [42].

Geoaccumulation index (Igeo) according to Müller [43] was also 
determined:

(1)

where: Cn - the content of the element in the sediment, Bn - value 
of the geochemical background of the element in shales (Pb 20 
μg∙g–1, Cd 0,3 μg∙g–1, Ni 68 μg∙g–1) [44]. 

Based on the Igeo value, [43] determined 7 classes of sediment 
purity, from completely unpolluted (class 0) to extremely polluted 
(class 6).

2.3.2. Elaboration of research results
The minimum and maximum values of Pb, Cd and Ni concentrations 
in the water of inflows to the designed reservoirs were determined 
using the empirical database, and arithmetic means, medians and 
standard deviations were calculated. Based on the coefficients of 
variation calculated from the ratio of standard deviation and the 
mean value, the variability of data in the sets was assessed - four 
variation classes were used: small diversity (0-20%), medium diver-
sity (21-40%), large diversity (41-60%) and very large diversity 
(> 60%). The cross-object significance of differences in the mean 
values of the tested metal concentrations in water of inflows to 
the planned reservoirs was estimated by the Student’s t-test [45] 
at a significance level of 0.05. The results of these statistical analyzes 

are presented in the study of Kanownik et al. [17]. The results 
of these statistical analyzes are presented in the study of Kanownik 
et al. [17]. The significance of differences in the mean values of 
the analyzed metal concentrations in water and sediments of existing 
reservoirs was determined by the analysis of variance (ANOVA) 
at a significance level of 0.05.

The results of determination of Pb, Cd and Ni concentrations in 
the water flowing into the planned reservoirs were used to estimate 
the total concentration of these metals in the sediments that will 
be accumulated in these reservoirs after their construction. For 
this purpose, based on the results of heavy metal concentration 
tests in the sediment of the six reservoirs tested and the water 
flowing therein, a correlation dependence of the concentration of 
a given metal in the sediment on the concentration of this metal 
in the water flowing into the reservoir will be developed. These 
relationships were evaluated using Pearson’s correlation coefficient. 
All statistical analyzes were performed using Microsoft Excel and 
STATISTICA 12.0 software.

3. Results

3.1. Assessment of Water Pollution of Inflows to the Planned 
Reservoirs

The lowest maximum values of cadmium and nickel concentration 
in water of inflows to the planned reservoirs were found in the 
Szczyrzawa and Wilga watercourses (Table 2). The concentrations 
of these metals proved to be lower than the maximum values, 
found in waters of the Sudół Dominikański stream by about 68% 
and more than nine times, for the concentrations of cadmium 
and nickel, respectively. The lowest of the maximum values of 
lead concentrations occurred in the waters of the Sudół and Sudół 
Dominikański streams and proved to be more than three times 
lower than the maximum concentrations of this metal in the 
Szczyrzawa and Wilga streams. The maximum values oscillated 
generally around hundredth, while mean values around thou-
sandth parts of milligram per 1 dm–3. In some of the collected 
water samples, the tested metals were not detected, hence in Table 
4 zero values in the column with the minimum values of those 
indicators. Coefficients of variation ranged from 50 to 300% (Table 2), 
so the concentrations of the heavy metals tested were characterized 
by large and very large statistical diversity. The analysis carried 
out by the parametric Student's t test did not show any significant 
differences between the waters of the examined streams in terms 
of mean concentrations of the three trace elements determined [17].

With respect to the maximum concentration of lead, it can be 
stated that the waters of the Szczyrzawa and Wilga streams exceed 
practically all the drinking water quality criteria (Table S3). The 
waters of all four streams do not meet the US EPA criterion [46] 
that does not allow any concentration of lead in the water. The 
waters of the Szczyrzawa and Wilga streams also exceed the criterion 
of protection of aquatic life according to [46].

Considering the maximum cadmium concentrations, it was 
found that the waters of all streams meet the majority of drinking 
water quality criteria listed in Table 2, with the exception of two 
with very low limit values of 0.00045 mg·dm–3. These are the Polish 
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criteria of [39] and the European Parliament [47]. Unfortunately, 
waters of all streams do not meet the criterion of protection of 
aquatic life according to US EPA [46].

In the case of maximum nickel concentrations, only water of 
the Sudół Dominikański stream do not meet all the drinking water 
quality criteria (Table S3). The US EPA criterion [46] was also 
exceeded by the maximum nickel concentration in the water of 
the Sudół stream. Also, waters of neither of these two streams 
meet the criterion of protection of aquatic life according to [46].

The threshold values given for drinking water quality (Table 
S3) were not exceeded by the mean concentrations of the heavy 
metals tested in the waters of four streams: Szczyrzawy, Sudół, 
Sudół Dominikański and Wilga. Therefore, it can be concluded 
that there is no dangerous lead, cadmium and nickel pollution 
of these streams. The pH of water determined in streams of the 
designed reservoirs (Table S5) ranged from 7.0 to 8.6. The pH 
of water was characterized by small diversity, both between and 
within individual watercourses (CV of 2-3%).

3.2. Assessment of Water and Sediment Pollution of the 
Existing Reservoirs

Table 3 shows the minimum, mean and maximum concentrations 
of lead, cadmium and nickel in sediments and water flowing into 
the six operated small reservoirs.qkr

The basic physicochemical properties of sediments collected 
from the bottom of the six exploited reservoirs are given in Table 
4. The pH of sediments was slightly acidic and ranged from 6.0 
to 6.9 in reservoirs Zesławice and Maziarnia. The sediment of 
the Niedźwiadek reservoir was characterized by the most acidic 
pH as compared to the other five reservoirs. The pH values of 
the Niedżwiadek reservoir sediment samples are in the range from 
5.1 to 5.7. Sediments of the Krempna, Cierpisz and Narożniki reser-
voirs are alkaline. In the examined reservoirs, the sediment’s pH 
decreases with increasing depth. In the samples No. III (Table 
4), collected near the dams of the Krepmpna, Zesławice, Cierpisz 

and Niedźwiadek reservoirs, the recorded pH values were the lowest 
compared to the samples collected in the central (II) and inlet 
(I) parts of these reservoirs. 

The content of organic matter in the sediments of the examined 
reservoirs was from 3.2 to 6.9% (Table 4). The highest organic 
matter content was found mainly in the sediments collected from 
the inlet parts of the reservoirs (samples No. I).

3.3. Development of Correlation Dependence of Metal 
Concentration in Water and Sediment

Twelve water and sediment samples were collected in each of 
the six existing reservoirs, i.e. four samples per each of the three 
years of the experiment [36]. The analyzes conducted on the samples 
collected from the six reservoirs provided data series regarding 
the concentration of a particular metal in water and in the sediment. 
Coefficients of variation (CV) calculated for twelve-element data 
series, including concentrations of a given metal in a sample of 
water and sediment of the six operated reservoirs, are usually smaller 
than 60% (Table 3), indicating small, medium or large statistical 
diversity. The exception is in the case of the cadmium concentrations 
in the sediments of the Cierpisz reservoir, cadmium in the water 
flowing to the Zesławice and Maziarnia reservoirs, as well as lead 
and cadmium in the water supplying the Cierpisz reservoir (Table 
3) - variation coefficient values above 60% indicate a very large 
variation in the data sets of the metal concentrations. The de-
termined relationships between the concentrations of the examined 
heavy metals in water and in the sediments of the six operated 
reservoirs are presented in Fig. 2. For all the tested heavy metals 
there was a strong positive correlation - the Pearson R correlation 
coefficient in the range of 0.54-0.83 (R > 0.5 means a strong correla-
tion [45]). On the other hand, the values of the determination 
coefficient R2, indicating the percentage of the dependent variable 
explained by means of an independent variable, in the case of 
lead and nickel were 0.62 and 0,69, respectively, which indicates 

Table 2. Descriptive Statistics of the Heavy Metal Concentrations in Water – Designed Reservoirs [17]

Heavy metal Water-course
Content of heavy metals in water [mg∙dm-3]

SD* CV* [%]
min. max. mean median

Pb

Szczyrzawy 0 0.019 0.005 0.002 0.006 120

Sudół 0 0.006 0.003 0.003 0.002 67

Sudół Dominikański 0 0.006 0.003 0.003 0.002 67

Wilga 0.001 0.019 0.006 0.002 0.007 117

Cd

Szczyrzawy 0 0.0012 0.0001 0 0.0003 300

Sudół 0 0.002 0.0003 0 0.0006 200

Sudół Dominikański 0 0.002 0.0003 0 0.0008 267

Wilga 0 0.0015 0.0002 0 0.0005 250

Ni

Szczyrzawy 0.002 0.008 0.0038 0.004 0.002 50

Sudół 0.001 0.015 0.005 0.004 0.004 80

Sudół Dominikański 0 0.073 0.009 0.004 0.02 222

Wilga 0.001 0.008 0.0035 0.003 0.002 50

* SD – standard deviation, CV – coefficient of variation
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Table 3. Content of Heavy Metals (Pb, Cd and Ni) in Water and in Sediments Deposited in Small Reservoirs at Krempna, Zesławice, Maziarnia,
Cierpisz, Niedźwiadek and Narożniki

Reservoir Value
Heavy metals in water [mg·dm–3] Heavy metals in sediments [mg·kg–1]

Pb Cd Ni Pb Cd Ni

Krempna

Min. 0.0012 0.00001 0.0095 9.8 0.1 42.3
Mean 0.0024 0.00003 0.0123 17.5 0.3 52.9
Max. 0.0031 0.00005 0.0141 21.0 0.5 66.1
SD* 0.00059 0.00001 0.00178 3.98 0.16 7.05

CV* [%] 25 33 14 23 53 13

Zesławice

Min. 0.0018 0.00001 0.0068 10.5 0.1 14.7
Mean 0.0031 0.00004 0.0089 20.0 0.5 16.2
Max. 0.0049 0.00009 0.0106 30.2 0.9 17.5
SD* 0.00125 0.00003 0.00118 6.88 0.29 1.06

CV* [%] 40 75 13 34 58 7

Maziarnia

Min. 0.0011 0.00001 0.0022 8.7 0.1 8.4
Mean 0.0015 0.00003 0.0037 9.5 0.3 9.3
Max. 0.0019 0.00005 0.0061 11.5 0.5 11.2
SD* 0.00029 0.00002 0.00121 0.93 0.14 1.05

CV* [%] 19 67 33 10 47 11

Cierpisz

Min. 0.0001 0.00001 0.0013 1.0 0.1 5.1
Mean 0.0006 0.00003 0.0021 5.4 0.9 7.4
Max. 0.0014 0.00005 0.0028 10.5 2.8 12.6
SD* 0.00045 0.00002 0.00055 2.68 0.80 2.34

CV* [%] 75 67 26 50 89 32

Niedźwiadek

Min. 0.0013 0.00002 0.0063 11.1 0.5 19.2
Mean 0.005 0.00004 0.0087 23.8 1.3 23.7
Max. 0.0061 0.00008 0.0112 34.3 1.9 25.4
SD* 0.00161 0.00002 0.00177 6.77 0.63 2.12

CV* [%] 32 50 20 28 48 9

Narożniki

Min. 0.0009 0.00003 0.0059 8.3 0.6 19.1
Mean 0.0019 0.00006 0.0078 12.4 0.8 23.4
Max. 0.0024 0.00007 0.0093 15.2 1.2 29.6
SD* 0.00044 0.00002 0.00093 2.46 0.21 3.14

CV* [%] 23 33 12 20 26 13
*SD - standard deviation, CV - coefficient of variation

Table 4. Main Physicochemical Characteristics of the Sediments of the Operated Reservoirs

Reservoir No. of sampling point
Granulometric (%) Organic matter pH

KClSand Silt Clay (%) SD

Krempna
I 17 71 12 4.1 1.1 7.7-7.9
II 56 33 11 3.7 0.5 7.3-7.5
III 71 22 7 4.0 0.7 7.4-7.7

Zesławice
I 4 85 11 3.2 1.0 6.2-6.4
II 13 76 11 3.2 0.8 6.5-6.6
III 19 80 1 4.4 0.6 6.1-6.4

Maziarnia
I 61 28 11 4.1 1.11 6.0-6.4
II 69 21 10 4.6 1.9 6.1-6.2
III 69 23 8 5.3 1.2 6.0-6.2

Cierpisz
I 15 76 9 3.4 2.0 7.7-7.9
II 22 74 4 3.3 1.7 7.6-7.8
III 21 61 18 4.2 0.8 7.5-7.8

Niedźwiadek
I 9 79 12 4.3 1.5 5.4-5.7
II 12 77 11 4.3 1.7 5.3-5.5
III 20 65 15 5.5 1.0 5.1-5.4

Narożniki
I 5 86 9 4.8 0.9 7.6-7.8
II 10 86 4 6.9 1.6 7.4-7.6
III 16 76 8 6.8 1.3 7.6-7.7



Bogusław Michalec and Agnieszka Cupak

8

a satisfactory fit of the linear model. The value R2 = 0.29 for the 
relationship of cadmium concentration in water and bottom sedi-
ments, indicates an unsatisfactory fit of the statistical model to 
empirical data. For these reasons, the predicted concentrations 
of lead and nickel in the bottom sediments of the designed reservoirs 
should be considered very likely, while for cadmium these values 
should be considered as highly estimated. 

3.4. Forecast of Lead, Cadmium and Nickel Concentration 
in the Sediments of the Designed Small Reservoirs

The estimated heavy metal contamination of the sediments of the 
designed reservoirs in the Kraków agglomeration area was calcu-
lated based on the established correlation relationships shown in 
Fig. 2. The forecast concentration of lead, cadmium and nickel 
in the sediments (Table 5), that will accumulate in the designed 
reservoirs, was determined for the maximum and mean concen-
trations of particular metal in water (Table S3).

3.5. Forecast of the Degree of Sediment Contamination of 
the Planned Reservoirs

The assessment of lead, cadmium and nickel contamination of 

the planned reservoirs was developed on the basis of the forecast 
mean concentration of these elements in bottom sediments (Table 
5). According to the threshold effect sediment quality guidelines 
for metals, the forecast mean concentrations of lead will not exceed 
the values of TEL, ERL, LEL and MET. The forecast maximum 
lead concentrations in the sediments were exceeded in the case 
of only two reservoirs, i.e. Piekary and Janowice. The forecast 
maximum and mean concentrations of this metal do not exceed 
the value of the midrange effect sediment quality guidelines for 
metals and extreme effect sediment quality guidelines for metals 
(Table S4).

The relationship presented in Fig. 2, due to the unsatisfactory 
measure of data fit, i.e. the value of determination coefficient R2 
less than 0.5, was adopted for the preliminary estimation of cadmium 
contamination of sediments of the designed reservoirs. The esti-
mated mean cadmium concentrations will not exceed the effects 
range low (ERL) threshold value, as well as the ERM and SEL 
values. These concentrations exceed the remaining threshold values 
(Table S4), except for the PEL and TET values in the case of two 
reservoirs, i.e. Piekary and Janowice. It has been estimated that 
none of the limit values (Table S4) will be exceeded by the maximum 
cadmium concentrations in the sediments of the planned reservoirs.

a b c

Fig. 2. Relationship between the concentration of lead (a), cadmium (b) and nickel (c) in water and sediment of the reservoirs Krempna, Zesławice,
Maziarnia, Cierpisz, Niedźwiadek and Narożniki: CS – concentration of heavy metals in the sediment; CW – concentration of heavy 
metals in water.

Table 5. Forecast Concentrations of Lead, Cadmium and Nickel in Sediments of the Designed Reservoirs in the Region of the Kraków Agglomeration

Heavy metal Water-course
Concentration of heavy metals in sediment [mg･kg–1]

max. mean

Pb

Piekary / Szczyrzawy 70.5 23.0

Tonie / Sudoł 26.4 16.2

Węgrzce / Sudoł Dominikański 26.4 16.2

Janowice / Wilga 70.5 26.4

Cd

Piekary / Szczyrzawy 17.6 1.6

Tonie / Sudoł 29.3 4.5

Węgrzce / Sudoł Dominikański 29.3 4.5

Janowice / Wilga 22.0 3.0

Ni

Piekary / Szczyrzawy 24.2 9.4

Tonie / Sudoł 48.7 13.6

Węgrzce / Sudoł Dominikański 252.1 27.7

Janowice / Wilga 24.2 8.4
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The forecast mean nickel concentrations do not exceed the thresh-
old values for the criteria of midrange effect sediment quality guide-
lines for metals (i.e. values for PEL and ERM) and extreme effect 
sediment quality guidelines for metals (i.e. values for TET and 
SEL). None of the effect sediment quality guidelines for metals 
threshold values will be exceeded by the forecast mean cadmium 
concentrations, except the Węgrzce reservoir, for which all cad-
mium concentration limits are exceeded (apart from the ERL limit). 

Table 6 presents the expected values of the geoaccumulation 
index (Igeo) [43]. It was calculated for the projected mean concen-
tration of lead, cadmium and nickel (Table 5). According to the 
criteria of this classification, the calculated values of the geo-
accumulation index due to the content of lead allow to consider 
the sediments accumulated in the designed reservoirs as practically 
unpolluted or moderately polluted. However, due to the content 
of cadmium and nickel, this sediment can be moderately or even 
heavily polluted (Table 6).

4. Discussion

Numerous studies conducted so far, prove that the waters flowing 
out of the catchments in settlement and suburban areas, especially 
in watercourses flowing through urban areas, are characterized 
by poorer quality indicators compared to those in agricultural areas 
[23, 48-53]. This is confirmed in our study by the mean and max-
imum concentrations of lead, cadmium and nickel determined 
in water of the watercourses on which the reservoirs of the Kraków 
agglomeration are designed. These concentrations are higher than 
the mean and maximum concentrations of these metals in waters 
flowing into the operated reservoirs located in agricultural 
catchments. And so, the mean concentrations of lead are from 
20% to five times higher, mean concentrations of cadmium – from 
33 to 55 times higher, while mean concentrations of nickel are 
from 1.4 to 3 times higher than the previously mentioned 

concentrations. The impact of the catchment use on the content 
of heavy metals in sediments of reservoirs is confirmed by the 
results of research by many authors [24, 54, 55]. Sojka et al. [24] 
found, based on research on heavy metals in reservoirs located 
in the lowland area of western Poland, that heavy metal concen-
trations in bottom sediments are lower in the analyzed reservoirs 
located in agricultural catchment. According to Baran and 
Tarnawski [56] sediment contaminated with heavy metals is gen-
erally an effect of intensive human impact on the area where reser-
voirs are located. The results of the determination of heavy metals 
in six operated reservoirs presented in this paper proved to be 
lower than those determined by Salata et al. [57] in sediments 
of eight small reservoirs located in agricultural catchments in south 
eastern Poland. Salata et al. [57] report that the mean concentration 
of lead in water reservoirs ranged from 20.9 to 39.9 mg∙kg-1.

However, in the reservoirs examined in this study mean concen-
tration of lead was lower and ranged from 9.5 to 20.5 mg∙kg-1, 
and the forecasted mean concentration of this metal in four planned 
reservoirs ranged from 16.2 to 26.4 mg∙kg-1. Also, mean concen-
tration of cadmium proved to be higher in the reservoirs studied 
by Salata et al. [57], because the highest mean concentration of 
cadmium was 17.5 mg∙kg-1, and in the studied six reservoirs it 
was only 1.3 mg∙kg-1. The projected mean concentration of this 
metal in four planned reservoirs ranged from 1.6 to 4.5 mg∙kg-1. 
In the study of Salata et al. [57], no nickel concentration was given.

The assessment of heavy metal content in the sediments of the 
six analyzed reservoirs was presented in the studies [34, 58, 59]. 
According to the general assessment presented in these papers, 
the sediments of the examined small reservoirs of southern Poland 
do not show significant heavy metal pollution. With respect to 
individual classifications of heavy metal pollution, the sediments 
of small reservoirs can be considered as posing no environmental 
threat. However, the results of research by Salata et al. [57] indicate 
that in the majority of cases, the geo-accumulation indices classify 
the sediments as moderately or strongly polluted.

Table 6. Geoaccumulation Index (Igeo) According to Müller [43] and Class of Pollution for Determining the Quality of Sediment and Exceeded
EQS Criterion for Sediments of the Designed Reservoirs in the Region of the Kraków Agglomeration

Heavy metal Water-course
Igeo Class of pollution Exceeded EQS criterion

max. mean max. mean max. mean

Pb

Piekary / Szczyrzawy 1,65 0,03 2 1 MET -

Tonie / Sudoł 0,23 -0,47 1 0 - -

Węgrzce / Sudoł Dominikański 0,23 -0,47 1 0 - -

Janowice / Wilga 1,65 0,23 2 1 MET -

Cd

Piekary / Szczyrzawy 3,45 1,06 4 2 SEL TEL

Tonie / Sudoł 5,29 2,58 5 3 SEL TEL

Węgrzce / Sudoł Dominikański 5,39 2,58 5 3 SEL TEL

Janowice / Wilga 4,88 2,01 4 3 SEL TEL

Ni

Piekary / Szczyrzawy 1,69 0,33 2 1 TEL -

Tonie / Sudoł 2,70 0,86 3 1 PEL -

Węgrzce / Sudoł Dominikański 5,07 1,88 5 2 SEL TEL

Janowice / Wilga 1,69 0,16 2 1 TEL -

Where quality of sediment for class: 0 – unpolluted, 1 - unpolluted to moderately polluted, 2 - moderately polluted, 3 - moderately
to strongly polluted, 4 - strongly polluted, 5 - strongly to extremely polluted, 5 - extremely polluted
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Sediments of these reservoirs are fine-fraction mineral material, 
characterized by a dominant portion of silty and clay fractions. 
According to Baran and Tarnawski [56], small fractions, mainly 
silt, but also sand contained in the sediment, significantly affect 
the distribution of metals among different geochemical fractions. 
These Authors also indicate that numerous studies have shown 
that content of clay fraction and organic matter is the chief measure 
of the capacity of bottom sediments to accumulate contaminants. 
Research carried out by Szarek-Gwiazda [37] shows that in the 
Carpathian reservoirs, and these include the six reservoirs analyzed 
in this study, pH and redox conditions of the environment sig-
nificantly affect the total concentration of heavy metals, while 
to a small extent – the forms of their occurrence in sediments. 
Sediments from the examined Krempna, Cierpisz and Narożniki 
reservoirs are characterized by alkaline pH. Hence, the mobility 
of Pb, Cd and Ni should be low, because - according to, among 
others [60, 61] - the sediment pH is positively correlated with 
the content of Pb, Cd, Ni, and also with Cr, Cu and Hg, which 
is associated with the low mobility of these elements in the alkaline 
environment. Some authors consider changes in water pH as one 
of the most important factors affecting the mobility of heavy metals 
in aquatic ecosystems [62-65].

The predicted concentrations of heavy metals in sediments accu-
mulated in the planned reservoirs indicate that sediments of these 
reservoirs in terms of the values of mean lead and nickel concen-
trations (Table 5) will be unpolluted or from unpolluted to moder-
ately polluted according to the Müller criterion [43]. Only in one 
of the designed reservoirs, i.e. in the Węgrzce reservoir on the 
Sudoł stream, the sediment will be classified as moderately polluted 
due to the mean concentration of nickel. This evaluation corre-
sponds to the assessment of the sediment in this reservoir, according 
to EQS [40, 41]. The mean concentration of nickel in the sediment 
of the Węgrzce reservoir will exceed the TEL value (Table 5), which 
means that the mean concentration of nickel in the sediment of 
this reservoir will exceed the level of toxic effects on aquatic 
organisms. The TEL threshold value (Table 5) will be exceeded 
by the mean concentrations of cadmium accumulated in the sedi-
ment of each planned reservoir. This is also reflected in the results 
of the assessment of the sediment by means of the geoaccumulation 
index, since the sediment will be moderately polluted and moder-
ately to strongly polluted due to mean cadmium concentrations 
in these reservoirs. However, given the maximum cadmium concen-
trations, the geoaccumulation index of the sediment in the designed 
reservoirs may be strongly polluted and strongly to extremely pol-
luted (Table 5). Also, an exceeded SEL value indicates strong sedi-
ment contamination that is expected to be detrimental to the majority 
of sediment-dwelling organisms. The predicted maximum lead con-
centrations indicate that sediment that will be accumulated in 
the designed reservoirs may prove to be unpolluted to moderately 
polluted and moderately polluted. This sediment, defined as moder-
ately polluted, due to the maximum concentration of lead, also 
exceeds a MET threshold value, i.e. the level of concentration in 
the environment that affects the organisms that are the most sensitive 
to toxic effect of a given chemical contaminant. Due to the predicted 
maximum concentration of nickel in the sediment, which will 
be accumulated in the designed reservoirs, this sediment will be 
moderately polluted and even strongly to extremely polluted accord-

ing to EQS. The maximum nickel concentrations will exceed TEL 
to SEL values (Table 5). Similar results, indicating significant con-
tamination of sediments, were reported by Kulbat and Sokołowska 
[64] referring to threshold values: Threshold Effect Concentration 
(TEC) above which the toxic effects on organisms can be observed 
(rarely) and Probable Effect Concentration (PEC) above which ad-
verse biological effects often occur. The results obtained by Kulbat 
and Sokołowska [64] show that the PEC value was exceeded only 
in the case of Cr (75% samples); Pb, Ni, and Cd were between 
TEC and PEC for 9.4%, 21.9%, and 28.1% of the samples, 
respectively.

5. Conclusions

The lowest maximum values of cadmium and nickel concentration 
in water of inflows to the planned reservoirs were found in the 
Szczyrzawa and Wilga watercourses. The lowest of the maximum 
values of lead concentrations occurred in the waters of the Sudół 
and Sudół Dominikański streams. The maximum values oscillated 
generally around hundredth, while mean values - around thou-
sandth parts of milligram per 1 dm–3. Unfortunately, waters of 
all streams located in the urban agglomeration of Kraków do not 
meet the criterion of aquatic life protection according to US EPA 
[46]. In the case of the maximum nickel concentrations, water 
of the Sudół Dominikański stream and the Sudół stream do not 
meet the drinking water quality criteria. Taking into account the 
mean concentration of the analyzed heavy metals in the waters 
of investigated reservoirs it can be concluded that there is no danger-
ous lead, cadmium and nickel pollution of these streams. 
Significantly lower concentrations of lead, cadmium and nickel 
in waters flowing into the existing reservoirs located in non-urban-
ized catchment areas shall not exceed the maximum permissible 
concentrations. The water of these reservoirs meet both drinking 
water quality and protection of aquatic life threshold values.

Based on the forecast concentration of lead, cadmium and nickel 
in the sediments of the designed reservoirs, it can be concluded 
that the contamination of the sediments with these metals is higher 
in the reservoirs of the Kraków agglomeration than in the reservoirs 
located in agricultural catchments. The mean lead, cadmium and 
nickel concentration in the sediments of the six operated reservoirs, 
determined based on the data presented in Table 5, is 14.2, 0.70 
and 22.1 mg.kg–1, respectively. The highest concentrations of lead 
were found in the sediments of the Niedźwiadek reservoir (34.3 
mg.kg-1). The highest concentrations of cadmium (0.9 mg.kg-1) were 
found in the sediments of the reservoir in Zesławice, located closest 
to the Krakow agglomeration. However, the highest concentrations 
of nickel are found in the sediments of the Krempna reservoir 
(66.1 mg.kg-1). Mean concentrations of these metals in the planned 
reservoirs are 20.5 mg.kg-1 for lead, 3.4 mg.kg-1 for cadmium and 
14.8 mg.kg-1 for nickel. The mean forecast concentrations of these 
metals in the sediments of the designed reservoirs in the Kraków 
agglomeration area (Table 3), based on the determination of lead, 
cadmium and nickel content in water, is higher than the mean 
content of these heavy metals in the six operated reservoirs. Three 
designed reservoirs - Piekary, Tonie and Janowice - are the exception, 
where the forecast mean concentration of nickel is smaller than 
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the mean content of this metal in the six operated reservoirs, which 
is 22.1 mg.kg–1.

Due to mean concentrations of the examined heavy metals in 
waters of four streams located in the urban agglomeration of Kraków, 
it can be stated that the content of these metals in water does 
not constitute a major hazardous pollution. On the other hand, 
the estimated heavy metal pollution of the sediments of the designed 
reservoirs in the Kraków agglomeration area, based on the estab-
lished correlation relationship between heavy metal concentrations 
in the inflows to the six examined small reservoirs and metal concen-
trations in the sediments of these reservoirs, indicate the possibility 
of accumulating significant amounts of lead, cadmium and nickel 
in the sediments of these reservoirs. The calculated geo-
accumulation index (Igeo) according to Müller [43] indicates that 
these sediments can be from unpolluted to moderately polluted 
due to the mean concentration of lead and nickel. The mean concen-
tration of nickel in the sediment of the designed reservoir Węgrzce, 
which classifies the sediment as moderately polluted, also exceeds 
the TEL value. This means that levels of this metal in the sediment 
of this reservoir will exceed the toxic effect on aquatic organisms. 
The TEL value will be exceeded by the mean concentrations of 
cadmium accumulated in the sediment of each of the planned 
reservoirs. Taking into account the predicted maximum concen-
trations of lead, cadmium and nickel in the sediment of the planned 
reservoirs, it can be concluded that, according to the geo-
accumulation index, these sediments can be described as moder-
ately polluted or even strongly to extremely polluted. In this assess-
ment, taking into account the EQS criteria [21], the maximum 
concentrations of the analyzed heavy metals will exceed values 
from TEL to SEL, above which a toxic effect on aquatic organisms 
will occur. The proposed correlation dependencies will be verified 
after the construction and after a sufficiently long operation period 
of the planned reservoirs, allowing sediment sampling from these 
reservoirs.
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