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Abstract The aim of the study was to determine the effects of
land use management on changes in the fecal contamination
of water in the Łyna River, one of the main lowland water-
courses in the southern watershed of the Baltic Sea (northern
Poland). A total of 120 water samples were collected in dif-
ferent seasons of 2011 and 2012 at 15 sites where the river
intersected forest (FA), agricultural (AA), and urbanized (UA)
areas. Fecal indicator bacteria (FIB), the counts of
Enterobacteriaceae and Escherichia coli, total bacterial
counts (TBCs), and domain Bacteria (EUB338) were deter-
mined by culture-dependent and culture-independent
methods. Temperature, pH, chemical oxygen demand, dis-
solved oxygen, total dissolved solids, ammonia nitrogen, ni-
trite nitrogen, nitrate nitrogen, orthophosphate, and total phos-
phorus were also determined. The lowest bacterial counts
were noted in water samples collected in FA, and the highest
in samples collected in UA. Statistically significant differ-
ences were determined between bacterial populations across
the analyzed land use types and in different sampling seasons.
Significant correlations were also observed between the pop-
ulations of FIB and physicochemical parameters. The results
indicate that land use type influenced FIB concentrations in

river water. The combined use of conventional and molecular
methods improves the accuracy of fecal contamination analy-
ses in river ecosystems.
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Introduction

Rivers are dynamic ecosystems that undergo continuous
changes between the source and the river mouth. Those
modifications are induced by the main current and river
runoffs, both natural and those associated with human
activities. The above factors influence the trophic state,
microbiological quality, and epidemiological safety of
river ecosystems.

As sources of drinking and domestic and recreational wa-
ter, rivers have to be continuously monitored. Water quality is
determined primarily by the type of land use in a catchment
area. Potential sources of pollution include surface runoffs
from agricultural land, including pastures, fields, and
meadows fertilized with liquid manure (Bu et al. 2014; Edge
et al. 2009; Wilkes et al. 2011). Rivers are receptacles of
domestic and industrial effluents as well as municipal and
rural rainwater (Daly et al. 2013; Kacar 2011; Servais et al.
2007). Effluents discharged to rivers contain fecal pathogens
such as viruses, bacteria, and protozoa. Those microorganisms
can be transported across significant distances, and they pose a
serious threat to public health (Gotkowska-Płachta et al. 2013;
Harnisz 2013; Harnisz et al. 2011; Korzeniewska and Harnisz
2013; Korzeniewska et al. 2013). The monitoring of water
resources and sanitary risk identification are priority tasks in
many countries. The European Union has introduced the
Water Framework Directive (WFD 2000/60/EC) and the
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Bathing Water Directive (2006/7/EC) to protect, monitor, and
rationally manage the quality of surface waters. In line with
these directives, water quality is evaluated based on
various physicochemical and ecological indicators.
Sanitary risks in water reservoirs are identified by de-
termining the concentrations of fecal indicator bacteria
(FIB). Fecal microbes are easy to detect, and their pres-
ence in water samples can be associated with other gut
pathogens and the risk of infection (Haller et al. 2009;
Kay et al. 2007; Oliver et al. 2009; Shah et al. 2011).
Escherichia coli can be easily identified under environ-
mental conditions. It is regarded as the most universal,
reliable, and mandatory indicator of contamination. The
abundance of E. coli and other FIB in surface waters is
determined by various physicochemical and biological
factors, including water temperature, pH, solar radiation,
content of mineral and organic compounds, predation,
and competition (Huachang et al. 2010; Juhna et al.
2007; Wilkes et al. 2011; Zhu et al. 2011).

Themost popular methods for identifying coliform bacteria
include relatively rapid methods that rely on specific marker
enzymes (beta-D-galactosidase for coliform bacteria and beta-
D-glucuronidase for E. coli) and chromogenic media
(Bonadonna et al. 2007; Rompré et al 2002), as well as mo-
lecular methods such as fluorescence in situ hybridization
(FISH) (Amann et al. 1996; Garcia-Arminsen and Servais
2004). In the FISH method, specific oligonucleotide probes
are used to identify bacterial species under an
epifluorescence microscope (Amann et al. 1996). This
method supports rapid detection (6–8 h) and identifica-
tion of viable but non-culturable (VBNC) bacteria which
lose the ability to proliferate on standard growth media
but remain viable in the environment (Lew et al. 2010;
Rompré et al. 2002). The combined use of conventional
and molecular techniques improves the accuracy of mi-
crobiological contamination analyses in aquatic habitats
(Korzeniewska and Harnisz 2012; Servais et al. 2007).

The Łyna, one of the main lowland rivers flowing into the
southern Baltic Sea, is exposed to anthropogenic pressure.
The sources of water pollution have not been accurately
identified in the catchment area of the Łyna. During
four seasons between autumn 2011 to summer 2012,
water samples were collected for physicochemical and
FIB analyses from the headwater section in a forest
and from downstream sites in agricultural and urban
sections of the catchment area. A combination of con-
ventional and molecular analytical techniques was used
to accurately describe FIB contamination levels in the
Łyna River. Discharges from urban sections and farm
fields were expected to increase chemical indicators
and FIB levels in river water. The correlations between
physicochemical parameters and microbiological indica-
tors of river water were determined.

Materials and methods

Study area

The study was carried out in the Łyna River, the main water-
course in northeastern Poland (Fig. 1) with a total length of
263.1 km. Łyna feeds into the Pregolya River in the
Kaliningrad Region. On the Polish territory, Łyna has the
length of 200 km and a catchment area of about 5700 km2.
Łyna intersects a lake region, and it is a slowly flowing and
strongly meandering watercourse that locally resembles a
mountain stream. The width of the river channel ranges from
less than 20 m to around 5 m. Łyna has an average depth of
1.5–2.5 m. The average annual flow volume ranges from 7 to
35 m3 s−1, and the highest flows are noted in spring (Glińska-
Lewczuk and Burandt 2011). The catchment area is occupied
by arable land, meadows, and pastures in 52.92 %, and by
forests in 26.30 %. The southern and central sections of the
catchment are dominated by forests that occupy 68 % of the
basin area, whereas the northern part features mostly arable
land. Łyna intersects urbanized areas (UA; numerous villages
and five towns), including Olsztyn, the capital city of the
Region of Warmia and Mazury with the population of 176,
000. Treated municipal waste (approximately 41,000 m3/d
from five wastewater treatment plants) is discharged into the
river. The source of the Łyna River is situated at an altitude of
153 m above sea level on the territory of the Łyna Spring
nature reserve. The Łyna source was formed by headward
erosion, a phenomenon that is rarely observed in lowlands.
In its upper course, the river intersects the Warmia Forest
nature reserve with an area of 1656 ha, the habitat of many
protected wildlife species. The reserve is part of the Central
Łyna Valley Protected Landscape Area. In its middle course,
the Łyna flows through the Sępopol Plain, which is part of the
Warmia Bird Refuge of the Natura 2000 network.

Sampling sites

Water samples collected along the 200-km-long Polish section
of the Łyna River were subjected to microbiological and
chemical analyses. The samples were collected at 15 sampling
sites at specific points along the river, situated between the
river source and the Polish-Russian border (Fig. 1). Four sam-
pling sites were established in forest areas (FA) and agricul-
tural areas (AA) each. Seven sampling sites were created in
urban areas to assess the influence of urban agglomerations on
the catchment area. The sites were selected to reflect varia-
tions in the microbiological and physicochemical parameters
of water, with special emphasis on the varied effects of FA,
AA, and UA on the catchment. The characteristic features of
15 sampling sites are presented in Table 1.

Water samples were collected from the main river stream at
a depth of 0.3–0.5 m, two times in each of the four sampling
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Fig. 1 Location of sampling sites
(I, II,…XV) in the Łyna River. A
map of Poland showing the Łyna
River

Table 1 Characteristic of Łyna
River water monitoring sites
investigated

No Site Length of the river
(km)

Catchment area
(km2)

Site description and land use
of catchment

I Headwaters 263.7 5.8 Forest areas - FA

Forest and fallow areas - FA

Forest and fallow areas - FA

Forest areas - FA

II Kurki 252.8 358.6

III Ustrych 238.0 437.4

IV Ruś 226.7 474.4

V Posorty 218.7 567.7 Grasslands, arable lands - AA

VI Olsztyn 213.5 578.6 Urban area, city park - UA

VII Olsztyn 212.5 1785.1 Urban area below the wastewater treatment
plant (31,500 m3/24 h)a - UA

VIII Redykajny 212.3 1790.1 Urban area - UA

IX Knopin 173.9 2034.9 Pasture and agricultural lands - AA

X Kosyń 167.3 2056.8 Urban area below the wastewater treatment
plant (1,600 m3/24 h)a - UA

XI Lidzbark 127.9 2426.1 Urban area - UA

XII Lidzbark 125.3 2449.3 Urban area below the wastewater treatment
plant (4,400 m3/24 h)a - UA

XIII Bartoszyce 94.3 3169.6 Urban area below the wastewater treatment
plant (3,400 m3/24 h)a - UA

XIV Sępopol 72.1 3606.1 Pasture, agricultural lands, fallow areas - AA,

XV Stopki 60.9 5314.9 Pasture, agricultural lands - AA,

a The amount of sewage discharged directly into the river during 24 h
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seasons between winter 2011 and autumn 2012. The samples
were collected in winter (December, January), spring (March,
May), summer (July, August), and autumn (October,
November). Three water samples were collected from each
site on every sampling date. The samples were combined in
equal proportions, and the resulting pool sample was subject-
ed to microbiological analysis. A total of 32, 32, and 56 com-
bined water samples were acquired from FA, AA, and UA,
respectively. Overall, 120 samples of river water were collect-
ed and analyzed separately. All samples were placed in sterile
bottles at 4 °C, transported to the laboratory, and assayed
within 12 h of collection.

Physicochemical parameters

The following physicochemical parameters of river water
samples were determined: temperature, pH, chemical oxygen
demand (COD), dissolved oxygen (DO), total dissolved solids
(TDS), ammonia nitrogen (NH4-N), nitrite nitrogen (NO2-N),
nitrate nitrogen (NO3-N), orthophosphate (PO4-P), and total
phosphorus (PT).

All microbiological and physicochemical determinations
were carried out in the same water samples. Temperature,
pH, and DO (mg O2 mL−1) were determined with the YSI
556 MPS Handheld Multiparameter Instrument (Multiprobe
System) with measurement precision of ±0.1 °C, ±0.01 pH,
and ±0.01 mg O2 L

−1. COD, TDS, NH4-N, NO2-N, NO3-N,
PO4-P, and PT were determined in accordance with the
methods described by Hermanowicz et al. (1999), and the
results were calculated and expressed in mg L−1.

Microbiological analysis

Determination of Enterobacteriaceae and E. coli counts
by the culture-dependent method

Enterobacteriaceae and E. coli counts were determined by
membrane filtration. Bacteria were passed through sterile
polycarbonate filters (47 mm in diameter, 0.45-μm pore size)
(Millipore) into water samples of 10 to 100 mL, depending on
the expected microbial concentrations. Membrane filters were
transferred to Petri dishes filled with Chromocult coliform
agar (CCA) and incubated for 24 h at 35±2 °C. The CCA
medium is used to isolate and enumerate Enterobacteriaceae
and E. coli in analyses of contamination with human and
animal feces (Finney et al. 2003). After incubation,
Enterobacteriaceae and E. coli colonies were counted based
on the color reaction of the CCA medium, and they were
identified based on colony morphological parameters, Gram
stain results, and the production of indole and cytochrome
oxidase. Oxidase-negative bacteria forming pale green or vi-
olet colonies (resulting from salmon-galactoside cleavage by
β-d-galactosidase) were identified as Enterobacteriaceae.

Dark blue colonies (resulting from the cleavage of salmon-
galactoside and X-glucuronide by β-d-galactosidase and β-
d-glucuronidase) were identified as E. coli.

Analyses were performed according to the standard micro-
biological method for testing water quality in Poland and the
Standard Methods for the Examination of Water and
Wastewater (APHA 1998). All determinations were per-
formed in three replicates in the same water sample. Plate
counts were expressed as colony-forming units (CFU) per
100 mL of the sample.

Determination of total bacterial counts (DAPI staining)
and in situ hybridization (FISH)

The samples for the quantification of bacterial communities
by the FISH method and 4′,6′-diamidino-2-phenyloindole
(DAPI) staining were fixed according to the protocol de-
scribed by Korzeniewska and Harnisz (2012) and Loy et al.
(2007). After preliminary analyses, selected hybridization
conditions were modified to optimize the results. This ap-
proach increased the efficiency of FISH analysis to 75–90 %
of total cell counts.

Total bacterial counts were determined in 20–40-mL sam-
ples of river water (subject to the sampling site and suspension
concentrations) which were homogenized for 2×1.5 min at
7000 rpm (Silent Crusher, Heidolph) to separate bacterial
cells. The samples were fixed with freshly prepared parafor-
maldehyde (PFA, pH 7.4) to a final concentration of 4 % (v/v)
and were stored at the temperature of 4 °C for 12 h. Fixed
samples were passed through white polycarbonate filters
(0.2-μm pore size, 47-mm in diameter) (GTTP, Millipore)
under low negative pressure and with the use of base filters
(0.45-μm pore size, Sartorius) to distribute cells evenly on
filters. Filters were rinsed with 10 mL of ultrapure water
(MQMillipore) to remove excess paraformaldehyde and were
dried for several minutes at room temperature.

Total bacterial counts (TBCs) in samples were determined
by staining filtered water samples with 4′,6′-diamidino-2-
phenyloindole (DAPI, showing affinity for cellular DNA) with
a final concentration of 0.1 ng mL−1 (Pernthaler et al. 2001).

The samples fixed on filters were subjected to the FISH
procedure with the use of oligonucleotide probes complemen-
tary to the conservative region of 16S rRNA or 23S rRNA of
the analyzed bacteria. Enterobacteriaceae were identified
with the ENT183 probe (Friedrich et al. 2003), E. coli with
the ECO1167 probe (Neef et al. 1995), and the probe specific
for the domain Bacteria (EUB338) was applied to identify all
bacterial species (Amann et al. 1990). All samples were si-
multaneously screenedwith the NON338 probe (Wallner et al.
1993), complementary to EUB338, to control autofluores-
cence and non-specifically stained cells, the mean value of
which did not exceed 5 % for the analyzed samples. All oli-
gonucleotide probes were labeled with Cy3 dye.
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For the hybridization process, 2 μL (50 ng μL–1) of
EUB338 and ENT183 or ECO1167 probe solution was com-
bined with 18 μL of the hybridization buffer containing 1 mM
Tris HCl pH 7.4, 5 M NaCl, 10 % SDS, and formamide.
Formamide concentrations varied subject to the applied probe
(20 % for ENT183, 35 % for EUB338, and 40 % for
ECO1167). The prepared solution (20 μL) was applied to
filter pieces and hybridized at 46–50 °C for 1.5–3 h, subject
to the applied probe. The probe was cleaned with a warm rinse
buffer (48 °C) whose composition was identical to that of the
hybridization buffer with the exception of formamide, which
was replaced with 0.5MEDTA, pH 8. Filters were rinsed with
ultrapure water; they were dried and stained with the DAPI
solution (50 μL) for 3 min at room temperature in dark.
Stained filters were thoroughly rinsed with 80 % ethanol for
more than 10 s to remove non-specific bonds; after which,
they were rinsed with sterile distilled water and dried in air.
Filter pieces were attached to slides with Citifluor (Agar
Scientific, Essex, UK) and Vectashield (Vector Laboratories,
Burlingame, CA) immersion oils, applied 4:1, and covered
with coverslips.

The specimens were viewed under a fluorescent micro-
scope (Olympus BX61) equipped with a×100 oil immersion
lens, UV lamp, DAPI and CY3 filters, and a CCD camera
(Olympus). Images were analyzed in the Cell F application
(Olympus). More than 100 hybridized bacterial cells (FISH)
and 1000 to 10,000 DAPI-stained bacterial cells were identi-
fied per every evaluated sample.

Mean values and standard deviation were calculated
from 20 random fields of view in every filter section
and expressed in terms of 100 mL of water.
Additionally, the ENT183 and ECO1167 probe-specific
cell counts were presented as the number and percent-
age of cells visualized by DAPI.

Statistical analysis

The significance of differences in bacterial counts and
physicochemical parameters of water samples from the
Łyna River between sampling sites and seasons were
determined by one-way analysis of variance (ANOVA).
Leven’s test was used to assess the homogeneity of
variance. When Leven’s test produced statistically sig-
nificant results, the verified hypothesis was rejected.
The Kruskal-Wallis test, a non-parametric version of
classical one-way ANOVA (Stanisz 2006), was then ap-
plied. The correlations between the counts of the ana-
lyzed bacterial groups and physicochemical parameters
of water samples were determined by Spearman’s non-
parametric rank correlation test (p<0.05, p<0.01).
Statistical analyses were performed in the Statistica
10.0 (StatSoft, Poland) application.

Results

Physicochemical parameters of river water

The mean values and standard deviation of the evaluated
physicochemical parameters of water samples (temperature,
pH, COD, DO, TDS, NH4-N, NO2-N, NO3-N, PO4-P, and
PT) are presented in Table 2. These parameters varied during
the seasons and land use management. Seasonal fluctuations
(p<0.05, p<0.01, or p<0.001) in the analyzed parameters
over the entire period of the study (2011–2012) were con-
firmed by the Kruskal-Wallis test, except for NO2-N and
NO3-N. No significant differences (ANOVA, p<0.05) in
values of temperature, pH, and NO3-N were observed be-
tween land use throughout the experimental period.

Surface water temperature ranged from 3.8 °C in winter to
25.6 °C in summer (not shown in the table), and the observed
differences were statistically significant (p<0.001). The low-
est pH was noted in AA samples collected in winter, whereas
the highest pH was observed in FA samples collected in sum-
mer. The observed differences in pH were statistically signif-
icant (p<0.001) only between seasons. Significant differences
in COD and DO values of water samples collected in the
upper and lower course of the Łyna River were noted between
land use types (p<0.05) and seasons (p<0.001). COD con-
centrations were highest (25.7 mg O2 L

−1) in summer samples
from UA, whereas the highest DO levels (11.3 mg O2 L

−1)
were observed in winter samples from FA (not shown in the
table). Significant differences in TDS concentrations were ob-
served between the analyzed samples, subject to land use type
(p<0.05) and season (p<0.01). The lowest TDS values were
noted in samples from FA or UA and the highest in samples
obtained from AA in summer and spring, respectively. The
concentrations of NH4-N and NO2-N (p<0.05 or p<0.001)
varied significantly between sites characterized by different
land use types and between seasons, respectively. The lowest
NH4-N and NO2-N values were reported in samples obtained
from FA in winter and autumn, respectively. The highest NH4-
N and NO2-N concentrations were noted in water samples
collected from UA in summer and spring, respectively. The
concentrations of NO3-N tended to decrease along the river,
but no statistically significant differences were observed
between samples collected in sites with different land
use types and in different seasons. The concentrations
of PO4-P and PT varied between sites characterized by
different land use types. Statistically significant differ-
ences (p<0.01, p<0.001) between PO4-P and PT levels
were observed between seasons. The concentrations of
PO4-P and PT differed significantly (p<0.05, p<0.001)
between sampling sites. The lowest concentrations of
both forms of phosphorus were determined in spring
in FA samples, whereas water sampled from AA and
UA in autumn was most abundant in PO4-P and PT.
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Bacterial counts in water samples

The mean values and standard deviation of total
Enterobacteriaceae and E. coli counts determined by the
culture-dependent method, as well as TBC, EUB338,
ENT183, and ECO1167 values determined in a culture-
independent analysis of water samples, are presented in
Table 3. Bacterial counts differed by 7 orders of mag-
nitude, subject to the applied analytical method, the
analyzed bacterial species, sampling site, land use type,
and season. Significant differences (p<0.05, p<0.01, or
p<0.001) in the counts of the analyzed bacterial species
were observed between land use type and seasons.
Throughout the entire experimental period, the lowest
TBC values were noted in water samples collected in
FA. Somewhat higher bacterial concentrations were re-
ported in samples from AA, whereas the highest TBC
values were observed in water samples collected in UA.

In water samples collected in FA, Enterobacteriaceae and
E. coli counts were determined by the culture-dependent
method at 2×103 to 9×103 CFU 100 mL−1 and 0.1×103 to
0.2×103 CFU 100 mL−1, respectively. The abundance of
Enterobacteriaceae and E. coli bacteria in water samples from
AA reached 12×103 to 68×103 CFU 100 mL−1 and 0.4×103

to 2.5×103 CFU 100 mL−1, respectively. The size of
Enterobacteriaceae and E. coli populations in water samples
collected in UAwas determined at 79×103 to 163×103 CFU
100 mL−1 and 1.7×103 to 5.3×103 CFU 100 mL−1,
respectively.

The counts of Enterobacteriaceae (ENT183) and E. coli
(ECO1167) determined by the fluorescence method were ap-
proximately 102–103 times higher than the size of those bac-
terial populations determined by the culture-dependent meth-
od. The lowest bacterial counts were noted in water samples
collected in FA. The highest bacterial concentrations were
determined in samples collected in UA. Despite the above,
similar differences in bacterial counts were noted between
samples collected in sites characterized by different types of
land use. In samples obtained from FA, TBC, and the counts
of bacteria hybridized with probes EUB338, ENT183, and
ECO1167 did not exceed 5.3×108, 1.9×108, 0.03×108, and
0.009×108 cells 100 mL−1, respectively. The maximum abun-
dance of the analyzed bacteria, TBC, and bacteria hybridized
with probes EUB338, ENT183, and ECO1167 in water sam-
pled from AA was determined at 7.3×108, 3.6×108, 0.08×
108, and 0.019×108 cells 100 mL−1, respectively. Water sam-
ples collected in UA were characterized by the highest TBC
and the highest counts of bacteria hybridized with probes
EUB338, ENT183, and ECO1167 at 10.1×108, 4.5×108,
0.71×108, and 0.058×108 cells 100 mL−1, respectively.

Significant fluctuations (p<0.05 or p<0.001) in the abun-
dance of the evaluated bacteria were noted between seasons.
The counts of Enterobacteriaceae and E. coli determined by
the culture-dependent method and FISH technique were low-
est in winter (FA) when water temperature reached 3.8–
9.0 °C, and they were determined at 0.11×104 and 0.1×
103 CFU 100 mL−1, and 0.1×107 and 0.2×106 cells
100 mL−1, respectively. The highest Enterobacteriaceae and

Table 2 Mean (±SD) values of
physicochemical parameters of
water in relation to land use in the
Łyna River catchment

Parameter Land use Differences (p) between

FA

(32)a
AA

(32)a
UA

(56)a
Land use Seasons

Mean±SD

Temp. 13.59±7.95 13.83±5.68 14.40±5.30 0.641 0.000***

pH 7.47±0.47 7.24±0.32 7.33±0.32 0.408 0.000***

COD 16.75±6.83 23.18±6.97 22.46±6.51 0.040* 0.000***

DO 9.42±1.62 8.91±0.83 8.83±1.28 0.026* 0.000***

TDS 0.25±0.06 0.29±0.06 0.25±0.04 0.036* 0.001**

NH4-N 0.07±0.05 0.09±0.05 0.10±0.06 0.043* 0.041*

NO2-N 0.01±0.00 0.03±0.01 0.03±0.02 0.000*** 0.247

NO3-N 0.68±0.44 0.43±0.34 0.23±0.21 0.057 0.075

PO4-P 0.13±0.10 0.34±0.14 0.29±0.14 0.000*** 0.001**

PT 0.44±0.20 0.65±0.27 0.62±0.25 0.019* 0.000***

All units are given in mg L−1 except for temperature (°C) and pH

FA forested areas, AA agriculture areas, UA urban areas, SD standard deviation, COD chemical oxygen demand,
DO dissolved oxygen, TDS total dissolved solids, PT total phosphorus

*Statistically significant differences at p<0.05; **statistically significant differences at p<0.01); ***statistically
significant differences at p<0.001
aNumber of samples
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E. coli counts were noted in summer (UA) when water tem-
perature ranged from 19.4 to 25.6 °C. They were determined
at 2.2×105 and 6.5×103 CFU 100 mL−1, and 9.0×107 and
6.9×106 cells 100 mL−1, respectively (Fig. 2).

The percentage of DAPI-stained bacteria visualized by
probes ENT183 and ECO1167 did not exceed 0.65 and
0.17 % of TBC, respectively, in water samples from FA,
1.30 and 0.32 % of TBC, respectively, in samples from AA,
and 7.0 and 0.68 % of TBC, respectively, in samples from UA
(Fig. 3). The percentages of the evaluated bacteria varied sub-
ject to the type of land use, and they increased with a rise in the
concentrations of PT and NH4-N.

Correlations between bacterial counts
and physicochemical parameters of river water

The correlations between the counts of the analyzed bacterial
groups identified in samples of river water during the entire
period of the study and selected physicochemical parameters
of river water are shown in Table 4. Spearman’s test revealed

statistically significant (p<0.05, p<0.01) positive correlations
between most bacterial groups. Significant (p<0.05, p<0.01)
negative and positive correlations were noted between all bac-
terial groups versus water temperature, COD, DO, NH4-N,
NO2-N, and PT concentrations. Correlations were also ob-
served between PO4-P levels versus Enterobacteriaceae
counts determined by the culture-dependent method, TBC,
and the counts of EUB338-visualized bacteria, and between
water pH versus the counts of EUB338-visualized bacteria,
Enterobacteriaceae, and E. coli determined by the culture-
independent method.

Discussion

The monitoring of water resources and sanitary risk identifi-
cation are priority tasks in many countries around the
world. The abundance, type, and origin of microbial
pollutants may be very difficult to determine in aquatic
habitats (Haller et al. 2009; Huachang et al. 2010;

Table 3 Mean (±SD) of studied groups of bacteria in the Łyna River water samples in 2011–2012

Land use Number of
site
(120)a

Bacteria determined by

Cultivated methods Fluorescence methods

Enterobacteriaceae E. coli TBC EUB338 ENT183 ECO1167
(×103 CFU 100 mL−1)b (mean±SD) (×108 cell 100 mL−1) (mean±SD)

FA I 2.0±1.0 0.1±0.05 3.1±1.0 1.8±0.8 0.02±0.01 0.003±0.001

II 9.0±5.0 0.1±0.04 3.6±1.8 1.7±1.1 0.02±0.01 0.006±0.002

III 3.0±1.0 0.1±0.03 4.6±3.8 1.9±0.5 0.02±0.01 0.007±0.003

IV 6.0±2.0 0.2±0.12 5.3±3.2 1.7±1.1 0.03±0.02 0.009±0.003

AA V 12.0±4.0 0.4±0.21 5.8±3.6 2.3±0.7 0.04±0.02 0.016±0.001

IX 68.0±47.0 2.5±1.5 7.0±3.5 3.6±2.8 0.04±0.01 0.014±0.009

XIV 29.0±13.0 1.1±0.7 5.9±2.4 2.9±1.7 0.08±0.05 0.017±0.012

XV 33.0±19.0 1.3±0.9 7.3±4.0 2.8±1.2 0.05±0.03 0.019±0.015

UA VI 80.0±36.0 2.2±1.4 8.3±2.7 3.7±1.3 0.17±0.04 0.049±0.023

VII 163.0±51.0 5.3±1.2 10.1±6.5 4.5±3.9 0.71±0.17 0.058±0.011

VIII 94.0±56.0 4.6±1.9 10.0±2.6 3.8±2.9 0.10±0.05 0.051±0.033

X 102.0±77.0 2.3±1.3 6.3±3.2 3.7±2.9 0.27±0.20 0.034±0.032

XI 79.0±29.0 1.9±1.0 8.7±2.1 3.9±0.5 0.28±0.18 0.046±0.032

XII 121.0±96.0 3.3±1.7 8.5±1.7 2.9±1.4 0.09±0.03 0.048±0.030

XIII 21.0±10.0 1.7±1.1 6.3±3.5 2.7±1.8 0.08±0.03 0.040±0.020

Kruskal-Wallis test

Differences (p) between:

Land use 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000***

Seasons 0.025* 0.047* 0.003** 0.000*** 0.000*** 0.000***

FA forested areas, AA agriculture areas, UA urban areas, SD standard deviation, TBC total bacterial count

*Statistically significant differences at p<0.05; **statistically significant differences at p<0.01; ***statistically significant differences at p<0.001
aNumber of samples
bCFU colony forming units per 100 mL in cultivation methods (the number of samples was performed in triplicate)
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Łuczkiewicz et al. 2013; Oliver et al. 2009). The counts
of Enterobacteriaceae and E. coli indicator bacteria are
determined to assess epidemiological risks in water eco-
systems (Korzeniewska and Harnisz 2012). An increase
in the abundance of indicator bacteria could point to the
presence of other potentially pathogenic microorganisms
(Kacar 2011; Olapade and Weage 2010).

In this study, the concentrations of indicator bacteria in
water samples from the Łyna River differed between sampling
sites and experimental seasons. The observed variations were
attributed to different types of land use in the surveyed parts of
the catchment area as well as environmental factors. Statistical
analyses revealed significant (p<0.05, p<0.01, p<0.001)

differences in the abundance of indicator bacteria in samples
collected in different seasons from sites characterized by dif-
ferent types of land use. Statistically significant (p<0.05,
p<0.01) positive and negative correlations were also observed
between the analyzed bacterial groups, and between bacterial
counts and the analyzed physicochemical parameters of river
water.

Enterobacteriaceae and E. coli concentrations determined
by the culture-dependent method

Statistical analyses revealed significant differences between
the counts of indicator bacteria (Enterobacteriaceae and
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Fig. 2 Counts of Enterobacteriaceae andEscherichia coli determined by
a the FISH technique (bacteria hybridized with probes ENT183 and
ECO1167) and b the culture-dependent method in water samples

collected at different sites throughout the study. Independent variable
(assembling): season. RMS random mean square, SD standard
deviation, N number of samples, p significance level
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E. coli) in water samples obtained in different sites and sea-
sons. Significant correlations were noted between the popula-
tions of Enterobacteriaceae and E. coli and between the

concentrations of indicator bacteria versus TBC, EUB338,
ENT183, and ECO1167 counts determined by the fluores-
cence technique. In this study, the concentrations of
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Fig. 3 Average percentages of
Enterobacteriaceae and
Escherichia coli bacteria
hybridized with probes ENT183
(a) and ECO1167 (b) compared
with TBC at different
concentrations of PT and NH4-N
in water samples collected at
different sites throughout the
study

Table 4 Statistic estimation by
Spearman’s correlation between
numbers of studied
microorganisms determined by
cultured method and fluorescence
techniques (DAPI and FISH)
recovered from the water of River
Łyna and physicochemical
parameters

Bacteria determined by

Cultivated method Fluorescence methods

Enterobacteriaceae E. coli TBC EUB338 ENT183 ECO1167

Enterobacteriaceae 0.534** 0.561** 0.548** 0.382** 0.462**

E. coli 0.576** 0.611** 0.355** 0.435**

TBC 0.946** 0.864** 0.852**

EUB338 0.911** 0.894**

ENT183 0.963**

Temperature 0.386** 0.319* 0.467** 0.547** 0.688** 0.664**

pH 0.286* 0.454** 0.453**

COD 0.371** 0.411** 0.413** 0.415** 0.437** 0.512**

DO −0.324* −0.323* −0.308* −0.372** −0.394** −0.379**
TDS −0.264*
NH4-N 0.319* 0.333* 0.343* 0.315* 0.365* 0.489*

NO2-N 0.522** 0.445** 0.700** 0.656** 0.531** 0.577**

PO4-P 0.417** 0.337** 0.295*

PT 0.462** 0.407** 0.449** 0.509** 0.534** 0.561**

TBC total bacterial count, COD chemical oxygen demand, DO dissolved oxygen, TDS total dissolved solids, PT
total phosphorus

*Statistically significant correlation at p<0.05; **statistically significant correlation at p<0.01
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Enterobacteriaceae and E. coli did not exceed 220×105 and
10×105 CFU 100 mL−1, respectively, and were similar to or
different from the values noted in other river ecosystems, sub-
ject to the degree and type of river contamination, type of land
use in the catchment area, and the applied analytical method.
The populations of indicator bacteria were approximately 10-
fold lower in the Czarna Hańcza River in the Wigry National
Park (Gotkowska-Płachta et al. 2005). In the Vistula River,
Enterobacteriaceae and E. coli counts were estimated in the
range of 102 to 104 CFU 100 mL−1 (Donderski and Wilk
2002a, b). In the Kalamazoo River in the USA, the size of
indicator bacteria populations was determined in the range of
104 to 105 CFU 100 mL−1 by Olapade andWeage (2010). The
abundance of indicator bacteria in the Seine River (France)
polluted with effluents was estimated at 106 to 108 CFU
100 mL−1 by Savichtcheva and Okabe (2006). In a study of
more than 10 Canadian rivers, Wilkes et al. (2009) determined
the counts of indicator bacteria at 107 to 108 CFU 100 mL−1.
In the Łyna River, significant seasonal variations were ob-
served in the size of Enterobacteriaceae and E. coli popula-
tions. Seasonal differences in the counts of indicator bacteria
were also noted by Kacar (2011) in five rivers in western
Turkey and by Okeke et al. (2011) in the Tallapoosa River
in the USA.

In our study, the minimum and maximum counts of
Enterobacteriaceae and E. coli bacteria in the analyzed sam-
pling sites and seasons could be attributed to the stimulating or
inhibiting effects of environmental factors as well as differ-
ences in the type of land use in the catchment area, which
contributed to the inflow of organic and mineral substances
from external sources. This conclusion is corroborated by the
results of our statistical analysis showing significant positive
or negative correlations between the populations of
Enterobacteriaceae and E. coli versus water temperature,
COD, DO, NH4-N, NO2-N, and PT. Increased concentrations
and loads of PT, NH4-N and FIB in stream water are consid-
ered to be universal indicators in urban streams, even at low
levels of catchment urbanization (Hatt et al. 2004; Tryland
et al. 2002). The counts of Enterobacteriaceae and E. coli
were 10- to 50-fold higher in water samples collected in AA
and UA than in samples obtained from FA, which indicates
that the type of land use influences the microbiological quality
of water in the Łyna River. Due to higher levels of bacterial
contamination, the quality of water samples from AA and UA
were classified as Bpoor,^ whereas the quality of water from
FAwas classified as Bexcellent^ in line with the criteria set out
by the Bathing Water Directive (2006/7/EC). Higher concen-
trations of E. coli in urban catchments were also reported by
Bu et al. (2014) and Daly et al. (2013). Similar correlations
between the type of land use in the catchment area and the
physicochemical and/or microbiological parameters of river
water were observed by Economou et al. (2013), Nnane
et al. (2011), and Wilkes et al. (2009, 2011).

Bacterial concentrations determined by DAPI staining
and the FISH method

Total bacterial counts in the Łyna River were determined at
106–108 cells 100 mL−1, and they were similar to or insignif-
icantly different from the most recent values reported in other
rivers around the world. Somewhat lower microbial counts
(0.13×107 to 330×107 cells 100 mL−1) were observed in the
Rouge River (USA) by Tiquia (2010), in whose study micro-
bial populations differed significantly between water samples
collected in the analyzed seasons. Total bacterial counts of
0.27–8.1×109 cells 100 mL−1 were determined by Bouvy
et al. (2010) in the Senegal River and its 13 tributaries, and
similar microbial concentrations were observed byAraújo and
Godinho (2008) in the Pitimbu River in Brazil. In our study,
the differences in TBC values between seasons and sites con-
firm that aquatic microorganisms are highly sensitive to envi-
ronmental changes. The physicochemical parameters of water
and the size of heterotrophic bacterial populations in water
bodies are determined by the type of land use, degree of ur-
banization, and the intensity of human activities in the catch-
ment area (Glińska-Lewczuk 2006; Gołaś et al. 2008a, b,
2009). In the Łyna River, TBC values were severalfold higher
in samples collected from AA and UA than from FA, which
clearly indicates that the type of land use in the catchment area
influences the microbiological quality of water reservoirs.

The abundance of Enterbacteriaceae and E. coli deter-
mined by the FISH method in the Łyna River was approxi-
mately 102–103 higher than that determined with the use of a
culture-dependent method (Table 1). The above results indi-
cate that the analyzed river is a substantial reservoir of non-
culturable fecal bacteria. Fecal bacteria may cease to prolifer-
ate under stress. Intestinal microorganisms that reach river
waters with evacuated effluents are particularly exposed to
changes in habitat conditions, such as temperature, oxygen
concentrations, pH, and nutrient availability, and such bacte-
rial cells could become non-culturable. The above poses a
significant problem when pathogenic and opportunistic bacte-
ria are concerned, because such microorganisms are generally
characterized by higher virulence than cells not exposed to
environmental stressors (Rowan 2004). In many cases,
E. coli bacteria carry drug resistance genes that can be trans-
ferred to other microorganisms in water, soil, and air
(Korzeniewska and Harnisz 2013; Korzeniewska et al.
2013). The concentrations of indicator bacteria in aquatic hab-
itats should be accurately determined to eliminate epidemio-
logical and public health risks in rivers. Fluorescent in situ
hybridization supported the determination of the actual con-
tamination of the Łyna River with Enterobacteriaceae and
E. coli. The highest Enterobacteriaceae and E. coli concen-
trations were noted in water samples from UA, and they were
approximately 10-fold lower in FA samples. Bacterial
counts were positively correlated (p<0.01) with COD,
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NH4-N, NO2-N, and PT levels which are indicative of water
pollution associated with domestic, municipal, and land use
activities. The correlations between Enterobacteriaceae and
E. coli levels versus PT and NH4-N (Fig. 3) values suggest
that effluents discharged by wastewater treatment plants in
urban areas and runoffs from farm fields fertilized with phos-
phate and ammonia were the combined sources of pollution.
Our results indicate that urban areas (UA) situated along the
Łyna River significantly contributed to the deterioration in
downstream water quality.

Conclusions

The concentrations of fecal indicator bacteria in the Łyna
River varied significantly subject to the type of land use in
the catchment area and environmental factors. The popula-
tions of all analyzed bacterial groups were higher in water
samples collected in UA where treated municipal waste was
discharged directly to the Łyna River. Microbial concentra-
tions were also higher in water samples collected in AA. At
sampling sites characterized by high levels of bacterial con-
tamination, the quality status of water samples was
reclassified from excellent to poor in line with the criteria set
out by the Bathing Water Directive (2006/7/EC).

The concentrat ions of fecal indicator bacteria
(Enterobacteriaceae and E. coli) in the Łyna River were most
highly correlated with water temperature and COD, DO, NH4-
N, NO2-N, and PT concentrations, which could adversely in-
fluence self-purification processes in the studied ecosystem.
The above contributes to eutrophication and poses greater risk
to public health. In the future, the results of microbiological
analyses could constitute a valuable reference point for eval-
uating the rate and directions of changes in the bacteriological
profile of the Łyna River.

The combination of conventional and molecular analytical
techniques supported accurate determinations of contamina-
tion with Enterobacteriaceae and E. coli indicator bacteria in
the Łyna River. The FISH technique successfully identified
bacteria that had not been determined by the culture-
dependent method. The results of the FISH analysis contrib-
uted to a reliable assessment of fecal contamination in the
studied river and an evaluation of the suitability of river water
for drinking, recreational, and domestic use. Our results indi-
cate that the combined use of conventional and molecular
methods improves the accuracy of microbiological contami-
nation analyses in river ecosystems, eliminates the risk of
underestimation of pollution levels, and contributes to epide-
miological and public health safety.
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