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Abstract: This paper presents the changes in concentration of seven biogenic indices in the Wisłok
River water and determines the water treatment processes required in order to obtain water fit for
consumption. The investigations were conducted during 2004–2013, and water samples were collected
at a measuring-control point was situated at 67.9 km on the river at the surface water intake for the
water supply to the Rzeszów city dwellers. Analysis of the research results allows for the forecasting
of technological and organizational changes in the treatment processes of the abstracted water. It was
found that only the mean concentration of Kjeldahl nitrogen exceeded the value admissible for class I,
which allowed the Wisłok River water to be classified as class II with good potential and determined
the water quality category as A2, which indicates the necessity for typical performance physical and
chemical treatment. Downward trends in the contents of the tested nutrients occurred during the
period of investigation, except for nitrite nitrogen. Statistically significant downward trends were
registered for ammonium nitrogen, Kjeldahl nitrogen, total nitrogen and phosphates. The decline in
nutrient concentrations in the water of Wisłok is a tangible result of the introduction of new standards
of water resource management in the catchment, compliant with the European Union legislation.

Keywords: water supply systems; water framework directive; water treatment; sustainable water
management; Mann–Kendall trend test

1. Introduction

Considerable progress in the area of environment protection has been made since the accession of
Poland, along with nine other countries, to the European Union in May 2004. The Framework Water
Directive [1] was implemented in the European Union member states, with the main environmental
objective being to reach a good water status by 2015. Although not all of the objectives were met,
constant efforts are being made to limit the pressure on the environment by introducing numerous
requirements for the protection of the environment. Much has been done to restore the purity of
surface waters [2–4], unfortunately however, their state remains unsatisfactory, although some positive
changes in the rationalization of water management are perceivable. Monitoring water quality and
pollutant discharges are crucial for developing plans for watershed water management and protection
against pollution through establishing the appropriate action plans and controlling their efficiency [5–8].
Monitoring of point sources of pollution, particularly municipal and industrial sewage discharges
from treatment plants with loads below 2000 population equivalents (PE), covers only three pollutant
indices (chemical oxygen demand—COD, biochemical oxygen demand—BOD and total suspended
solids—TSS), which have proven to be inadequate protective measures for limiting the pollution
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of water and water-dependent ecosystems [9–12]. Another important issue is the lack of a modern,
informative system regarding water management (water cadastre). Plans for water management in
river basins should be supported by a detailed analysis of the anthropogenic effects on the water
state and by the economic analysis of water use and protection [13]. This requires a serious analysis
of the socio-economic effect of human activity on the water status, in particular, there is a need for
a thorough estimation of the volumes of point and non-point source pollution affecting the state of
human health [14–16]. It should be emphasized that non-point source pollution originating from
agriculture plays a significant role in water contamination [17,18], and similarly, pollutants entering
waters with surface runoffs caused by meteorological events [19–21]. Therefore, hazards caused by
non-point source pollution pose a grave problem to the monitoring and estimation of their effects on
water quality and are difficult to control [22,23]. Area pollutants, like point source pollutants, contain
nutrients and toxic substances [9,24] and exceeding the permissible content of nutrient compounds,
particularly nitrates, may render the water unfit for consumption or for economic needs [25–29].
An elevated concentration of nutrients, and the subsequent massive growth of algae and cyanobacteria
in water, hinders the water treatment process and increases its cost [30].

Anthropogenic factors imposed on various elements of the natural environment affect water
quality [31–33]. This is due to intensification of agricultural production, change of land use,
transport, industries and insufficient treatment of municipal and industrial sewage. Increasing
acidification and pollution of surface waters threatens the organisms living in rivers and water
reservoirs [34–37]. High water pollution may be most frequently observed during dry periods, because
of low pollutant dilution [38], and during intensive rainfall, which washes out pollutants from the
ground surface [39,40].

This paper aimed to determine the trends in the nutrient content of the Wisłok River, which is
the source of water intended to supply the population of Rzeszów city (180 thousand inhabitants),
Krosno city (47 thousand inhabitants) and the adjacent districts in the Podkarpackie province.
The investigated period covers the years 2004–2013, when significant legal changes occurred relating
to the protection of water resources in Poland and connected with the implementation of the EU
legislation. Common European water policy, based on a transparent, efficient and coherent legislation
framework, aims at better protection of waters and the rational utilization and protection of water
resources, according to the principles of sustainable development to satisfy the water needs of people,
agriculture and industries. The use of standard data obtained from the Voivodship Inspectorate for
Environment Protection and statistical tools allowed for the determination of many-year trends of
changes in nutrient concentrations and the assessment of the quality of the water abstracted for public
supply of drinking water. The analysis may be used for an initial forecast concerning the required
changes of organization and technology for the Wisłok River water treatment.

2. Materials and Methods

2.1. Study Site

A measuring-control point was situated at 67.9 km on the Wisłok River in the Rzeszów–Zwięczyca
quarter, at the mouth of the river to the water reservoir (Figure 1). The biggest municipal surface water
intake is located at this point, serving Rzeszów city and some of the adjacent districts in the Wisłok
River catchment, located in Zwięczyca and exploited by the Municipal Water and Sewage Company
Ltd. in Rzeszów.

Water consumption diminished over the years 2004–2013. In 2004, the total water consumption in
Rzeszów was 11.2 hm3, of which 2.2 hm3 were consumed for industrial purposes (excluding agriculture
and forestry) and 9.1 hm3 was used for water network exploitation, of which households consumed
6.8 hm3. The amount of consumed water was 43.0 m3 per inhabitant. Total water consumption in
2013 reached 10.3 hm3, of which 0.8 hm3 was consumed for industrial purposes and 7.1 hm3 for water
supply system exploitation, of which households consumed 6.8 hm3, which corresponds to 38.8 m3
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per inhabitant. Water consumption over the period 2004–2013 also declined in Krosno, the second
largest city taking water for its residents from the Wisłok River. In 2013, the total water consumption
decreased by 1.4 hm3 in comparison with 2004 (from 4.1 to 2.7 hm3), 1.0 hm3 less water was used for
industrial purposes and 0.4 hm3 less for water supply system exploitation. Water consumption by
households was the same in both years, reaching 1.4 hm3 [41,42].
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The Wisłok River also provides water for municipal–industrial sewage and wastewater from
rural areas that are directly discharged into the river water or carried via its tributaries. There are
35 municipal sewage treatment plants located in the Wisłok River catchment. The largest sewage
loads are supplied by the municipal treatment plants situated in Rzeszów (184,870 people equivalent
(PE), mean daily discharge 35,410 m3) and in Krosno (122,806 PE, mean daily discharge 35,410 m3).
Industrial sewage supplied to the Wisłok catchment originates from the biological treatment plants of
the Alima–Gerber Company in Rzeszów, Resmlecz Dairy Cooperative in Trzebowisko and from the
mechanical–chemical sewage treatment plant of the Śrubex S.A. Screw Factory in ańcut [43].

The cross-section where the measurement point was located closes the group of uniform parts of
upland waters in the Carpathian region (surface water type 10 according to the EU Water Framework
Directive) [1]. From its source to the Besko Reservoir, the Wisłok River is a flysch stream (type 12).
From the reservoir to Strzyżów village, it has the character of a small flysch river (type 14) and then
passes into a uniform part of type 15—the eastern upland river. The Wisłok River is 204.9 km long
with an average channel slope of 3.09‰ and originates from the Kanasiówka mountain (823 m above
sea level) in the Beskid Niski Mts., by the border with Slovakia (49◦20′59′′ N 21◦57′28′′ E). Initially,
the Wisłok flows north-west, then it changes its course to the west, subsequently flowing north-east
until the San mouth at an altitude of approximately 183 m above sea level (50◦12′22′′ N 22◦31′58′′ E).
The Wisłok River catchment has an area of 3528.2 km2 and is situated at the altitude of 183–823 m
above sea level in the Podkarpackie province. Its largest tributaries are the Morwawa, the Stobnica,
the Pielnica, the Mleczka and the Lubatówka (Figure 1).

According to the geographical division of Kondracki [44], the river headwaters are situated in the
Beskid Niski Mts. In its upper course, the Wisłok flows through woody mountain areas, whereas the
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central and lower parts of the catchment, with smaller land slopes, are mainly agricultural areas with a
small proportion of industrial activity.

The catchment has a greatly diversified geological substratum; it is situated on the Carpathian
flysch composed of layers of conglomerates, sandstones and shales, deposited alternately. Acid brown
and leached soils prevail in this area, together with more rare proper brown soils. The shores of the
Wisłok River are locally covered by trees and bushes forming riparian forests (Ficario-Ulmetum minoris
and Salici-Populetum).

2.2. Scope and Methods of Research

The data used in the paper are the results of monthly analyses of the nutrient content in water
samples collected in triplicate from the Wisłok River during the years 2004–2013 at the measurement
point located at 67.9 km of the river. Values of pollutant concentrations from the group of indices
characterizing nutrient conditions: ammonium nitrogen (NH4–N), total Kjeldahl nitrogen (TKN),
nitrite nitrogen (NO2–N), nitrate nitrogen (NO3–N), total nitrogen (TN), phosphates (PO4) and
total phosphorus (TP), were assessed in these water samples using the reference methods [45]
of the Voivodship Inspectorate for Environment Protection in Rzeszów. Concentrations of NH4

and NO3 ions were computed from the nitrogen forms assessed in the laboratory. The State
Environmental Monitoring database was used to conduct a long-term analysis of phosphate
concentrations. All available data series from the years 2000–2014 for the analysed area were obtained
from The Voivodeship Inspectorate for Environmental Protection in Rzeszów.

Basic descriptive statistics, such as minimum and maximum values, range, arithmetic mean,
95% confidence intervals, median, standard deviation and coefficient of variation were determined
for each nutrient indicator. The time trend analysis of nutrient contents for the 10-year period was
conducted using a nonparametric Mann–Kendall test with a significance level α = 0.05. This test
was selected due to a lack of a normal distribution in the analysed parameters as determined by the
Shapiro–Wilk test. Additionally, the observed values were compared with normal values using normal
probability plots. The Mann–Kendall test is usually applied for climatic change analyses [46–48],
hydrological analyses [49–51] and water quality analyses [52–54]. It relies on the verification of the
hypothesis of a lack of any trend in the data on the basis of a nonparametric correlation coefficient.
The nonparametric equivalent of the correlation coefficient used in the Mann–Kendall test is the rank
correlation coefficient of the {x1, x2, ...xn} data series and the series of their corresponding time points
{1, 2, . . . n}, called the Kendall tau coefficient. The Kendall tau coefficient is based on the difference
between the number of compatible (in the same order) and incompatible pairs within the observed
data [49]. The nonparametric correlation coefficient in the test is the tau statistic (τ) determined by the
following dependence (1):

τ =
S

n(n− 1)
2

(1)

where S is the Mann-Kendall statistics, n is the number of observations, and n (n − 1) is the probable
pairs of data. The tau statistic (τ) assumes values within the range [−1;1]. The S Mann-Kendall statistic
of the time series is determined on the basis of the following Equation (2):

S =
n−1

∑
i=1

n

∑
j = i+1

sgn(xj − xi) (2)

where sgn (xj − xi) is determined by Equation (3):

sgn(x j − xi) =


1 for (x j − xi) > 0
0 for (x j − xi) = 0
−1 for (x j − xi) < 0

(3)
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where n is the number of time series elements.

Z =
S− sgn(S)√

Var(S)
(4)

On the basis of normalized Z test statistics determined by Equation (4), Var(S) is variance S,
determined by Equation (5):

Var(S) =
n(n − 1)(2n + 5)

18
(5)

The probability connected with the normalized Z test statistics was computed [47]. Positive values
of the statistics gave evidence to the occurrence of a growing trend, whereas negative values testify to
the occurrence of a declining trend [55]. A change in the significance level of α = 0.05 was assumed to
be a statistically significant (increasing or decreasing) trend. Changes in the analysed trends with time
were described using the β slope expressed by Equation (6), i.e., the Theil–Sen estimator computed
including all i < j (i = 1, 2, ... n−1 and j = 2, 3, ... n) [56,57]:

β = med
xj − xi

j− i
(6)

Seasonal variability of nutrient concentrations during the period of investigation was assessed
on the basis of mean monthly values in the summer and winter half-year defined as winter
(November–April) and summer (May–October). Statistical inference regarding the significance of any
differences was conducted using the Mann–Whitney U test at the significance level α = 0.05 to check
whether the parameter concentration values differ between the seasons. The measures of location,
first quartile (Q1), the second (median) and third (Q3), were computed for each parameter.

Water quality (potential) and its suitability for use as public drinking water were assessed
following Annex 5 of the Regulation of the Minister of Environment dated 22 October 2014 [10].
In the case of uniform artificial surface water parts or strong changes in the values, of the quality
indices tests, which are components of physicochemical elements, each tested index was ascribed an
appropriate class by comparing the mean value of the index obtained from monitoring with the limit
value. Class I denotes the maximum potential, class II denotes good potential, whereas a failure to
meet the requirements of class II indicates a potential that falls below good.

Usable values of the Wisłok River waters were evaluated by comparing the results of assessments
with the limit values according to the Regulation of the Minister of the Environment on the
requirements for surface water used for drinking water for people [58]. Three categories of water
quality (A1, A2 and A3) were determined for surface waters used for public water systems depending
on the limit values of the water quality indices, which due to pollution must be subjected to a
standard treatment process in order to obtain water fit for consumption. Category A1 includes waters
requiring a simple physical treatment, particularly filtration and disinfection. Category A2 comprises
waters needing a typical physical and chemical treatment, especially initial oxidation, coagulation,
flocculation, decantation, filtration and disinfection (final chlorination), whereas waters that require a
high performance physical and chemical treatment, particularly oxidation, coagulation, flocculation,
decantation, filtration, adsorption on active carbon and disinfection (ozonation and final chlorination)
are classified as category A3. The category of water quality is determined by comparing measured
values of the pollution indices with the limit values determined for the individual indices within each
category. The water meets the category (A1 or A2 and A3) limit requirements if the values of the total
Kjeldahl nitrogen, phosphates and ammonium do not exceeded the limit in 90% of the samples (only
in category A1) or limit values of nitrate and ammonium do not exceed the limit in 95% of the samples
(category A2 and A1). Limit values that are exceeded due to intensive rain, snow melting, high air
temperatures or floods and other natural disasters are not used for calculating percent values of the
samples for nitrates.
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3. Results and Discussion

During the period of investigation, the maximum values of the majority of the analysed
nutrients were registered in June (TKN, TN, PO4, TP) and July (NO2–N). The highest concentrations
(1.60 mg·dm−3) of ammonium nitrogen (NH4–N), which is the indicator of the biochemical breakdown
of organic nitrogen compounds, occurred in January, and the highest contents of nitrate nitrogen
(NO3–N) were noted in March 2004 (4.20 mg·dm−3) (Table 1).

Table 1. Descriptive statistics of the analysed Wisłok River water quality indices concentrations
in 2004–2013.

Indices
Range of Values Arithmetic Mean

(mg·dm−3) 95% Confidence Interval
Median

(mg·dm−3)Minimum
(mg·dm−3)

Maximum
(mg·dm−3)

Ammonium nitrogen
(NH4-N) 0.02 1.60 0.35 0.30 0.41 0.24

Total Kjeldahl
nitrogen (TKN) 0.00 5.90 1.27 1.13 1.42 1.10

Nitrite nitrogen
(NO2-N) 0.00 0.13 0.03 0.03 0.04 0.03

Nitrate nitrogen
(NO3-N) 0.00 4.20 1.60 1.50 1.70 1.50

Total nitrogen (TN) 0.80 7.40 2.89 2.71 3.08 2.80
Phosphates (PO4) 0.02 0.43 0.15 0.14 0.17 0.13

Total phosphorus (TP) 0.00 0.76 0.14 0.12 0.17 0.12

A zero value for the total Kjeldahl nitrogen (TKN) was observed in the Wisłok River water four
times over the winter period. For ammonium nitrogen (NH4–N), its minimum value, of 0.02 mg·dm−3

(Table 1), was registered three times; in July and August 2012 and in August 2013.

3.1. Trend Analysis

The distribution of the analysed indices was determined using a Shapiro–Wilk test and revealed a
lack of a normal distribution at α = 0.001. This was confirmed by a normal probability plot, where the
points are not situated along a straight line, but instead form an S-shaped or C-shaped curve (Figure 2).

In Poland, research using similar methodology was conducted by Dąbrowska et al. [8,20] for a
submontane Dobromierz drinking water reservoir on the Strzegomka river. In the years 2000–2014,
no statistically significant trend was observed for the concentrations of phosphates, TP or TKN, whereas
a statistically significant declining trend was registered for TN, NO3–N and HN4–N. Poor quality of
the Strzegomka river water is in the first place determined by the concentrations of phosphates and
nitrates. Although nitrate nitrogen concentrations reveal here a verified declining trend, they did not
decrease below the eutrophication limit of 2.2 mg NO3–N·dm−3.

During the period from 2004 to 2013, concentrations of ammonium nitrogen (NH4–N) were
decreasing in the Wisłok River water by 0.0027 mg·dm−3 per month on average, at an average value of
0.35 mg·dm−3 for the multi-annual period with a range of changes 1.58 mg·dm−3 (Tables 1 and 2).

Concentrations of total Kjeldahl nitrogen (TKN) in the water were diminishing on average by
0.0053 mg·dm−3 per month at an average value of 1.27 mg·dm−3 and a range from 0 to 5.90 mg·dm−3.
The widest range of changes of concentration values was 6.6 mg·dm−3 and at the same time the lowest,
at 34%, variation coefficient characterized the total nitrogen (TN). The simple regression slope indicated
the highest monthly reduction of this parameter concentration, on average by 0.0061 mg·dm−3 over
the period of investigation (Table 2). In the case of phosphates, the average value for the multi-annual
period was 0.15 mg·dm−3 and the range of changes was 0.41 mg·dm−3. PO4 concentration in the water
was decreasing on average by 0.0005 mg·dm−3 per month. Values for the ammonium nitrate (NH4–N)
concentrations definitely revealed the highest random variability (variability coefficient of 89%).
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Table 2. Variability measures, the slopes of linear trend and rank statistics (tau Kendall statistics) of
the changes in the trends in nitrogen and phosphorus concentrations in the Wisłok River water in the
years 2004–2013.

Indices
Range of
Changes

(mg·dm−3)

StandardDeviation
(mg·dm−3)

Variation
Coefficient (%)

Slope of the Trend
(mg·dm−3·month−1)

Rank Statistics
of the Trend

(Kendall tau)

Test
Statistic (Z)

Probability
Test (p)

Ammonium nitrogen
(NH4-N) 1.58 0.32 89 −0.0027 a −0.197 a −3.18 a 0.001

Total Kjeldahl
nitrogen (TKN) 5.90 0.75 59 −0.0053 a −0.233 a −3.57 a <0.001

Nitrite nitrogen
(NO2-N) 0.13 0.02 68 <0.0001 0.029 0.38 0.70

Nitrate nitrogen
(NO3-N) 4.20 0.56 35 −0.0007 −0.002 −0.04 0.97

Total nitrogen (TN) 6.60 0.98 34 −0.0061 a −0.145 a −2.23 a 0.03
Phosphates (PO4) 0.41 0.09 57 −0.0005 a −0.147 a −2.38 a 0.02

Total phosphorus (TP) 0.46 0.10 72 −0.0007 −0.121 −1.59 0.11

Note: a The trend is deemed significant at p < 0.05.Sustainability 2019, 11, x 7 of 15 
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Figure 2. Chart normality indices investigated. The discussed series of concentration values of the
analysed parameters for the years 2004–2013 showed statistically significant downward trends (negative
values of the Mann–Kendall statistics, as in Smith et al. [56]), were observed for four parameters:
ammonium nitrogen (NH4–N), total Kjeldahl nitrogen (TKN), total nitrogen (TN) and phosphates
(PO4) (Table 2, Figure 3). A growing, statistically non-significant, trend was in the Wisłok River water
only for one parameter, i.e., nitrite nitrogen (NO2–N).
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3.2. Concentrations of Analysed Parameters in the Winter and Summer Half-Year

In the summer half-year, the highest mean monthly concentrations of all the phosphorus forms,
and a majority of the nitrogen forms, analysed over the whole period of research, occurred in
June (Figure 4). The exceptions were ammonium nitrogen (NH4–N) and nitrite nitrogen (NO2–N),
whose maximum concentrations were registered in July and May, respectively. For nitrate nitrogen
(NO3–N), total nitrogen (TN) and phosphates (PO4), the lowest values occurred in July and in the
case of nitrite nitrogen (NO2–N) and total phosphorus (TP), they occurred in September. The lowest
mean value for ammonium nitrate (NH4–N) was noted in August and for total Kjeldahl nitrogen
(TKN) in October. In the winter half-year, mean monthly values for the investigated period for total
Kjeldahl nitrogen, nitrate nitrogen (NO3–N), total nitrogen (TN) and total phosphorus (TP) occurred in
March, ammonium nitrogen (NH4–N) in February and nitrite nitrogen (NO2–N) in April. The lowest
mean value of phosphate concentration (PO4) (0.17 mg·dm−3) was registered twice in the winter
half-year, in November and January. The lowest monthly concentration of nitrite nitrogen (NO2–N)
also occurred twice, in January and February. The minimum concentrations of the analysed phosphorus
forms (PO4) were observed in April, nitrate nitrogen (NO3–N) and total nitrogen (TN) in November,
while ammonium nitrogen (NH4–N) and total Kjeldahl nitrogen (TKN) in December (Figure 4).
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half-year in the years 2004–2013.

Statistical analysis conducted using the Mann–Whitney U test revealed that the values of most
of the analysed parameter concentrations differed significantly between the half-years (Table 3).
Statistically significant differences in concentrations between the summer and winter half-year were
registered for ammonium nitrogen (NH4–N), nitrite nitrogen (NO2–N), nitrate nitrogen (NO3–N),
total nitrogen (TN) and total phosphorus (TP). Statistically significantly higher concentrations of
NH4–N, NO3–N and TN were observed in the winter half-year, whereas the same was true for NO2–N
and TP in the summer half-year. This is connected with the intensive nitrogen uptake by phytobenthos,
algae and macrophytes in the summer period, where the water temperature rises above 5 ◦C [59].
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Table 3. Results of the Mann-Whitney U significance test of differences between the values of nitrogen
and phosphorus concentrations in the Wisłok River water in the winter and summer half-year.

Indices Median
Quartile

The Values of
Statistics (Z)

Probability
Test (p)Q1 Q3 Q1 Q3

Winter Summer Winter Summer

Ammonium nitrogen (NH4-N) 0.31 a 0.19 a 0.19 0.63 0.11 0.30 3.68 a <0.001
Total Kjeldahl nitrogen (TKN) 1.1 1.1 0.8 1.5 0.8 1.6 −0.45 0.65

Nitrite nitrogen (NO2-N) 0.02 a 0.04 a 0.02 0.03 0.02 0.06 −3.23 a 0.001
Nitrate nitrogen (NO3-N) 1.8 a 1.4 a 1.5 2.0 1.2 1.5 6.33 a <0.001

Total nitrogen (TN) 3.0 a 2.6 a 2.5 3.5 2.1 2.9 3.32 a <0.001
Phosphates (PO4) 0.11 0.15 0.09 0.16 0.09 0.23 −1.75 0.08

Total phosphorus (TP) 0.10 a 0.14 a 0.08 0.13 0.11 0.20 −3.32 a <0.001

Note: a Statistical significance was assumed as α = 0.05.

Higher concentrations, although not statistically proven, were registered in the summer season
for phosphates. In both half-year periods, the median value of the total Kjeldahl nitrogen was the
same at 1.1 mg·dm−3. In the winter and summer half-year, the first quartile (Q1) for TKN, NO2–N
and PO4 concentrations in the Wisłok River water were the same, which shows that in both half-years,
45 out of the 60 analysed concentrations assumed values higher than or equal to TKN–0.8 mg·dm−3,
NO2–N—0.02 mg·dm−3 and PO4—0.09 mg·dm−3, whereas the other 15 assumed values were not
higher than those stated in Table 3.

Mean concentrations of six analysed physicochemical indices allowed us to classify the Wisłok
River water as class II, with good potential (Table 4), in compliance with the Regulation of the Minister
of Environment [10]. Exceeding a value of 0.26 mg·dm−3 is acceptable for class I only for total Kjeldahl
nitrogen (TKN). The other investigated nutrients were within class I limits (Table 4). Comparison of
the single assessments with the limit values for individual water quality classes revealed that, in the
years 2004–2013, nitrate nitrogen (NO3–N) and total nitrogen (TN) concentrations in over 90% of the
analysed samples, and concentrations of ammonium nitrogen (NH4–N), phosphates (PO4) and total
phosphorus (TP) in over 80% of samples, classified the analysed water as quality class I (Table 4).
Concentrations of total Kjeldahl nitrogen in 44% of the analysed water samples classified the water as
class II and in 9.3% of the samples as having potential below good. Concentrations of nitrate nitrogen
(NO3–N) and total nitrogen (TN) did not qualify the water as having a potential below good (Table 4).

Table 4. Percentage of indices in quality classes of the Wisłok River water in 2004–2013.

Indices
Limit Values (mg·dm−3)

for Class [10]
Frequency of Index Values (% of

Samples) in the Class
Arithmetic Mean

(mg·dm−3) (Water
Class)I II I II BGP

Ammonium nitrogen (NH4-N) ≤0.78 ≤1.56 87.5 11.7 0.8 0.35 (I)
Total Kjeldahl nitrogen (TKN) ≤1 ≤2 46.3 44.4 9.3 1.27 (II)

Nitrate nitrogen (NO3-N) ≤2.2 ≤5 90.8 9.2 0 1.60 (I)
Total nitrogen (TN) ≤5 ≤10 96.3 3.7 0 2.89 (I)
Phosphates (PO4) ≤0.2 ≤0.31 81.7 10.8 7.5 0.15 (I)

Total phosphorus (TP) ≤0.2 ≤0.4 87.7 9.8 2.5 0.14 (I)

Note: BGP is below good potential.

Assessment of the water suitability for drinking water supply revealed that, among the four
analysed indices stated in the Regulation (2002), nitrates (NO3) and phosphates (PO4) qualified the
Wisłok River water as category A1, i.e., water demanding a simple physical treatment, particularly
filtration and disinfection (Table 5). Considering nitrates (NO3), contents acceptable for category A1
water were not met in 100% of the analysed samples, whereas phosphate concentrations were above
the limit for category A1 in 98.3% of samples. Usable values for the water were worsened by the
concentrations of ammonium ions (NH4

+) and total Kjeldahl nitrogen (TKN). Due to ammonium ion
(NH4

+) concentrations, the Wisłok River water should be subjected to a typical physical and chemical
treatment, appropriate for category A2 water. Kjeldahl nitrogen (TKN) concentrations exceeded
the value of 2 mg·dm−3 acceptable for category A2 in 9.3% of the 120 samples. For this reason,
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the Wisłok River water may be used for the public supply of drinking water but must be subjected to a
typical performance physical and chemical treatments, particularly oxidation, coagulation, flocculation,
decantation, filtration, disinfection (final chlorination), appropriate for category A2 (Table 5).

Table 5. Usability of water as a source of drinking water.

Indices
Permissible Values (mg·dm−3) for Water

Treatment Category [58]

Frequency of Index Values (% of Samples)
in Normative Rangefor a Given Water

Treatment Category

A1 A2 A3 A1 A2 A3

Ammonium (NH4) 0.5 a 1.5 b 2.0 b 73.3 c 98.3 99.2
Total Kjeldahl nitrogen (TKN) 1 a 2 a 3 a 46.3 c 90.7 c 98.1

Nitrates (NO3) 50 b 50 b 50 b 100 100 100
Phosphates (PO4) 0.4 a 0.7 a 0.7 a 98.3 100 100

Notes: a for 90% of samples, b for 95% of samples, c The index value does not meet the requirements for a given
water treatment category.

The Wisłok River is a left-bank tributary of the San River, which in turn is a tributary of the Vistula
River. The total volume of water used for the national economic needs and human consumption have
increased the San River catchment over the years 2004–2013. In 2004, total water consumption in this
hydrographic region was 199.4 hm3, of which 113.7 hm3 was used for industrial purposes, 39.1 hm3

for irrigation of agriculture and forestry and for filling and supplementing fish ponds and 46.7 hm3 for
exploitation of the water supply system [41]. In 2013, total water consumption reached 224.6 hm3, of
which 144.8 hm3 was used by industry. In 2003, water consumption by agriculture and forestry and for
water supply system exploitation decreased in comparison with 2004, with values of 33.6 and 46.3 hm3,
respectively. The decreasing amount of water used by agriculture and forestry in the San catchment
indicated a transformation in the land use in the discussed area, which undoubtedly affected the
aquatic environment quality. The resulting lower loads of nitrogen and phosphorus supplied to the
environment, both from point sources (such as sewage) [14], surface runoffs [18] and precipitations,
might have influenced the diminished concentrations of nutrient pollutants in the Wisłok River water.

The volume of industrial and municipal sewage requiring treatment, which was discharged into
the soil in the San catchment over the years 2004–2013, increased from a total of 45.9 to 49.6 hm3.
In 2013, the volume of treated sewage was 49.0 hm3 and this was an increase of 5.2 hm3 (43.8 hm3) in
comparison with 2004. On the other hand, the volume of untreated sewage discharged into the water
or soil decreased over the analysed period. In 2004, the volume of untreated sewage was 2.1 hm3,
whereas in 2013 it was 0.6 hm3. In 2004, untreated sewage in the San catchment in the amount of
1.5 hm3 was discharged by the sewage system and 0.6 hm3 was discharged from industrial plants.
In 2013 however, the sewage was discharged exclusively from industrial sites (0.6 hm3). The number
of cities in the San catchment served by sewage treatment plants with enhanced nutrient removal also
increased from 13 to 20 [42].

The water quality in the discussed region improved greatly during the 2003–2014 period following
the application of measures connected with water management to limit P and N pollution. The success
was due mainly to a better treatment of municipal waste. Over the investigated period total nitrogen
concentrations in the Wisłok River were reduced by 17%, ammonium nitrogen by 55%, Kiejdahl
nitrogen by 35%, nitrate nitrogen by 7%, anthropogenic phosphorus by 23% and phosphates by 27%.
A similar situation was observed in eastern China, where management of water nutrients to prevent
eutrophication caused a decline in anthropogenic P in the water by 21.5% [60].

4. Conclusions

A statistically significant decreasing trend of ammonium nitrogen (NH4–N), total Kjeldahl
nitrogen (TKN), total nitrogen (TN) and phosphates (PO4) in the Wisłok River water was observed for
the years 2003–2014. During the investigated period, the decrease in the nutrient concentration over
the period of a year was 0.032 mg·dm−3 for ammonium nitrogen; 0.64 mg·dm−3 for total Kjeldahl
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nitrogen; 0.073 mg·dm−3 for total nitrogen and 0.006 mg·dm−3 for phosphates. A decline in nutrient
concentrations may be evidence of a successive stabilization of the water and sewage management
systems in the catchment area. A diminished volume of untreated sewage discharged into the water or
soil and an increasing volume of treated sewage with enhanced nutrient removal are of key importance
for the improvement of the surface water state and for reaching a good state/potential of the water by
the year 2027 at the latest, which is the main objective of the Framework Water Directive.

Analysis of seasonality revealed that statistically significantly higher concentrations of ammonium,
nitrate and total nitrogen occurred in the winter rather than summer half-year, which was connected
with the lower water temperature and negligible nitrogen uptake during this period by phytobenthos,
algae and macrophytes.

On the basis of nutrient indices supporting biological elements, it was determined that, during
2004–2013, the Wisłok River water, due to raised concentrations of total Kjeldahl nitrogen, fulfilled
the requirements for quality class II surface waters, i.e., good potential. Water quality assessment
conducted for the final year of research (2013) allows us to qualify the water as class I, i.e., the maximum
potential. The use of Wisłok River water for the public supply of drinking water was restricted over
the years 2004–2013 due to the concentrations of Kjeldahl nitrogen and ammonium ions, which
classified the water into categories A3 and A2. Decreasing nutrient pollution concentrations during
the investigated decade, mainly Kjeldahl nitrogen, since 2012, have allowed us to qualify the Wisłok
River water as category A2 (all water samples contained below 2 mg·dm−3 of Kjeldahl nitrogen),
which in the future may lead to a lowering of the water treatment costs for drinking water supply to
Rzeszów residents.
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54. Zeleňáková, M.; Purcz, P.; Oravcová, A. Trends in water quality in Laborec River, Slovakia. Procedia Eng.

2015, 119, 1161–1170. [CrossRef]

http://dx.doi.org/10.1016/j.watres.2015.08.054
http://dx.doi.org/10.15576/ASP.FC/2015.14.2.175
http://dx.doi.org/10.1007/s11356-015-5090-6
http://www.ncbi.nlm.nih.gov/pubmed/26233742
http://dx.doi.org/10.1016/j.jglr.2016.03.009
http://dx.doi.org/10.1007/s10661-012-2728-4
http://dx.doi.org/10.1007/s12665-015-4884-7
http://dx.doi.org/10.12911/22998993/1853
http://dx.doi.org/10.1515/sgem-2017-0022
http://dx.doi.org/10.1029/91WR00259
http://dx.doi.org/10.1016/j.watres.2008.04.006
http://dx.doi.org/10.1016/j.proeng.2015.08.967


Sustainability 2019, 11, 1988 15 of 15

55. Hirsch, R.M.; Slack, J.R.; Smith, R.A. Techniques of trend analysis for monthly water quality data.
Water Resour. Res. 1982, 18, 107–121. [CrossRef]

56. Smith, R.A.; Alexander, R.B.; Wolman, M.G. Water-Quality Trends in the Nation’s Rivers. Science 1987, 235,
1607–1615. [CrossRef] [PubMed]

57. Rutkowska, A. Statistical methods for trend investigation in hydrological non-seasonal series. Acta Sci. Pol.
Form. Circumiectus 2013, 12, 85–94.

58. Regulation of the Minister of the Environment dated 27 November 2002 on the requirements for surface
water used for drinking water for people. J. Laws R. Pol. 2002, item 1728J.

59. Kanownik, W.; Policht-Latawiec, A. Changeability of oxygen and biogenic indices in waters flowing through
the areas under various anthropopressure. Pol. J. Environ. Stud. 2015, 24, 1633–1640. [CrossRef]

60. Huang, X.; Chen, H.; Xia, F.; Wang, Z.; Mei, K.; Shang, X.; Liu, Y.; Dahlgren, R.A.; Zhang, M.; Huang, H.
Assessment of Long-Term Watershed Management on Reservoir Phosphorus Concentrations and Export
Fluxes. Int. J. Environ. Res. Public Health 2018, 15, 2169. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1029/WR018i001p00107
http://dx.doi.org/10.1126/science.235.4796.1607
http://www.ncbi.nlm.nih.gov/pubmed/17795595
http://dx.doi.org/10.15244/pjoes/26486
http://dx.doi.org/10.3390/ijerph15102169
http://www.ncbi.nlm.nih.gov/pubmed/30279393
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Site 
	Scope and Methods of Research 

	Results and Discussion 
	Trend Analysis 
	Concentrations of Analysed Parameters in the Winter and Summer Half-Year 

	Conclusions 
	References

