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HIGHLIGHTS GRAPHICAL ABSTRACT

* There are spatial and temporal differ-
ences in nutrient concentrations in the
Sava River Basin.

* The combination of soil nitrification and
admixture of nitrate from wastewater
and manure are the main sources of ni-
trate in autumn.

* Microbiological analyses showed the
existence of hot spots of fecal pollution.

» Microbial source tracking analyses con-
firmed that the pollution is human as-
sociated.
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(MST) method was used to identify microbiological pollution in the surface water of the Sava River Basin
(SRB) in autumn in 2014 and 2015 during high and low water discharge. Atmospheric nitrate deposition or ni-
trate-containing fertilizers were found not to be significant sources of riverine nitrate in the SRB. The ranges of
Keywords: isotope values suggest that NO3 ™ in the SRB derives from soil nitrification, sewage, and/or manure, which were
Nutrients further supported by MST analysis. Microbiological indicators show the existence of hotspots of fecal pollution
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in the SRB, which are human associated. Long-term observations indicate persistent fecal contamination at se-
lected locations caused by continuous discharge of untreated wastewaters into the SRB.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the last two decades, much effort has been invested into un-
derstanding the nutrient cycles, heightened by problems associated
with global, regional and local environmental problems (Heatwaite,
2010). These problems result in part from increased fluxes of nutrients
such as nitrogen (N) and phosphorous (P) compounds into water bod-
ies that can lead to eutrophication, causing ecological changes including
loss of plant and animal species. In addition, these fluxes can influence
the quality of water for human consumption and other purposes. In
many river catchments the main source of N pollution is run-off from
agricultural land, although discharges from wastewater treatment
works can also be significant. According to the European Environmental
Agency current concentrations of nitrate are still above what might be
considered to be ‘background’ or natural levels, except in the northern
European countries (EEA, 2015). Thus control of these nutrient dis-
charges is needed to reduce pollution levels in water bodies.

For solving problems related to loading of nutrients such as N, tools
are needed for identifying sources of N, often a challenging task. Isotope
techniques constitute a promising tool for determining sources of ni-
trate (NO3') in surface water and could help to identify the processes
that NO3™ has undergone in the aquatic system. This is possible because
the isotopic signature in NO3™ from fertilizer, atmospheric, soil and ma-
nure-derived sources differs sufficiently to enable an unambiguous dis-
tinction to be made between them (Hebert and Wassenaar, 2001;
Chang et al., 2002; Mayer et al., 2002; Voss et al., 2006). However, the
origin of NO3” must be linked to the entire N cycle, since values of
515N of NO3 can be biased due to the mixing of different NO3 sources
or to isotope fractionation occurring during various processes (nitrifica-
tion, denitrification, assimilation, remineralization) (Kendall et al.,
2008). The dual isotope approach, based on the determination of 8'°N
and 6'80 values of NO3, provides more conclusive information for trac-
ing sources of NO3” in water (Widory et al., 2004; Seiler, 2005; Xue et al.,
2009). However, in the case of discriminating between sewage and ma-
nure the 5!°N and 6'80 values of NO3 overlap and this approach could
not be used to differentiate between these two sources. The contamina-
tion of water bodies by sewage or manure is generally determined using
the detection of Fecal Indicator Bacteria (Kirschner et al., 2014). Specific
differentiation between sources of fecal contamination is of particular
importance, because the risk to humans is usually considered higher
from human fecal contamination (sewage) than from animal fecal
contamination. New approaches based on PCR quantification and bio-
marker analysis could be used to track microbiological sources of con-
tamination. The human-associated fecal marker BacHum (Kildare et
al.,, 2007) and a recently modified version of the HF183II (Green et al.,
2014) could be used to track human associated fecal pollution, while
the ruminant-associated BacR qPCR assay (Reischer et al., 2006) and
the pig-associated Pig2Bac qPCR assay (Mieszkin et al., 2009) are the
methods for detecting animal fecal pollution sources. The contamina-
tion of water by fecal pollution leads to exposure to pathogens via
drinking water production, recreation or irrigation. However, monitor-
ing the microbiological quality of surface waters is quite neglected de-
spite its importance for human health (Kittinger et al., 2013).

In the case of the Sava River Basin (SRB), many of the settlements
situated on the river banks discharge large quantities of untreated
or improperly treated wastewaters directly into surface waters
(Kapetanovic et al., 2015; Aborgiba et al., 2016). On the other hand, in
the middle and lower course, the Sava River flows through regions of in-
tense agriculture: the Slavonija in Croatia, the Bosanska Posavina and
the Semberija in Bosnia and Herzegovina and the Srem in Serbia,

together cover an area >100,000 km? (Paunovi¢ et al,, 2012). The results
of long-term trend analysis show a reduction of NO3™ at the majority of
locations in the SRB, ranging from 8 to 58%, the highest being observed
at Litija in Slovenia from 2006 to 2011 and the lowest at Zupanja in Cro-
atia from 2003 to 2011 (Vrzel and Ogrinc, 2015). In addition, a switch
from a negative to a positive trend in phosphate (PO3 ™) concentration
was observed at Sremska Mitrovica indicating that this location has
been more susceptible to nutrient inputs, mainly from wastewater ef-
fluent discharges. This assumption was further supported by the inves-
tigation performed in autumn 2006. At this location and in the Sava
River near Belgrade, elevated 6!°Nyqs values of up to 4 25.5%. were de-
termined (Ogrinc et al., 2008). The high 8'°Nyo3 values obtained fall
within the range of animal waste and sewage (Aravena et al., 1993;
Fogg et al., 1998; McClelland and Valiela, 1998; Wankel et al., 2006),
and were only found in autumn 2006 during extremely low water dis-
charge. Due to the use of water for irrigation, evaluation of the microbi-
ological quality of the Sava River becomes essential for further river
management. One of the pathways of exposure to contaminated water
that must not be neglected is flooding. The study of Casteel et al.
(2006) indicated that flooding can result in extensive fecal contamina-
tion of nearby agricultural soil with pathogens.

The aim of the present study was to assess the sources of NO3™ using
a combination of the N and O stable isotope approach and the level of
microbial pollution in the SRB under different hydrological conditions
- in 2014 during high water levels and in 2015 during low water levels.
This study was performed to fill the gaps in the information related to
riverine nutrient cycling and to evaluate whether the isotopic composi-
tion of riverine nitrate provides source or process information, or a com-
bination of both. Related work performed in 2005 and 2006 published
by Ogrinc et al. (2008) quantifies the sources of riverine N throughout
the SRB using only stable isotope composition of N in NO3', while to
our knowledge no research including biomarker analysis to track micro-
biological sources of contamination has been performed in the whole
SRB. Thus, this interdisciplinary study taking into account biogeochem-
ical and molecular approaches has been applied for the first time in the
SRB and was used to identify the hotspots of pollution, while microbial
source tracking was used to identify the major sources of pollution.

2. Materials and methods
2.1. Study site

The main characteristics of the Sava watershed are summarized ac-
cording to the report of the International Sava River Basin Commission
(ISRBC, 2011). The River Sava is 990 km long, including the 45 km
Sava Dolinka headwater rising at Zelenci, Slovenia. It is the greatest trib-
utary of the Danube in terms of volume of water, and the second-largest
after Tisza in terms of its catchment area of 97,713 km?. The Sava flows
through four countries in the Balkan Peninsula: Slovenia, Croatia, along
the northern border of Bosnia and Hercegovina, and through Serbia. Cli-
matic conditions and physical features, such as morphology, geology,
pedology and vegetation, of the SRB are highly heterogeneous. The
Sava flows through a variety of landscape types, including alpine, karst-
ic, deep river valleys and shallow Pannonian flats. The average bottom
slope of 15.8% qualifies the Sava as a typical lowland or middle course
river starting in the central flow in Slovenia.

The SRB is divided into three climatic areas: Alpine, Pannonian and
Continental. In the Alpine areas, in Slovenia, the mean annual precipita-
tion is the highest (2000-3000 mm/y) and the mean annual tempera-
ture the lowest (6 °C). On the other hand, in the Continental area, in
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Serbia, annual precipitation decreases to around 660 mm/y and the
mean annual temperature increases to about 13 °C. The average dis-
charge of the Sava increases downstream from 84 m?>/s at Ljubljana
to 255 m3/s at Zagreb, to 1722 m>/s at Belgrade. Further, the
increase gradient of solar radiation was observed in the SRB from
3713 M] m~2 determined in the Alpine region, through 4013 MJ m~2
in Continental region to 4135 MJ m~2 in Pannonian region (http://
solarelectricityhandbook.com/solar-irradiance.html).

The large retention areas of the Sava are one of the most effective
flood control systems in Europe. Its management is seen as an interna-
tional model for sustainable flood management. The backwater effect
of the Iron Gate Dam (Djerdap I) during low flow of Sava is observed al-
most up to the town of Sabac at 105 km from Belgrade.

The geology of the River Sava basin is diverse. The most important
geological characteristic influencing the regime of water and sediment
of the SRB is the presence of the karst regions in the southern part of
the river basin. The rest of the river basin, between the External
Dinarides and the border of the Sava catchment belongs to the Inner
Dinarides zone and Pannonian basin. In this zone the following litholog-
ical units are present: sandstone, marls, claystones, intrusive and extru-
sive igneous rocks (diabase, spilite, dacite, andesite etc.), metamorphic
rocks (serpentinite, phylite, argiloshist etc.). The main aquifers are
formed in alluvial deposits representing the large reserves of ground-
water (Ogrinc et al., 2010). According to Harmonized World Soil data-
base, the soils with the largest extent are the Cambisols (weakly to
moderately developed soils) that cover 46.4% of the basin. Other impor-
tant soil groups are the Luvisols, Leptosols, Podzoluvisols (leached soils)
and Fluvisols. Geology and soils play an important role in sediment for-
mation in the SRB. Previous research indicates that soil was the domi-
nant source of particulate organic matter (Ogrinc et al., 2008). A
rather sharp transition from a gravel-bed river (at the Upper Sava) to
a sand-bed river (at the Middle Sava) is present in the SRB. Grain size
distribution shows the presence of silt or clay and except at the Sabac
(location 11) a uniform composition of sand particles was observed.
However no clear correlation between the part of fine fraction and loca-
tion was obtained, although in the lower, flat part of the river the per-
centage of fine particles in sediments can reach up to 90% of the total
sediment content (Globevnik et al., 2010).

Land use of the SRB reflects the differences in relief, climate and
stream flow. The greatest population density is located near large cities.
Three capitals are located near the Sava: Ljubljana, Zagreb and Belgrade.
Agriculture is the dominant activity in the Croatian (40%) and Serbian
(~100%) parts of the watershed, while the upper part, in Slovenia, is
mainly covered by forest (>50%). The Bosnian part of the watershed is
dominated by valleys and hills, with about 30% agricultural area and
30% forest. For these four countries, the basin catchment area comprises
60-70% of their land and is the source of >80% of total available water.
Due to important hydropower generation, industrial and agricultural
activities, and a high population density, especially near large cities
(Ljubljana, Zagreb, Belgrade), strong anthropogenic influences on
water quality are expected.

2.2. Sampling

2.2.1. Sample collection

Two sampling campaign at the SRB, performed within the scope of
the GLOBAQUA project (Navarro-Ortega et al., 2015), are presented in
this paper and cover the period of the high and the low water discharge
in September 2014 and 2015, respectively, at 12 locations from its
source in Slovenia to the confluence with the Danube in Serbia (Fig.
1). At some sampling stretches two sampling locations were selected
(marked as ‘a’) in order to obtain a representative water body for further
investigation. Thus, altogether 17 locations were selected in 2014, while
samples from 15 locations were obtained in 2015. For microbiological
characterization additional samples were collected from 4 wastewater
outlets detected in 2015 at the following locations: Radovljica - location

2 (RWW), Zagreb - location 6 (ZWW), Sremska Mitrovica - location 10a
(SMWW) and Sabac - location 11 (SWW).

Discharge and water quality data for long-term periods 2006-2012,
2003-2012 and 1989-2012 were provided by the Environmental Agen-
cy of the Republic Slovenia (ARSO; URL: http://www.arso.gov.si/),
Hrvatske vode (URL: http://www.voda.hr) and the Republic Hydrome-
teorological Services of Serbia (http://www.hidmet.gov.rs).

Hydrologic balance depends primarily on climatic conditions and
physical features of the catchments and its spatial distribution is hetero-
geneous. In general, Sava has the largest discharge in spring and the
lowest in late summer. However, seasonal and annual maxima and min-
ima of discharge vary according to the locations (ISRBC, 2011).

2.2.2. Field measurements

Temperature (T), pH, electrical conductivity (EICo) and dissolved
oxygen (DO) were measured in the field. T and DO were measured di-
rectly in the stream, using a VTV OXI model 91 m. EICo was measured
using a Corning 316 m with a two point calibration at 0 uS and
1413 psS. The precisions of DO saturation and EICo measurements were
within 4-5%. Because pH is sensitive to degassing and warming, water
samples were collected in a large volume, air-tight container and pH
was measured at least twice to verify electrode stability, using a Corning
315 high sensitivity pH meter coupled with an Orion Ross electrode. The
pH meter was calibrated on the NBS scale using two buffers (pH 4.10
and 6.97) with a reproducibility of 4+0.02 pH units.

Sample aliquots collected for chemical analysis were passed through
0.45 pm membrane filters into bottles and kept refrigerated until
analysed. Samples for anions, total alkalinity and stable isotope analysis
of nitrate (8'°Nyos3, 6'80no3) were collected in HDPE bottles. Samples
for determining the stable isotope composition of oxygen (5!20)
were stored in HDPE bottles without filtering. Samples for carbon
isotope analyses of dissolved inorganic carbon (&'3Cpc) were
capped in glass serum vials filled with no headspace. Particulate ma-
terial for stable C and N isotopic analyses was collected on precombusted
Whatman glass fiber filters (GF/F) by filtering 1-2.5 L of water using a
pump connected to a Teflon filter holder. Filters were wrapped in alumi-
num foil.

The samples for microbiological analysis were collected within
10 days of survey at approximate the same time of the day. In all
cases, water samples were collected in sterile, 1 L glass bottles from
about 30 cm below the water surface. Samples were kept in dark, cool
boxes prior to analysis and analysed within 3 h of arrival in the
laboratory.

2.3. Chemical and stable isotope analysis

2.3.1. Chemical analysis

Total alkalinity (TA) was determined within 24 h of sample collec-
tion by the Gran titration method, with a precision of + 1%. Concentra-
tions of nitrate (NO3 ), nitrite (NO5 ), ammonium (NHZ ) and phosphate
(PO3 ™) were analysed using standard colorimetric methods (Grasshoff
et al.,, 1983) with a precision of measurement + 3%. Concentrations of
dissolved organic carbon (DOC) were measured with a Shimadzu
TOC-5000 instrument with an analytical precision of + 2%.

2.3.2. Stable isotope analysis

The isotopic composition of oxygen (6'%0) was determined by stan-
dard water-CO, equilibration technique (Epstein and Mayeda, 1953) on
a Multiflow continuous flow isotope ratio mass spectrometer (Isoprime
GV Instruments).

Isotope analyses of nitrogen and oxygen of NO3~ were carried out by
Hydroisotop GmbH, Schweitenkirchen, Germany using the denitrifier
method (Sigman et al., 2001; Casciotti et al., 2002), which is based on
the isotopic analysis of nitrous oxide (N,0) produced by denitrifying
Pseudomonas strains. The measurements were performed on a Gas
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Fig. 1. Map of selected monitoring locations in the Sava River Basin in September 2014 and 2015.

Bench (Thermo Finnigan Gas Bench II) coupled to an isotope ratio mass
spectrometer Delta Plus XP.

813Cpc values were determined after extraction as CO, in glass sep-
tum tubes (VACUTAINER Septum Tubes, Labco Limited, UK) by Europa
Scientific 20-20 mass spectrometer with an ANCA-TG preparation mod-
ule for trace gas samples using the procedure described by Ogrinc et al.
(2008). The samples collected on Whatman GF/F filters for carbon and
nitrogen isotopic analysis (6'°Nppy and 6'3Cpoc) were first dried at
40 °C. 8"3Cpoc values were determined after treatment with 1 M HCl
to remove carbonate minerals, while 8'°Npy values were determined
on the bulk samples without acidification. 6'>Cpoc and 6'°Nypy values
were measured with a Europa Scientific 20-20 mass spectrometer
with an ANCA-SL preparation module.

All stable isotope results are reported using conventional delta (5)-
notation in per mil (%.) relative to a suitable standard: for oxygen
VSMOW standard was used, while for carbon and nitrogen VPDB and
AIR standards were used, respectively. The results were calibrated
against the following international reference materials: IAEA-CH-7
(polyethylene; 6'3C = —32.15 & 0.05%.) and IAEA-CH-6 (sucrose;
5'3C = —10.45 4 0.03%.) for carbon; IAEA-N-1 (ammonium sulfate;
85N = 0.4 + 0.2%) and IAEA-N-2 (ammonium sulfate; 6'°N =
20.3 + 0.2%.) for nitrogen; IAEA-NO-3 (potasium nitrate; 5'°N =
4.7 + 0.2%o and 6'80 = 25.6 + 0.4%,) for nitrogen and oxygen; SLAP2
(Standard Light Antarctic Precipitation; 6'80 = —55.50 & 0.02%.) and
GISP (Greenland Ice Sheet Precipitation; 6'80 = —24.76 4 0.09%.) for
oxygen. Reproducibility of the measurements was +0.1%. for 5'0,
+0.2%. for 6'3Cpc and +0.3%. for 5'°N and 5'80 in NO3". The mean

standard deviations for replicate POM samples were higher: 0.4%. and
0.5%o for 8'3Cpoc and 8'°Nrpy, respectively, perhaps reflecting more sub-
sampling error in these particulate samples.

24. Microbiological analysis

24.1. Detection of total coliforms, Escherichia coli and enterococci

Defined Substrate Technology (DST) was used to detect total coli-
forms (TC), E. coli (EC) and enterococci (FE). This enables isolation and
identification of certain groups of bacteria by enzymatic hydrolysis of
specific substrates (Buckalew et al., 2006). Quantification was per-
formed with Colilert Quanti-Tray 2000 system, which provides a Most
Probable Number (MPN) result, based on color/fluorescence change in
97 wells. For coliform bacteria two dilutions were analysed (1:10 and
1:1000) while for enterococci only one dilution was analysed (1:10).
Powdered reagents Colilert-18 and E-enterolert were used for cultiva-
tion of coliforms and enterococci respectively. A diluted water sample
was mixed with powdered reagents and poured into Quanty-Tray, a
sterile plastic disposable 97-well tray. For coliforms, trays were incubat-
ed at 37 °C for at least 18 h. Enterococci were incubated for at least 24 h
at44°C.

After incubation, an appearance of yellow color in wells was indica-
tive of the presence of total coliforms. Fluorescence in wells, under UV
illumination (365 nm) was used as an indication of the presence of E.
coli, in Colilert, and enterococci in Enterolert-E. The number of positive
wells was scored and converted to MPN using tables provided by the
manufacturer. Assessment of the water quality was based on the total
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coliforms, E. coli and enterococci classification scheme suggested by
Kirschner et al. (2009) and was expressed as MPN/100 mL.

2.4.2. Detection of presumptive Clostridium perfringens by the membrane
filtration method

Before the filtration, water samples were pasteurized for 15 min at
60 °C. C. perfringens (CP) were enumerated by membrane filtration
and incubation on Tryptose Sulphite Cycloserine (TSC) media according
to ISO 14189:2013 and the number of cells expressed as CFU/100 mL of
sample.

2.4.3. Microbial fecal source tracking

2.4.3.1. Sample preparation and DNA extraction. Water samples for MST
were collected, only during the 2015 survey from all 15 studied loca-
tions. Triplicate subsamples, between 150 and 200 mL, were filtered
through 0.2 um polycarbonate filters. Filtration volume was. Filters
were immediately frozen at —20 °C. Clean filters were frozen and
stored alongside the sample filters as filtration controls. DNA was ex-
tracted from two series of filters by a phenol-chloroform extraction
combined with bead-beating (Reischer et al., 2008). DNA was dissolved
in 100 pL Tris buffer. Extraction controls were routinely run alongside
each extraction batch. Prior to the qPCR assays, DNA concentration in
the extracts was measured by the PicoGreen assay according to the
manufacturer's instructions (QuantiFluor® dsDNA Sytem, Promega,
Madison, WI, USA) on a Anthos Multimode Fluorometer Zenyth 3100
(UK-Biochrom Ltd.).

2.4.3.2. qPCR quality assurance and inhibition control. Sample DNA was di-
luted 1:4 and 1:16 and the AllBac assay (Layton et al., 2006) applied to
ensure the presence of amplifiable bacterial DNA and the absence of in-
hibition. An internal amplification control was also included in the
AllBac assay.

2.4.3.3. Microbial fecal source tracking assays. The human-associated fecal
marker BacHum (Kildare et al., 2007) and a recently modified version of
the HF183II (Green et al., 2014) were enumerated by quantitative PCR
(qPCR), to indicate human associated fecal pollution. The ruminant-as-
sociated BacR qPCR assay (Reischer et al., 2006) and the pig-associated
Pig2Bac qPCR assay (Mieszkin et al., 2009) were included as methods
for detecting animal fecal pollution sources. All these qPCR assays
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were adapted to run on the Rotor-Gene Q thermocycler with the
Rotor-Gene Multiplex PCR mastermix (Qiagen Inc.). Quantification
was achieved by running plasmid standard dilution series of known
concentration. No template controls (containing no DNA) were applied
in all instrument runs.

For the AllBac qPCR reaction the mixture was composed of 2.5 pL of
the 1:4 or 1:16 sample DNA dilution, 600 nmol/L primer AllBac296f,
600 nmol/L primer AllBac412r, 25 nmol/L TagMan MGB AllBac375Bhgqr,
0.4 pg/uL of bovine serum albumin (Roche, Vienna, Austria), 7.5 pL of
Rotor-Gene Multiplex PCR Kit (total volume of 15 pL). An internal am-
plification control was included in the AllBac qPCR reaction mixture
comprised 500 nmol/L primer IPC-ntb2-F, 500 nmol/L primer IPC-
ntb2-R, 200 nmol/L probe IPC-ntb2-P and IAC template (1000 copies/
2.5 uL).

For the BacHum qPCR reaction, the mixture was composed of the fol-
lowing: 2.5 pL of the 1:4 sample DNA dilution, 400 nmol/L primer
BacHum-160f, 400 nmol/L primer BacHum-241r, 80 nmol/L TagMan
probe BacHum-193p, 0.4 pg/uL of bovine serum albumin (Roche, Vien-
na, Austria), 7.5 pL of Rotor-Gene Multiplex PCR Kit (total volume of
15 pL).

For the HF183II qPCR reaction, the mixture was composed of the fol-
lowing: 2.5 L of the 1:4 DNA dilution, 1 pmol/L primer HF183, 1 pmol/L
primer BacR287, 80 nmol/L TagMan probe BacP234MGB, 0.4 pg/jL of
bovine serum albumin (Roche, Vienna, Austria) and 7.5 pL of Rotor-
Gene Multiplex PCR Kit (total volume of 15 pL).

For the BacR qPCR reaction, the mixture was composed of the fol-
lowing: 2.5 pL of 1:4 sample DNA dilution, 100 nmol/L primer BacR_f,
500 nmol/L BacR_r, 100 nmol/L TagMan MGB probe BacR_p, 0.4 pg/}L
of bovine serum albumin (Roche, Vienna, Austria) and 7.5 pL of Rotor-
Gene Multiplex PCR Kit (total volume of 15 pL).

For the Pig-2-Bac qPCR reaction, the mixture was composed of the
following: 2.5 pL of 1:4 sample DNA dilution, 300 nmol/L primer Pig-
2-Bac41F, 300 nmol/L Pig-2-Bac163R, 200 nmol/L TagMan MGB probe
Pig-2-Bac113MGB, 0.4 pg/pL of bovine serum albumin (Roche, Vienna,
Austria) and 7.5 pL of Rotor-Gene Multiplex PCR Kit (total volume of
15L).

The PCR program was as follows: 95 °C for 5 min, 45 cycles of 95 °C
for 30 s (AllBac) and for 15 s (all other assays), 60 °C for 45 s (AllBac)
and 60 s (all other assays).

All reactions were performed in duplicate. A total of seven 10-fold
serial dilutions of plasmid standard (1-10° gene copies) were run in du-
plicate as well as a no-template control. The results of quantitative

Table 1
Physico-chemical, nutrient and stable isotope parameters in late summer 2014.
Sampling site Physico-chemical parameters Nutrients Isotopes
Code Date Latitude Longitude T pH 0, EICo TA NO; NO; NHi PO3~ DOC 5'%0  8'°Nno3 6'%0no3 8Ny 83Cpic 8"Cpoc
° 9 —1
(N) (E) C % pS/cm meq/kg mg L~ glgL %
2 01/09/2014 46.34 14.17 1084 7.70 933 277 1.747 211 0.07 0.09 3.2 3.2 —10.0 0.1 111 1.0 —-79 —26.7
2a 01/09/2014 46.29 14.26 1152 8.44 912 286 1900 233 005 0.15 010 25 —102 1.1 10.6 2.9 —-91 —265
3 02/09/2014 46.06 14.81 1224 7.55 96.8 279 na. 373 na. na n.a. 1.6 —96 37 9.4 1.1 —84 —265
3a 02/09/2014 46.07 14.85 1353 7.81 826 290 2177 327 0.06 0.1 16 2.4 —93 47 9.8 1.1 —11.1 —26.1
5 03/09/2014 45.90 15.63 14.07 7.85 130 340 1.825 377 017 0.1 106 29 —93 34 9.0 2.2 —-116 —273
5a 03/09/2014 45.87 15.65 1333 7.73 117 381 2194 169 004 035 048 27 —-9.1 37 8.9 2.9 —123 —26.6
6 04/09/2014 45.78 16.00 1398 7.52 96.8 361 2150 177 0.04 076 <0.06 3.6 —9.1 45 9.4 4.0 —124 —268
6a 04/09/2014 45.76 16.05 1412 7.96 974 363 2358 253 0.06 0.09 16 2.5 —-9.1 49 119 3.5 —120 —272
7 05/09/2014 45.26 16.89 15.06 8.14 68.3 283 2415 358 0.04 005 638 48 —88 5.0 10.8 6.4 —13.1 —269
7a 05/09/2014 45.25 16.95 1432 799 782 246 2274 322 0.05 <0.02 016 25 —9.0 43 11.1 0.3 —129 —-272
8 06/09/2014 45.15 18.01 1525 7.66 81.6 320 2.038 182 0.07 <0.02 0.16 3.6 —-9.0 31 8.1 35 —11.8 —26.1
8a 06/09/2014 45.13 18.09 15.84 7.65 76.2 352 2338 073 024 019 <006 29 —88 42 8.6 3.6 —129 —-264
9 07/09/2014 45.08 18.69 15.73 7.55 74.0 350 1982 322 004 02 14 3.0 —88 32 8.5 4.5 —123 —257
9a 07/09/2014 45.02 18.74 16.12 795 752 367 1880 255 0.05 02 23 39 —89 42 10.0 41 —11.7 —2538
10 08/09/2014 45.97 19.60 1649 7.61 79.8 327 1912 352 005 007 1.3 3.0 —89 47 9.9 3.8 —126 —26.2
10a  08/09/2014 44.91 19.75 1666 871 80.0 320 2501 360 0.05 0.06 15 4.8 —89 45 10.1 4.8 —126 —257
12 09/09/2014 44.77 20.81 1726 7.57 77.5 340 2343 226 0.06 013 038 3.0 —89 44 8.8 5.6 —-113 —-26.8
12a  09/09/2014 44.81 20.44 17.16 8.03 762 334 2762 386 0.05 0.06 09 2.6 —89 46 9.9 3.8 —122 —264

n.a. - not analysed.
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Table 2
Physico-chemical, nutrient and stable isotope parameters in late summer 2015.
Sampling site Physico-chemical parameters Nutrients Isotopes
Code Date Latitude Longitudle T pH O, ElCo TA NO3; NO; NH{ P03~ DOC &'%0 5'°Nnoz  6'%0no3 8"°Nppn 83Cpic 83Cpoc
(N) (E) C % pS/cm  meq/kg mgl! mﬁ %
L='C

1 01/09/2015 46.49 13.74 99 7.10 80.7 210 2921 144 <0.02 <005 na. 141 —10.82 —2.7 8.9 4.1 —82 —269
2 01/09/2015 46.34 14.17 145 820 103 230 2908 292 0.034 0.158 na. 1.66 —10.02 1.6 8.9 0.0 -78 =272
3 02/09/2015 46.06 14.81 176 880 101 260 3790 648 na. na 0108 1.93 —929 34 9.6 9.3 —102 —287
3a 02/09/2015 46.07 14.85 17.7 762 946 100 3.882 669 0.128 <0.05 0.154 1.93 —930 4.0 8.8 43 —102 —292
4 02/09/2015 46.04 15.24 202 7.82 96.6 280 3.843 6.53 0034 0.086 0.024 2.12 —921 45 10.1 na. —102 —283
5 03/09/2015 45.90 15.63 231 7.75 106 320 3924 457 0032 <005 na 214 —935 5.0 7.1 4.0 —10.0 —294
6 04/09/2015 45.78 16.00 226 7.72 107 285 4077 423 003 <005 na. 232 —922 61 7.5 5.5 —102 —294
7 05/09/2015 45.26 16.89 238 741 69.0 270 4.080 539 0.106 <0.05 0.151 2.84 —925 42 109 5.9 —108 —286
8 05/09/2015 45.15 18.01 248 7.83 100 336 3969 432 0.032 <005 0.094 2.78 —931 66 10.1 6.8 —103 —-273
9 06/09/2015 45.08 18.69 241 832 822 427 3716 456 0.034 0.053 0.127 3.08 —926 67 9.5 6.0 —105 —256
10 07/09/2015 44.97 19.60 23.1 822 849 325 3405 252 0036 <005 na. 253 —953 57 11.0 5.7 —101 —28.1
10a  07/09/2015 44.91 19.75 226 848 892 293 3229 211 0022 <005 na 229 —9.69 5.6 8.0 7.5 —104 —295
11 08/09/2015 44.75 19.72 224 8.08 942 336 3389 221 002 <005 0372 258 —959 6.1 8.1 7.7 —105 —29.2
11a  08/09/2015 44.74 19.82 225 894 115 313 3525 205 0022 <005 0088 243 —965 438 9.7 1.0 —105 —29.1
12 09/09/2015 44.77 20.81 237 844 859 324 3635 242 <0.02 0.088 0.087 2.40 —965 47 7.4 4.5 —100 —275

n.a. - not analysed.

microbial source tracking were expressed as marker equivalents (ME),
taking account of the filtration volume and the DNA sample dilution
to yield the result (Reischer et al., 2006, 2008).

2.5. Computational methods/statistics

Considering that the data were in line for usage of parametric
tests, differences of the variables between the sampling sites were in-
vestigated by one-way ANOVA followed by Duncan's multiple range
test. A 95% confidence interval was used for the confidence level.
Based on the physical and chemical parameters studied, Euclidian
distances were calculated and used to construct an Unweighted
Pair-Group Method with Arithmetic mean (UPGMA) phenogram to
reveal overall similarity between the sites studied in 2014 and 2015.
Logarithmic transformations (log + 1) of microbiological data were
performed by calculating log10 after addition of 1 to a given value.
All statistical analyses were performed using Statistica 6.0 Software
(StatSoft, Inc.).

Tree Diagram for 18 Variables
Unweighted pair-group average
Euclidean distances

2014

3. Results and discussion
3.1. Distribution of nutrients in the Sava River Basin

3.1.1. Long-term nutrient trends

Long-term nutrient trends are presented in Vrzel and Ogrinc (2015).
Here only a brief summary is reported for the same locations, but using
the new location numbers from Fig. 1. Concentrations of both nutrients
(NO3 and PO3 ™) were correlated significantly with flow at all locations,
except at location 10. A dilution effect was detected at locations 2, 3, 4,
and 8 while, at location, 9, a continuous input of NO3™ into the river-
ine system was indicated. Variations in rainfall and temperature
were found to contribute greatly to the monthly variation in NO3
concentration.

Temporal variability in nutrient concentrations was controlled by
riverine flow and indicated that the highest NO3™ concentrations were
usually observed during winter/autumn when leaching of soil from
slopes and banks was more intensive. The lowest NO3™ concentrations
observed during the summer were related to the limiting leaching
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Fig. 2. UPGMA (Unweighted Pair-Group Method with Arithmetic mean) tree derived from Euclidian distances for the sites studied in 2014 and 2015 and based on physical and chemical

parameters.
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from the catchment and reduction of NO3™ caused by phytoplankton up-
take. Occurrence of denitrification was unlikely, since hypoxic/anoxic
conditions are usually not present in the river. On the other hand, during
the summer the highest PO~ concentrations were related to low flow
conditions and to the presence of reductive conditions releasing inor-
ganic P from sediments into the water column.

The results of trend analysis show a reduction of nutrients at the ma-
jority of selected locations, ranging from 6 to 58% (Vrzel and Ogrinc,
2015). The trend in PO3 ™~ concentrations exhibits different behavior.
No significant trend was observed at locations 3 and 10 while, at loca-
tions 4 to 9, trends show significant decline in PO3 ~ concentrations
with reductions in POz~ concentrations of 18-34%. Although there
was no significant trend in POz~ concentration at location 10, the
switch from a negative slope in the regression line for location 9 to a
positive slope for location 10 suggests that inputs of POz~ had been in-
creasing downstream. This is possible, given that location 10 has been
more susceptible to nutrient inputs, mainly from wastewater effluent
discharges (Ogrinc et al., 2008; Ogrinc et al., 2015).

3.1.2. Nutrients in late summer in 2014 and 2015

The data regarding environmental parameters in late summer 2014
and 2015 are presented in Tables 1 and 2. The water temperature (T)
usually increased with distance from the source (location 1) (Ogrinc
et al.,, 2008). Statistically significant differences in the temperature of
water, T, between locations was observed (p < 0.0001) with the lowest
value of T always observed at location 1 and the highest usually found in
the lower reaches of the Sava (18.4 °C at location 12 in 2014 and 24.8 °C
atlocation 8 in 2015). A statistically significant difference in water tem-
perature was also observed between 2014 and 2015 (p < 0.0001) with
the highest value observed in 2015.

Specific conductivity (EICo) ranged from 210 to 427 uS cm™ !, with
the lowest and highest values observed in 2015 at locations 1 and 9, re-
spectively. Significant differences in EICo were observed between sam-
pling locations (p = 0.003) in 2015. No statistically significant temporal
differences in ElCo were observed in 2015 compared to 2014 (p =
0.066).

pH ranged from 7.10 to 8.94, with the lowest and highest values ob-
tained in 2015 at locations 1 and 11, respectively. No significant spatial
(p = 0.6521in 2014 and p = 0.507 in 2015) and yearly (p = 0.1627) dif-
ferences were observed in pH values.

Concentrations of NO3™ ranged from the limits of detection (LOD)
determined at location 1 to 6.69 mg L™! at location 3 (Tables 1 and 2).
Significant differences between NO3™ concentrations were observed be-
tween 2014 and 2015 (p = 0.0213), with higher values observed in
2015, but no significant differences between sampling locations were
observed in 2014 and 2015.

The measured NHJ concentrations were between <0.05 and
0.76 mg L™, with the highest values observed in 2015. Concentrations
of NO3 were very low, ranging from 0.02 to 0.24 mg L~'. NO5 is the in-
termediate inorganic species of the interconversion of NO5 and NH . In
an aquatic ecosystem, NO5 is rapidly converted to NO3™ under oxidizing
conditions. NO3 is, therefore, usually far more abundant in the aquatic
environment. This explains the relatively high concentrations of NO3
compared to those of NO2 during the whole study period (Tables 1
and 2). The concentrations of PO3 ™ ranged from 0.02 to 10.6 mg L™!
and were, on average, higher in 2014. Spatial and year differences
were not significant in the cases of NHf, NO3, and PO3 .

DOC concentrations ranged from 1.41 to 4.83 mg C L™ ! and were
statistically higher in 2014 than in 2015. Spatial distribution indicated
that observed values were statistically higher in the lower part of the
Sava River in 2014 and 2015.

Values of 8'>Nos3 for riverine samples ranged from — 2.7 to 6.7%.
(Tables 1 and 2) and displayed significant differences between those
in 2014 and 2015 (higher values in 2015; p = 0.0492) and also between
headwater/mouth locations (higher values at the mouth; p = 0.054).
68003 values were quite uniform, with an average value of 9.4 +
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Fig. 3. The relation between 6'°Nyos values and NO3 concentrations in the Sava River
Basin. The following isotope-mixing curve was used to describe the observed data: 5'°N =

215 ~15 . . —_
SNy By 20 Mo x (120N yhere N, Ny and N, are concentrations of NO3 in the sample, two

end-members and 5'°N, 5'°N; and 5'°N, are corresponding '°N values. The first end-
member, with an NO3™ concentration of 1.44 mg L™ " and 6'°Nyo3 of — 2.7%,, was chosen
for the sample observed in a pristine area, while the second end-member was selected
from location 9 where the highest 6'°Nyos value of 6.7% was observed with NO3°
concentration of 4.56 mg L™ .

1.2%.. No significant differences were observed in relation to year of
sampling or sample location.

Values of §'3Cpc ranged from — 13.1 to — 7.8%. and of TA from 1.747
to 4.080 meq/kg. Statistically significant spatial differences were ob-
served in both parameters in 2014 (p <0.001) and 2015 (p <0.001). Lo-
cations 1 and 2, with higher values of 6'Cp,c and lower TA, differed
significantly from other locations. The higher values of '3Cp,c indicate
that dissolution of carbonates prevails while, at the downstream loca-
tions, degradation of organic matter appeared to be more important.
The difference from measurements at other locations in the SRB was
not significant in 2015 and relatively similar &'>Cp,c values were ob-
served in the whole lower part of the River Sava (average &'>Cpc —
10.3 £ 0.7%.). A similar finding was observed in the study performed
in 2005 and 2006 (Ogrinc et al., 2008).

14 4 minor NO
) uptake
12 4 no NO,’
10_' uptake
8
£ °
g 4 o
= b * e .
o
e .
= L]
04
-2
1 o e 2014
-4 4 o 2015
T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14

5N, [%a]

Fig. 4. Values of 6'°Nnos3 versus &'°Npy for the Sava River Basin. The diagonal lines indicate
the expected 5'°N values if there was no isotopic fractionation during uptake (lower line),
and the expected 6'°N values if the fractionation was 4%. (upper line), a typical fraction for
uptake of NO3™ (Finlay and Kendall, 2007). The further the data plot below the lower line,
the less likelihood of NO3™ uptake occurring.
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Values of 6'3Cpoc ranged from — 29.5 to — 25.6%. and of &'°Npy from
0.0 to 9.3%.. No significant differences were observed in 6'°Npy values in
relation to sampling location, while significant differences in 8'>Cpoc
values were observed in 2015, where location 9 differed significantly
from locations 5, 6, and 7.

The differences between 2014 and 2015 sampling periods in TA,
813Cpic, 8" Cpoc and &' Nypy values (p = 0.038, p < 0.001, p < 0.001
and p = 0.012, respectively) were statistically significant, with lower
8'3Cpic and higher TA, §'3Cpoc and 6'°Nypy values obtained in 2014,

The UPGMA phenogram derived from the matrix of Euclidian dis-
tances for the sites studied in 2014 and 2015 is shown in Fig. 2. With
some exceptions, in both years the grouping of the sites belonging to
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upper, middle and lower stretches of the river is observed, supporting
our previous observation in 2005 and 2006 (Markovics et al., 2010)
where only chemical composition of the Sava River and its tributaries
were investigated. In 2014 the major driving forces for distances
among the sites were water temperature, concentrations of NO3™ and
DOC, 8"3Cp,c and 8'°Nyo3 values, while in 2015 the concentrations of
NO3 and 8'°Nyos had the highest impact. In 2015 the locations 3a and
9 differed most distinctly from the other sites.

3.1.2.1. Determination of nitrate sources. A clear trend of increasing
5'°Nnos values with increasing NO3™ concentrations is evident from
Fig. 3, suggesting that riverine nitrate in River Sava contained contribu-
tions from at least two different sources: one source generating low
concentrations and &'°Nyos values below 2%, and another with higher
concentrations and a '°Nyo3 value above 6%.. An isotope mixing line
with two different riverine end-members was therefore constructed.
The first end-member, with an NO3 concentration of 1.44 mg L™~ ! and
5'°Nnos3 of — 2.7%., was chosen from the sample observed in a pristine
area at the source of the River Sava (location 1; Fig. 1), while an NO3
concentration of 4.56 mg L~ ! and a 6'°Nyo3 of 6.7%. were selected as
the second source, with the highest 6'°Nyo3 value observed at location
9 (Table 2). The results indicate that most of the data fall on the mixing
line in 2014, while higher deviations from the mixing line were ob-
served in 2015.

The low NO3™ concentrations and low §'°Nyo3 values observed at lo-
cations 1 and 2 in 2014 and 2015 were indicators of NO3™ leaching from
pristine soils, the river in the upper watershed draining mainly a forest-
ed catchment (Harrington et al., 1998; Voss et al., 2006). 5'°Nyqs3 values
range from — 3 to 5%. for NO3™ leaching from non-fertilized soils (Fogg
et al., 1998; Mayer et al., 2002) while, on the other hand, NO3™ originat-
ing from animal manure and sewage generally shows a 6'°Nyos value
>7%. (Aravena et al., 1993; Fogg et al., 1998; McClelland and Valiela,
1998; Wankel et al., 2006). The highest 6'°Nyos value of 6.7%. was ob-
served at location 9 in 2015, but higher values could not be detected,
as was the case in autumn in 2006, when the river discharge was even
lower than in 2015 (Ogrinc et al.,, 2008).
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Fig. 6. Numbers of indicator bacteria (log (MPN or CFU + 1) / 100 mL) measured in water samples of the Sava River and in wastewater samples (WW) collected during the survey; TC -
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The increase in 6'’Nyo3 above the values expected from simple
mixing indicates the consumption of NO3™ by photosynthetic uptake
or denitrification processes. Denitrification was not an important pro-
cess, since neither hypoxic nor anoxic conditions were present in the
River Sava. Thus, the stable isotope data and the decrease in NO3™ con-
centrations observed at these locations (Tables 1 and 2) indicate higher
assimilation rates of NO3. Plotting values of 6'°Nyo3 against those of
8'°Nypy provides a useful means for determining whether NO3™ uptake
could be significant for various sites, since the 5'°N of algae should al-
ways be equal or lower than that of the N source (Finlay and Kendall,
2007). In Fig. 4 are two diagonal lines that indicate the 6'°N values ex-
pected if there was no isotopic fractionation during uptake (lower
line) and, likewise, the expected values of 5'°N if the fractionation was
4%. (upper line), a typical fraction for uptake of NO3 (Finlay and
Kendall, 2007). As shown in Fig. 4, no locations show differences in
AS'°N as high as 4%.. Most of the data plot near the lower diagonal
line defined by 6'°Nypy = 8!°Nyos3, consistent with minor uptake of
local nitrate, while the data below the lower diagonal line indicate the
insignificant uptake of NO3".

In addition, and based on values of §'*Cpoc (Tables 1 and 2), the pres-
ence of phytoplankton was detected. The 8'3C value of phytoplankton
was estimated from the 8'>Cpjc and a C isotope discrimination of 21%.
on photosynthetic C assimilation (Mook and Tan, 1991; Hellings et al.,
1999; Hoffman and Bronk, 2006). The mean values of 8'C for phyto-
plankton in the lower part of River Sava from location 3 could be esti-
mated to be —33.6 £ 0.6%. in 2014 and —31.3 4 0.2%. in 2015. Our
previous investigation indicated that, at 59% of the locations, the main
source of POC is derived from soil OC (Ogrinc et al.,, 2008). Thus, it was
assumed that two main sources dominated the POC in River Sava in
the autumns of 2014 and 2015: soil and phytoplankton. The proportion
of these two sources was estimated using isotope mass balance, taking
into account two end-members: the average 6'3C value of — 26%. for
soil OC and the calculated mean &'3C values for phytoplankton. The cal-
culations indicate that >90% of POC is of soil origin at all locations in
2014, while in 2015 phytoplankton was found to be the main source
of POC, accounting for >60% at locations 3, 5, 6, 10 and 11.

The data plotted below the mixing line indicate the additional source
of NO3™ in the River Sava, which was more pronounced in 2015 at loca-
tions 3, 5, 7 and could be related to nitrification. Since nitrification leaves
an imprint on 8003 values, these values were used to identify the or-
igin of NO3™ derived from nitrification processes in manure, sewage, or
soils (Fig. 5). Based on the assumption that §'0yo3 of microbially-pro-
duced NOs3 is determined by the two oxygens derived from H,0 and
one from atmospheric O, (Hollocher, 1984; Anderson and Levine,
1986; Bohlke et al., 1997; Durka et al., 1994; Kendall, 1998;
Wassenaar, 1995; Mayer et al., 2001), the expected range of 580 values
of NO3™ produced by nitrification can be calculated from the known 6'20
values for atmospheric oxygen and ambient water by the equation
(Mayer et al., 2001): 8'80y03 = 2/3 8'80 (in water) + 1/3 §'80-0,.
The atmospheric oxygen is known to have a 5'%0 value of 23.5%
(Kroopnick and Craig, 1972), while the ambient water is expected to
display an isotope value similar to that in the river water, as shown in
Tables 1 and 2. The calculated 6'80yq3 values for nitrate from nitrifica-
tion were around 2%. and differed significantly from those of our mea-
sured data with an average value of 9.4 + 1.2%. (Tables 1 and 2).
However, 6'80 values of microbially-produced NO3 have been ob-
served to be up to 5%. higher than the calculated values (Aravena et
al,, 1993; Kendall, 1998; Mayer et al., 2001) and thus more closely relat-
ed to our data. Further, it is possible to conclude that atmospheric depo-
sition, with high 6'80y03 values between 25 and 70%. (e.g. Durka et al,,
1994; Kendall, 1998), does not contribute significantly to river NO3’, nor
do the nitrates originating from fertilizers, with 6'80y03 values of
~+22%o (Fig. 5). This is in line with studies carried out on USA and Ger-
man rivers (Mayer et al., 2002; Johannsen et al., 2008). The absence of a
trend of increasing &' 80no3 Values with increasing agricultural land-use
could be due to two reasons, the uptake of fertilizer-nitrate by crops and

microbes and the subsequent re-mineralization and nitrification, pro-
ducing nitrate with 5'80yo3 values below + 15%. (Mayer et al., 2001)
and thus changing the original oxygen isotope ratio of the fertilizer-ni-
trate. NO3™ derived from nitrification of ammonium or urea-based fertil-
izers is also characterized by 8'80os3 values of less than + 15%., since
nitrogen from ammonium or urea-containing fertilizers must be
nitrified before it can contribute to riverine nitrate.

3.2. Microbiology

3.2.1. Comparative data for the whole Sava River

To compile long-term data for the whole Sava River, the same strat-
egy proposed by Kirschner et al. (2009) for the Danube River was used.
The data from two whole river surveys (2014 and 2015) and long-term
data from the TransNational Monitoring Network (TNMN) of the Inter-
national Commission for the Protection of the Danube River (ICPDR)
were integrated. The data from TNMN are available at the http://
www.icpdr.org/main/activities-projects/tnmn-transnational-
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Fig. 7. Long term monitoring data on the numbers of the indicator bacteria (log (MPN-
CFU + 1) /100 mL) at 5 sites used in routine monitoring (Box-Whiskers); white circles
- samples collected in 2014, black circles — samples collected in 2015.
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monitoring-network. The dataset comprised five years of monthly mon-
itoring (the only period available in the database was 2000-2004) from
four TNMN locations: Jesenice (SI), Jasenice (HR), Jasenovac (HR) and
Zupanja (HR). For Belgrade, pooled data obtained during five years of
monthly monitoring (2010-2014) and provided by the Belgrade City In-
stitute of Public Health were used. Selected locations overlap or are
within 5 km of the locations studied in the whole river sampling cam-
paigns: Jesenice (SI) - Litija, Jasenice (HR) - CateZ, Jasenovac - Jasenovac,
Zupanja - Zupanja and Belgrade - Belgrade.

The long-term monitoring data are summarized in Fig. 6. For all
three groups of bacteria, the majority of values showed grouping within
the class II (moderate pollution) and class III (critical pollution). It is
alarming that, at the locations 3a, 9a and 12, over 50% of the samples
were critically polluted, indicating continuous presence of fecal pollu-
tion at these locations and is consistent with our previous results
(Kapetanovic et al., 2015). The lowest medians were observed at loca-
tion 7a.

3.2.2. Sampling survey in 2014 and 2015

Primarily, the focus was on microbiological indicators of fecal pollu-
tion (E. coli, fecal enterococi), which are used as surrogates for the pos-
sible presence of intestinal pathogens (Kirschner et al., 2014). The
numbers of total coliforms were assessed, as this group is still included
in the national regulations of Serbia in assessing the ecological status of
surface waters. We have also quantified C. perfringens as a potential in-
dicator for point source emissions from wastewater (Sorensen et al.,
1989). The results of the two whole river surveys are summarized in
Fig. 6.

During the survey 2014, the numbers of total coliforms ranged from
3.73 (location 10a) to 5.03 (location 2) log (MPN + 1) / 100 mL. As in-
dicated in Fig. 7, samples were scattered within the classes II and III
(moderate to critical pollution). The numbers of E. coli ranged from
2.84 (location 8a) to 3.94 log (MPN + 1) / 100 mL (location 3a). The
numbers of enterococci ranged from 2.03 (location 8a) to 3.26 (location
3a) log (MPN + 1) / 100 mL. The numbers of C. perfringens ranged from
2.03 (location 5a) to 3.13 (location 3a) log (CFU + 1) / 100 mL.

In 2015, the river samples were scattered within the classes I and Il
(slight to moderate pollution). The numbers of total coliforms ranged
from 2.79 (location 4) to 5.49 (location 9a) log (MPN + 1) / 100 mL.
The numbers of E. coli ranged from 1.0 (location 7a) to 4.51 log
(MPN + 1) /100 mL (location 9a). At 9 out of 15 locations the numbers
of enterococci were below the limit of detection (<1 log (MPN + 1) /
100 mL), the highest numbers being recorded at location 9a (3.12 log
(MPN + 1) / 100 mL). The numbers of CP ranged from 0 (location
10a) to 3.98 (location 9a) times log (CFU + 1) / 100 mL. By all moni-
tored indicators, samples collected from the WW discharge points at lo-
cations 2, 10 and 11 were excessively contaminated. The effects were
evident downstream at the location 11a, but especially at the location
2a.
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For comparison, data obtained within the surveys were included
into Fig. 8. At locations 5a and 7a a shift towards the upper quartile of
the range was observed for samples collected in 2014 while a shift to-
wards the lower quartile of the range was observed for samples collect-
ed in 2015. On the other hand, at locations 2a and 9a, the ones heavily
impacted by wastewaters, we have noted the opposite situation. High
water velocity, in combination with high water level, in 2014 resulted
in homogeneity of water quality along the river. This is also valid for
other parameters, since no statistically significant differences between
sampling locations were found in pH, concentration of O, EICo, concen-
trations of NO3, NHZ", PO3~ or DOC and §'80y0s3 values. Therefore, in
2014, the hotspots of pollution were hard to identify. In contrast, in
2015 we found WW outlets at 4 locations, but the effect was only evi-
dent at location 2a. It was interesting that a critical level of pollution
was found at location 9a, although the direct point of discharge was
not defined. This observation could be further supported by the high
NO3 and DOC concentrations and the highest §'°Nyo3 value of 6.7%.
and the 8'3Cpoc value of — 25.6%.. According to the statistical evaluation
this location differed most from the other sites in 2015 (Fig. 2). Besides
the point discharges of WW, diffuse pollution, originating from house-
holds of the nearby located villages, was considered as a possible path-
way of contamination. Also in the middle and lower sections of the river,
the use of animal manure as a fertilizer in agriculture is commonly
employed without strict legislative regulations, which should not be
neglected.

Since the standard indicators, E. coli and enterococci, cannot provide
any reliable information regarding the origin of fecal pollution
(Kirschner et al., 2014), we have employed the MST technique to iden-
tify the major source of pollution. Quantitative PCR (qPCR)-based assays
for the analysis of general-, human-, wastewater-, or animal-associated
genetic Bacteroidetes fecal markers have gained increasing popularity in
the field of fecal pollution analysis and microbial source tracking (MST)
during recent years (Mayer et al., 2016). The human-associated fecal
markers BacHum and HF183II were detected at 12 and 13 locations, re-
spectively. The ruminant-associated BacR and the pig-associated Pig-2-
Bac markers were not detected in any of the samples. As indicated in
Table 3, high correlation was observed between the standard indicators
(coliforms and enterococci) and human associated fecal markers. This is
consistent with previous studies that support the fact that fecal pollu-
tion based on qPCR quantification can be performed with at least
equal precision compared with traditional ISO-based cultivation tech-
niques (Stapleton et al., 2009; Mayer et al., 2016). The lowest correla-
tion was observed with numbers of C. perfringens. Among the
indicators studied, C. perfringens numbers show the lowest degree of
variation along the river, as reported earlier (Byamukama et al., 2005).

4. Conclusions

The combined use of the isotope compositions of N and O in NO3”
provides evidence that NO3 is affected primarily by two different
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Fig. 8. Concentration of the human-associated fecal markers BacHum and HF183II expressed as log (ME + 1) / 100 mL, values are means = SD obtained from two filter series; n.a. - not
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Table 3

Correlation between the standard indicators (TC, EC, EF and CP) and the human-associated
fecal markers BacHum and HF183Il monitored. Marked correlations are significant for p <
0.003 (p value adjusted for multiple comparisons).

Spearman EC EF CcP BacHum HF138lI1

r p r p r p r p r p
TC 0.63 0.012 028 0318 0.64 0.010 0.65 0.009 0.60 0.018
EC 0.26 0349 029 0301 0.70 0.004 0.70 0.004
EF 030 0.278 036 0.187 0.19 0.508
CP 040 0.135 032 0.252
BacHum 0.89 0.000

sources: one source originating from pristine soils, and another origi-
nating from wastewater and manure, although processes such as phyto-
plankton assimilation and nitrification have also been observed,
especially in autumn 2015. According to the analyses of the §'°Nyos3
and 8'°Nypy values the minor and/or zero uptake of local nitrate was de-
tected in most locations. Particulate organic carbon (POC) is mainly of
soil origin in 2014 while, in 2015, phytoplankton was found to be the
main source of POC at locations 3, 5, 6, 10 and 11. According to the
5'80n03 values it is possible to conclude that atmospheric deposition
does not contribute significantly to river NO3™ nor do the nitrates origi-
nating from commercial fertilizers. We therefore suggest that the com-
paratively low isotopic enrichment factors for nitrogen and oxygen arise
from a combination of soil nitrification and an admixture of NO3™ from
wastewater and manure. This assumption could be further confirmed
by microbiological analyses. These analyses comprised analysis of the
standard indicators of fecal pollution and microbial source tracking
(MST) analyses based on the human-associated BacHum and HF183lI,
the ruminant-associated BacR and the pig-associated Pig2Bac genetic
Bacteroidetes fecal markers. The results reveal the existence of hotspots
of fecal pollution of human associated origin in the SRB. Long-term data
at selected locations indicated persistent fecal contamination, showing
that the locations are impacted by continuous discharge of untreated
wastewaters. This study describes the present nutrient and microbio-
logical pollution status in the SRB, and indicates the urgent need for ef-
fective wastewater treatment plants in water management.
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