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Abstract

Purpose The first comprehensive evaluation and trend analy-
sis of long-term nitrogen (N) and phosphorus (P) data was
performed for the Sava River Basin (SRB) at locations in
Slovenia, Croatia, and Serbia.

Materials and methods Data on long-term water quality at
eight selected locations were evaluated statistically based on
the period of reporting, availability of flow data, and the ex-
perience from our previous investigations. Trends in NO5
and PO,> concentrations at locations were identified using
simple linear regressions on log-transformed data.

Results and discussion Analysis indicated spatial and season-
al variability between locations. The highest long-term annual
mean NO;~ and PO,>~ concentrations were observed in
Croatia and Serbia at locations that are susceptible to anthro-
pogenic nutrient loading arising from high human population
densities and intensive agricultural land use. Temporal varia-
tions indicate that river flow plays an important role in the
distribution of NO5~ and PO,> concentrations. Low flow
during the summer months promotes reductive conditions
leading to a minimum in annual mean NO;3  concentrations
and a maximum in annual mean PO, concentrations
resulting from the release of inorganic P from sediments.
The highest annual mean NO3 ™ concentrations were observed
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in winter/autumn under higher flow conditions that leach
NO; from soil and banks into the river. The results of trend
analysis show a reduction of nutrients at the majority of loca-
tions ranging from 8§ to 58 %.

Conclusions Although trends in NO;~ and PO4>~ concentra-
tions indicate a decrease at the majority of selected locations, it
is still necessary to apply appropriate removal technologies in
order to reduce the nutrient loads into the Sava River Basin
and thereby improve water quality.

Keywords Computational methods - Nutrients - Sava River
Basin - Statistics

1 Introduction

Nutrient enrichment or eutrophication is one of the important
water quality issues limiting present and future uses of water
resources. Although nutrients—mainly nitrogen (N) and
phosphorus (P)—are necessary for the growth and survival
of animals, plants, and other organisms, human activities have
enhanced their global cycles by, on average, 100 and 400 %,
respectively (Falkowski et al. 2000). Nutrient loads operate
through both point and diffuse pathways linking land to water
and are dependent on hydrology and in-stream processes such
as transformation, retention, and elimination. Their concentra-
tions and flux can vary significantly at different parts of the
river in a manner related to short-term variations in hydrology
and long-term changes of land use (Billen et al. 2007).
Knowledge of mechanisms influencing the distribution of nu-
trients and assessment of the ecological state of aquatic sys-
tems is often only temporary and limited to the present situa-
tion. Assessment of historical patterns of change and trend
analysis using existing water quality data are required in order


http://crossmark.crossref.org/dialog/?doi=10.1007/s11368-015-1190-7&domain=pdf

J Soils Sediments (2015) 15:2380-2386

2381

to gain a balanced overview of how a river has been influ-
enced, particularly in relation to land use.

The Sava River Basin (SRB) is an excellent area on which
to investigate both natural and anthropogenic inputs influenc-
ing nutrient dynamics in a riverine ecosystem. Our studies
have shown that upper reaches are largely regulated by natural
processes, middle reaches by agricultural activity and biolog-
ical processes related to eutrophication, while lower reaches
are influenced mainly by stressors related to high pollution
from industrial processing, along with untreated municipal
waste water discharges (Markovics et al. 2010). Agricultural
and industrial sources contribute significantly to the increase
in Na", K, CI', SO,*", and NO;~ concentrations in stream
waters. Nitrate inputs are controlled by land use, and the high
isotope composition of nitrate at some sites is attributed to
sewage and/or animal waste (Ogrinc et al. 2008a, 2015). It
was also found that the low discharges, higher temperature,
and nutrient enrichment observed in autumn promoted the
eutrophication of a river in agricultural areas (Ogrinc et al.
2008a; Markovics et al. 2010). However, the rate of change
has not been assessed, and it is important to know this infor-
mation so that remedial efforts can be targeted and be
effective.

We present the first comprehensive evaluation of the long-
term water quality data in terms of major nutrient concentra-
tions (N and P) in the SRB at selected locations in Slovenia,
Croatia, and Serbia. Annual seasonal variations and the influ-
ence of river discharge on nutrient concentrations have been
investigated, and temporal trends assessed using trend
analysis.

2 Materials and methods
2.1 Site selection

The Sava River is located in southeast Europe and is a tribu-
tary of the Danube River, joining at Belgrade (Fig. 1). It is
990-km long, with a catchment area of 97,713 km?. It flows
through four countries: Slovenia, Croatia, Bosnia and
Herzegovina, and Serbia. It drains a significant portion of
the Dinaric Alps region, via the tributaries of Krka, Kupa,
Una, Vrbas, Bosna, and Drina.

The SRB is divided into three climatic areas Alpine,
Pannonian, and Continental. Mean annual precipitation and
temperature differ over the length of the river. In the upper
reaches (alpine headwaters), mean annual precipitation is in
the range of 2000-3000 mm yr ' with a mean annual temper-
ature of approximately 6 °C. At the confluence of the Sava
with the Danube, annual precipitation is <660 mm yr ', and
mean annual temperatures are higher at about 13 °C. In gen-
eral, the discharge of the Sava is greatest in the winter and
lowest in the summer. However, seasonal and annual

discharges vary by location. The long-term average discharges
are 84, 255, and 1722 m® s™' in Ljubljana, Zagreb, and
Belgrade, respectively. These values correspond to similar
area-normalized discharge values of 17.4, 20.5, and
18.0 1km 2 s '. The mean residence time of stream water is
similar at all sampling points, with a mean value of 1.32 years,
generally characterized as being relatively short, indicating
that the catchments have relatively low groundwater storage
capacity (Ogrinc et al. 2008b).

Land use of the SRB is diverse and complex, reflecting the
differences in relief, climate, and stream flow. The greatest
population density occurs near the large cities, while agricul-
ture is the dominant activity in the Croatian and Serbian part
of the watershed. The upper part of the SRB (in Slovenia) is
covered mainly by forests (>50 %) with subalpine vegetation
occupying ~35 %. In Croatia, forests cover 25 % and agricul-
ture >40 % of the basin area. The Bosnian part of the SRB has
valleys and hills with about 30 % agriculture and 20 % forest.
The majority of the watershed area in Serbia is used for agri-
culture. Other anthropogenic impacts in the watershed com-
prise thermo- and hydroelectric plants, oil and gas refinery
stations with pipelines, metallurgical, chemical and textile in-
dustries, and mining.

Data on water quality were evaluated at eight selected mon-
itoring stations listed in Table 1 and displayed in Fig. 1. These
stations were selected on the basis of availability of flow and
water quality data and our previous research experience.
Three locations were selected in Slovenia (Otoce, Sentjakob,
and Jesenice na Dolenjskem) and four in Croatia (Zagreb,
Crnac, Slavonski Brod, and Zupanja). Two locations in
Serbia—Sremska Mitrovica and Sabac (location 8)—were
treated together, since the data complement each other.
Otoce (location 1) is a predominantly forested area and was
treated as a background site as it had the lowest observed
nutrient concentrations (Table 1). §'*Nyos is <6%o indicating
the presence of natural soil-derived nitrogen (Ogrinc et al.
2008a). Sentjakob (location 2) and Zagreb (location 4) are
influenced by large cities Ljubljana and Zagreb. Jesenice na
Dolenjskem (location 3) is located amid nuclear and hydro-
electric plants, while Crnac (location 5), Slavonski Brod (lo-
cation 6), Zupanja (location 7), Sremska Mitrovica, and Sabac
(location 8) are locations highly impacted by agricultural ac-
tivities (Table 1). In addition, the highest 5" Nnos values (+
24.4%o) were observed at Sabac during our study in autumn
2006 when flow was low indicating the influence of animal
waste and/or poorly treated sewage (Ogrinc et al. 2008a).

Daily averaged flow rates (m® s ') and water quality data
(usually monthly) were provided by the Environmental
Agency of the Republic of Slovenia (ARSO; URL: http://
www.arso.gov.si/), Hrvatske vode (URL: http://www.voda.
hr) and Republic Hydrometeorological Service of Serbia
(http://www.hidmet.gov.rs). The analysis covers periods
from 2006 to 2012, 2003 to 2012, and 1989 to 2012 in
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Fig. 1 Map of the selected monitoring locations in the Sava River Basin. These are the following: / Otoge, 2 Sentjakob, 3 Jesenice na Dolenjskem, 4
Zagreb, 5 Crnac, 6 Slavonski Brod, 7 Zupanja, and 8 Sremska Mitrovica and Sabac

Slovenia, Croatia, and Serbia, respectively. Standardized
protocols have been used for water sampling and laboratory
analysis to obtain comparable monitoring results.

2.2 Statistical analysis

Statistical evaluation of the data was performed using
Statistica version 7.0 (Statsoft, Tulsa, USA). Normally
distributed data were analyzed by ANOVA to test for
the temporal and spatial differences in flow and water
quality parameters.

The model proposed by Hirsch et al. (2010) was used to
estimate concentrations for the entire recorded period. The

Table 1
and cumulative land use

model considers concentration to be a product of three deter-
ministic components (trend, season, and discharge) and one
random component described by the following equation:

In(c) = By + Bit + 5,In(Q) + B; sin(2wt) + Bycos(2mt) + €
(1)

where c is the concentration (mg 17"), Q is discharge (m*s "),z
is the time (years), ¢ is the unexplained variations, and (3, 4 are
fitted coefficients.

Trend analysis at selected locations was performed using
linear regressions. This involved first regressing log-
transformed concentration data with log-transformed flow

Selected monitoring locations with short, medium, and long-term data collection with their distances from the source, height above sea level,

Location Sampling location Country Latitude Longitude Distance from  Height above Forest Agriculture Urbanand  Other
number N E the source (km) sea level (m) (%) (%) industry (%) (%)
1 Otoce Slovenia 46° 18"  14° 14/ 40 415 0.9 0.1 0.01 0.004
2 Sentjakob Slovenia 46° 06’  14° 47 115 245 3.8 1.4 0.2 0.038
3 Jesenice na Dolenjskem Slovenia 45° 51" 15°41' 213 140 6.0 2.8 0.3 0.056
4 Zagreb Croatia ~ 45°41" 16° 14’ 268 100 7.9 4.7 0.4 0.069
5 Crnac Croatia ~ 45°25" 16°28% 376 95 9.8 7.9 0.7 0.110
6 Slavonski Brod Croatia  45°09" 18° 00’ 564 82 285 220 1.2 0.405
7 Zupanja Croatia  45°04" 18°41' 685 81 363 28.0 1.6 0.485
8 Sremska Mitrovica Serbia  44° 58"  19°35 804 74 523 36.6 2.0 0.653
Sabac Serbia  44°44"  19° 44 837 73 526 378 2.1 0.671
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data, taking the residual scores from this regression and then
regressing them with time (Jones and Armstrong 2001). This
procedure minimizes the influence of the correlation between
concentration and flow. Trends were considered significant if
p<0.05. The Shapiro-Wilcox W test was used to test whether
the regression residuals were normally distributed.

3 Results and discussion
3.1 Temporal and spatial variations

The temporal and spatial variations were related to the obtain-
ed data and divided into three stages:

—  Long-term evaluation of the data (from 1989 to 2012) at
location 8§;

—  Medium-term evaluation of the data (from 2003 to 2012)
at locations 4 to 8; and

—  Short-term evaluation of the data (from 2006 to 2012)
from all locations.

Annual flows varied considerably at each location. At lo-
cation 8, where a long-term record of flow exists, the lowest
mean annual flow was observed in 1990, but for all those
stations where a short-term record exists, the lowest mean
annual flow was observed in 2011. The highest mean annual
flow was observed in 2010 at all locations. Concentrations of
the two nutrients N and P were correlated significantly with
flow at all locations except at location 8. Negative slopes,
signifying a dilution effect, were observed at locations 1, 2,
3,4,and 6. At locations 5 and 7, a positive correlation between
NO; concentrations and flow was recorded indicating a con-
tinuous input of NOj3 into the riverine system. Variations in
rainfall and temperature were found to contribute greatly to
the monthly variation in NO5  concentration.

The data from location 8 covered the period from 1989 to
2012, where the greatest changes in NO3~ concentrations were
observed after 1989. These changes could be related to several
factors associated with the political and economic situations in
Serbia. Due to the former, a large percentage of productive
farms were abandoned, while industrial activity decreased.
Furthermore, statutory regulation of the price of artificial fer-
tilizers declined such that they became more expensive,
resulting in a decline in their application. In addition to these
socioeconomic factors, two major EU directives controlling
nutrient losses to waters were implemented: the Nitrates
Directive and the Urban Waste Water Treatment Directive.

Spatial variations in nutrient concentrations were treated
statistically for two periods: locations from 4 to 8 were com-
pared for the period from 2003 to 2012, and all locations were
compared for the period 2006 to 2012. Significant differences
in nutrient concentrations (ANOVA, p<0.05) were observed

between locations 4 to 8 over the last 10 years. Values for
locations 4 and 5 differed significantly from those at locations
6, 7, and 8; higher values were observed at locations 4 and 5
with mean values of 1.53+£0.36 and 1.25+0.34 mg N 1"\,
PO, concentrations differed at all locations, such as the
highest mean concentration of 0.094+0.077 mg P ™' was
observed at location 5. Statistically significant spatial differ-
ences were also observed when short-term data were com-
pared. Values of mean annual NO3™ and PO, concentrations
differed significantly between all locations for both nutrients
(ANOVA, p<0.05), except for NO;  concentrations, which
are similar at locations 3 and 4 and at locations 6 and 7. As
expected, the lowest values were at location 1 with average
values of 0.70£0.12 mg N I"" and 0.01+0.01 mg P 1", The
average NO; concentrations at other locations ranged from
1.00+0.46 to 1.64+0.41 mg N "' with the lowest concentra-
tion observed at location 8 and the highest observed at loca-
tion 2. Location 2 is close to Ljubljana city where exchange
between surface water and groundwater is high. Agriculture is
the main source of nitrate pollution in this area, but the dis-
charges from urban areas with no or unregulated sewage sys-
tems could also contribute to the lower groundwater quality.
The average nitrate concentrations in the Ljubljansko polje
groundwater are not of immediate serious concern, but the
groundwater quality can only be kept at the same level or im-
proved if appropriate remedial measures are taken immediately
(Jamnik and Urbanc 2000). The average PO,>~ concentrations
ranged from 0.03+0.03 to 0.063+0.037 mg P 1"!, with the
lowest observed at location 3 and the highest observed at loca-
tion 5, which is influenced by intensive agricultural activities.
In addition to changes from year to year, there were clear
seasonal fluctuations in nutrient concentrations. Seasonal
changes were statistically evaluated for each location separate-
ly. Seasonal changes in nutrient concentrations are illustrated
using data for locations 5 and 8 as examples (Fig. 2).
Statistically significant seasonal variations in NO;  concentra-
tions (ANOVA, p<0.05) were observed for all locations, ex-
cept location 2. Values were consistently higher in winter/
autumn months than in spring/summer. The timing of this
maximum reflects factors such as leaching of nitrate (which
accumulates in the soil in summer and autumn), the high rates
of soil water movement in the winter months, and the absence
of nitrogen uptake by plants due to low temperatures in the
winter period. In contrast, diminished soil water movement
and increased plant uptake of nitrogen during low flow con-
ditions causes NO3  concentrations to decrease to a minimum
in July and August. Denitrification is not present since
hypoxic/anoxic conditions are usually not present in the sys-
tem. Concentrations of dissolved oxygen (DO) ranged from
6.07 to 18.9 mg 1" The study performed in late summer 2006
indicates that reductive conditions were present at locations 5,
6, and 7 at low flows and high temperatures (Ogrinc et al.
2008a). The concentration of oxygen was also low
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(5.5 mg 1I'"), which was below the minimum state standard
DO concentration of 6 mg 1. These conditions occurred as a
consequence of nutrient enrichment and were confirmed by
the presence of the diatom algae Stephanodiscus hantzschii.
These algae are usually present in eutrophic environments,
and their dynamics are also influenced by temperature and
silica content (Jung et al. 2009). The reductive conditions
were further indicated by the presence of framboidal pyrite
on suspended particulate material (Ogrinc and S¢angar 2013).
No statistically significant temporal differences were ob-
served in PO,>~ concentrations at locations 1, 2, 3, 4, and 5.
On the other hand, the differences at locations 6 and 8 were
statistically significant, with the highest values observed in
summer. The higher concentrations could be related to the
lower flow conditions observed during the summer and the
presence of reductive conditions that could release inorganic P
from sediments into the water column (Billen et al. 2007). At
both of these locations, there were higher concentrations of P
in sediments (860+25 mg kg ' and 930+30 mg kg ', respec-
tively) compared to other locations (Milaci¢ et al. 2009).

3.2 Trend analysis in water quality

The results of the trend analysis for nitrate and phosphate are
presented in Table 2. The results of the trend analysis performed
on NO;  concentrations show that there was a significant trend
of decreasing levels, except for location 5 where NO5 ™~ concen-
trations exhibited no significant trend over the reporting period
(»p=0.77942). The reduction in NO; concentrations ranged
from 6 to 58 %, with the highest being observed at location 2

@ Springer
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from 2006 to 2011 and the lowest at location 7 from 2003 to
2011. The trend in PO,> concentrations exhibits different be-
havior. No significant trend was observed at location 1, which
is located in a predominantly forested area, suggesting that
most of the PO, is of natural origin. Furthermore, no signif-
icant trend was observed at locations 2 and 8. Trends at loca-
tions 3 to 6 show significant declines in PO,>~ concentrations
of 18-34 %. Trend data from rivers in other European countries
have shown that about 30 % of the monitoring stations show a
decreasing trend and 10 % an increasing trend in nutrient con-
centrations (both N and P) during the period 1991-2005
(Kronvang et al. 2008; Bouraoui and Grizzetti 2011).
Although there was no significant trend in PO4>~ concen-
trations at location 8 (p=0.32283), the switch from a negative
slope in the regression line for location 6 to a positive slope for
location 8 suggests that inputs of PO4>~ had been increasing
downstream. This is possible given that location § has been
more susceptible to nutrient inputs, mainly from wastewater
effluent discharges. This assumption was further supported by
our previous investigation conducted in 2006 (Ogrinc et al.
2008a). At this location and in the Sava River near Belgrade,
elevated 6'°Nyos values of up to +25.5%o 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 the high discharge in
spring 2006, 5"*Nnos values of ~7%o did not show such a
predominance of sewage-derived N. Previous studies have
indicated that point sources could be relatively important at
low flows when the contribution from diffuse catchment
sources is lower (Bowes et al. 2005; Arnscheidt et al. 2007).
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Table 2

Statistical results for linear regression (trend analysis) together with the minimum, maximum, and mean NO;~ and PO, concentrations

No. of location

NO; concentrations

Slope Mean (mg N 17" Min (mg N 1" Max (mg N 1) R’ P
1 —3.630E-5+1.399E-5 0.704+0.116 0.535 1.00 0.1752 0.0153
2 —7.945E-5+1.141E-5 1.640+0.412 0.967 2.69 0.5829 <0.001
3 —4.519E-5+8.289E-6 1.453+0.308 0.587 2.69 0.1390 <0.001
4 —3.691E-5+£6.033E-6 1.512+0.359 0.60 3.30 0.1503 <0.001
5 —2.294E-6+8.181E-6 1.250+0.332 0.30 2.80 —0.004 0.7794
6 —3.855E-5+9.140E-6 1.075+0.323 0.30 2.60 0.0898 <0.001
7 —2.858B-5+£6.906E-5 1.137+0.342 0.10 2.30 0.0593 <0.001
8 —4.668E-6+5.239E-6 1.171+0.590 0.05 5.20 0.2575 <0.001

PO,>~ concentrations

Slope Mean (mg P I'") Min (mg P 1" Max (mg P I'") R P
1 —5.854E-5+4.015E-5 0.009+0.006 0.0033 0.033 0.0431 0.15778
2 —5.879E-5+5.490E-5 0.038+0.028 0.0059 0.112 0.00471 0.29281
3 —1.457E-4+1.798E-5 0.034+0.031 0.0049 0.175 0.26534 <0.001
4 —1.231E-4+1.473E-5 0.071+0.053 0.005 0.35 0.25022 <0.001
5 —1.213E-4+1.158E-5 0.090+0.075 0.002 0.56 0.34428 <0.001
6 —7.116E-5+1.125E-5 0.066+0.034 0.01 0.20 0.18584 <0.001
7 _ _ _ _ _ _
8 8.530E-6+8.605E-6 0.050+0.033 0.003 0.25 —9.402E-5 0.32283

Trend analysis were performed for the period 19892012 at location 8, 2003—-2012 at locations 4—7 and 20062012 at locations 1-3

It is known that point sources are the main source of nutri-
ents in the SRB, constituting 54 % of the total N and P loads
(ISRBC 2013). For N pollution, the input from agriculture
(manure, fertilizers) is an important source with a contribution
of 36.1 % of the total emission. For P, input from urban set-
tlements is the most important source with a contribution of
63.5 % of the total emission. Nutrient input via atmospheric
deposition as a pathway is <1 % of the total emission for both
N and P (ISRBC 2013). In the SRB, there are either no or
poorly performing urban wastewater treatment plants
(UWWTP). The best wastewater collecting systems are in
Slovenia, while in Serbia, 68 % of urban areas have no
infrastructure for providing wastewater treatment services
(ISRBC 2013). In addition, as of 2007, processes for nu-
trient removal at UWWTPs were implemented only in
Slovenia (ISRBC 2013).

Many industrial facilities are also sources of nutrient
pollution. Over the past two decades, the political and
economic situation has caused changes in industrial activ-
ity in the SRB countries. This process has influenced the
generated pollution load and the discharges of industrial
wastewater, of which the chemical sector and intensive
livestock production are the most important contributors.
In 2007, it was identified that 40 % of industrial waste is
discharged directly into surface water ecosystems, from
which 71 % of industrial wastewater is discharged without
treatment (ISRBC 2013).

Since the SRB belongs to the Danube watershed, the
criteria established for sensitive areas have to be respected.
The implementation of the Urban Wastewater Treatment
Directives (UWWTD; Directive 91/271/EC) in the EU
Member States and the development of wastewater infrastruc-
ture in non-EU countries are the most important measures to
reduce nutrient pollution in SRB by 2015 and beyond. The
transition period in Slovenia for implementation of UWWTD
ends in 2017, and the results of the Croatian accession nego-
tiation process with deadlines until 2023 were taken into con-
sideration. At present, extensive improvements in urban
wastewater treatment are being implemented throughout the
basin, and the overall application of nutrient removal technol-
ogies is expanding. Based on the pollution reduction scenari-
os, the final effect of N and P reduction in 2015 relative to the
year 2007 was estimated to be 55.1 and 61.2 %, respectively
(ISRBC 2013). However, it must be pointed out that even if
the nutrient management is successful, the results of other
studies have indicated that at least 4 years will be required to
detect any change (Stow et al. 2001; Kronvang et al. 2005;
Bouraoui and Grizzetti 2011).

4 Conclusions

Comparison of results of nutrient concentrations at selected
locations suggests that there is significant temporal and spatial
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variability within the system. Spatial variability in the
medium-term data showed that significantly higher annual
mean concentrations of NO;~ and PO,>~ occurred in Croatia
and Serbia at locations influenced by intensive agricultural
activity. The temporal variability in nutrient concentrations is
controlled by riverine flow, with the highest NO;~ concentra-
tions usually being observed during winter/autumn when
leaching from soil was most intensive. The lowest NO3 con-
centrations, observed during summer, are mainly related to the
reduction of NO3  due to phytoplankton uptake. On the other
hand, the highest PO4>~ concentrations are related to low flow
conditions during the summer and the presence of reducing
conditions that release inorganic P from sediments into the
water column.

The results of trend analysis indicated that, at most loca-
tions, nutrient concentrations decreased by up to 58 %.
However, sources have either varied (point vs. diffuse) or
are uncertain. Nevertheless, the data suggest point sources,
especially UWWTPs, are an important source of nutrients at
most locations. Hence, all countries within the SRB should
consider nutrient removal technologies during the upgrading
of existing, or the construction of new, UWWTPs. This re-
search illustrates the utility of long-term water quality moni-
toring data to provide the basis for empirical analysis and is
thus useful for management-related studies.
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