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Abstract: The aims of the study were to quantify nutrient loads from point and diffuse pollution
sources in the Rio Mannu stream and to simulate mitigation measures for reducing nutrient loads
delivered to the Santa Gilla wetland. The Soil and Water Assessment Tool model was used for
simulating hydrology, nutrient balance and water quality. At the basin scale, the input from fertilisers
was 80.3 kg ha−1 year−1 total nitrogen (TN) (87.6% of the total input) and 27.6 kg ha−1 year−1 of total
phosphorus (TP) (99.8% of the total input). Atmospheric deposition and biological N-fixation together
accounted for about 12% of the total TN input. The TN and TP from wastewater treatment plants
(WWTPs) were about 14.2 t year−1 and 3.1 t year−1, respectively. Nutrient loads delivered to the river
system differed among the sub-basins, with TP ranging from 0.2 kg ha−1 year−1 to 2.7 kg ha−1 year−1,
and the sum of organic N and NO3-N ranging from 1.8 kg ha−1 year−1 to 22.9 kg ha−1 year−1. Under
high flow conditions, NO3-N and TP accounted for 89% and 99% of the total load, respectively. The
low flow contribution to the total load was very low, with NO3-N and TP accounting for 2.8% and
0.7%, respectively. However, the natural hydrological regime in the study area is intermittent, and
low flow represents a critical condition for the water quality due to the high concentrations of TP and
NO3-N from WWTP discharge. To improve the water quality, the reuse of treated wastewater from
three WWTPs for irrigation purposes on olive cultivation, coupled with a 20% reduction in fertiliser
application, was simulated. The results showed a reduction in nutrient loads at the outlet for all
hydrological conditions. However, additional measures are needed for improving water quality.

Keywords: point and non-point source pollution; Mediterranean basin; temporary river; wastewater
reuse; mitigation measures

1. Introduction

Water shortages and water quality are two relevant issues in many countries around the world.
In the coming decades, water availability could be reduced as a result of climate change and economic
development [1]. On the basis of our increased awareness of these problems, the Organisation for
Economic Co-operation and Development Secretary-General has placed water at the centre of the
global agenda, recognising that water availability and water quality constitute two of the most pressing
global challenges [2].

With the Nitrate Directive [3] and Water Framework Directive (WFD) [4], the European member
states have been called on to prevent the pollution of surface water and groundwater from point and
diffuse sources. To achieve and maintain the good ecological status of surface waters, each state is
expected to invest economic resources in a programme of measures. To do this, a preliminary analysis
to quantify the anthropogenic pressures and their impacts on surface waters is necessary, and a detailed
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study is required for determining the source apportionment in order to prioritise the measures to be
undertaken [5].

In recent decades, several approaches have been developed to quantify point and diffuse
pollution [6]. Most of these methodologies require a large dataset, and the measurement of streamflow
and concentrations of pollutants, which should be taken at a number of locations along the river
network and should cover all hydrological conditions [7]. Whilst only measurements of streamflow
and pollutant concentrations taken at the outlet can be used for estimating loads delivered to the sea
on different time scales, these data are not sufficient for accurately apportioning point and diffuse
pollution. Data availability is the major factor influencing the choice of methodological approach to be
used for estimating non-point source pollution loads [8].

Export coefficient models (ECMs), which are widely used due to their ease of application, calculate
nitrogen and phosphorus compounds delivered annually to a water body as the sum of the loads
exported from each individual source present in the basin [9,10]. For each source, export coefficients can
be derived from the literature, or can be estimated more accurately on the basis of the environmental
characteristics of the study area (i.e. rainfall, slope, soil type), calibrated with field measurements [11].
Regression models use data recorded at a large number of gauging stations to estimate the source of
nutrients [12]. Computational methodologies integrate the nutrient balance at the basin scale with
ECMs [13].

Conceptual models, such as the Soil and Water Assessment Tool (SWAT) [14], Annualized
Agricultural Non-Point Source (AnnAGNPS) [15] or GREEN-Rgrid [16], are generally complex,
their use requiring a large amount of data and a specific knowledge of the processes acting in the study
area [17]. These models provide more detailed results, at different time and spatial scales, and offer the
possibility of simulating the impacts of climate change [18], land-use change and of best management
practices (BMPs) [19]. In addition, conceptual models are able to quantify the impact of point sources
on surface waters.

Point source discharge can constitute an important and relevant pressure on the river ecosystem,
especially in intermittent streams where the dilution effect is limited [20]. Although its relevance has
been recognised, few studies have focused on the impact of point sources on intermittent streams [21].
Research is needed to identify and test measures for mitigating the impacts of point sources on
river ecosystems.

In the present study, the SWAT model was applied to the Rio Mannu basin, an area that experiences
water shortages and water pollution, the river network having an intermittent character. This work
is a continuation of previous studies aimed at quantifying diffuse pollution from the area’s current
crop production and for land-use change [22,23], and also quantifying the grey water footprint for
durum wheat production [24]. The results highlight that some measures are needed to improve
surface-water quality.

The first objective of this work was to quantify the nutrient loads from point and diffuse pollution
to the Rio Mannu stream, the second to simulate some mitigation measures for reducing the nutrient
loads being delivered to the wetland. In particular, the use of treated wastewater from urban wastewater
treatment plants (WWTPs) for the irrigation of cultivated olive trees and a reduction in fertiliser usage
rates were tested. The results of this study will be useful for water resources managers, in terms of
both the methodological aspects and the relevance of the results, especially for basins with intermittent
river systems.

2. Study Area

The Rio Mannu basin (southern Sardinia, Italy) covers an area of 488 km2 (Figure 1). The Rio
Mannu stream (locally known as the Rio Mannu di San Sperate) is a tributary of the Flumini Mannu
River that drains into a coastal brackish pond (Santa Gilla), a wetland site protected under the Ramsar
Convention that hosts a variety of Mediterranean floral and bird species. The elevation ranges from
70 to 960 m a.s.l. The climate is typically Mediterranean, featuring very high temperatures that often
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exceed 40 ◦C during the summer. The average annual precipitation in the basin was about 500 mm from
1996 to 2006. The wet season is from October to March. Rainfall events are short, but intense, especially
in summer, and are generally unevenly distributed. The rainfall regime characteristics influence the
flow regime and, consequently, its sediment and nutrient delivery. The flow regime experiences a dry
season from May to September, with an extremely low flow, or an absence of surface flow, interrupted
by a few flash floods, and a wet season, during which the hydrograph changes rapidly. The major
soil types are Typic, Dystrict, Lithic Xerorthents (clay-loam, deep), vertic Xerochrepts (sandy-loam,
sandy-clay-loam, deep) and Lithic Xerorthents (sandy-loam, loamy-clay, shallow). Following the US
Natural Resources Conservation Service soil classification [25], the major soil series in the basin fall
within hydrological groups C and D, the drainage properties of which range from moderate to low.

Agriculture is the main economic activity in the basin, with durum wheat (37%), olive trees
(8%), alsike clover (5%) and vineyards (2.24%) being the main crops cultivated, while minor land use
includes alfalfa (1.5%), corn silage (0.5%) and orchards (1.56%). Natural forest (4%) and range grasses
(28%) are present along the borders of the basin. The basin experiences water scarcity, and the sources
of water pollution include runoff from cropland and urban areas and effluent from the WWTPs.

Water 2018, 10, x FOR PEER REVIEW  3 of 15 

 

especially in summer, and are generally unevenly distributed. The rainfall regime characteristics 
influence the flow regime and, consequently, its sediment and nutrient delivery. The flow regime 
experiences a dry season from May to September, with an extremely low flow, or an absence of 
surface flow, interrupted by a few flash floods, and a wet season, during which the hydrograph 
changes rapidly. The major soil types are Typic, Dystrict, Lithic Xerorthents (clay-loam, deep), vertic 
Xerochrepts (sandy-loam, sandy-clay-loam, deep) and Lithic Xerorthents (sandy-loam, loamy-clay, 
shallow). Following the US Natural Resources Conservation Service soil classification [25], the major 
soil series in the basin fall within hydrological groups C and D, the drainage properties of which 
range from moderate to low. 

Agriculture is the main economic activity in the basin, with durum wheat (37%), olive trees (8%), 
alsike clover (5%) and vineyards (2.24%) being the main crops cultivated, while minor land use 
includes alfalfa (1.5%), corn silage (0.5%) and orchards (1.56%). Natural forest (4%) and range grasses 
(28%) are present along the borders of the basin. The basin experiences water scarcity, and the sources 
of water pollution include runoff from cropland and urban areas and effluent from the WWTPs.  

 
Figure 1. Study area. 

3. Materials and Methods  

To protect and improve water quality and ecosystem state, mitigation measures have to be 
defined and implemented as response to anthropogenic pressures for reducing nutrient input to the 
aquatic system. The definition of a programme of measures requires the analysis of the gap between 
the water’s current status and the “good status”. In the present paper, a methodological approach 
was developed to: (i) quantify point and non-point source pollution in a catchment with intermittent 
river systems and identify critical source areas, (ii) assess water quality, and (iii) evaluate mitigation 
measures. Figure 2 shows the schematic overview of the method. 

In the first step of the methodological approach, point and non-point source pollution were 
quantified in the Rio Mannu basin by using the SWAT model, a hydrological and water quality 
model. A preliminary study and a survey of the basin was carried out for building the conceptual 
model of the river basin. After the model calibration, the nutrient concentrations and nutrient load 
apportionment were used to identifying the critical source areas where the mitigation measures 
should be implemented. 

In the second step, the divergence between the water’s current status and the water quality 
standards was assessed. For intermittent streams, an analysis of the nutrient concentrations for the 
different flow conditions (high, normal, and low flow) was proposed. This analysis may provide a 
solid basis to evaluate the programme of measures in watersheds with intermittent streams 
characterised by a high variability in streamflow and nutrient concentration [8,26]. Indeed, high 

Figure 1. Study area.

3. Materials and Methods

To protect and improve water quality and ecosystem state, mitigation measures have to be defined
and implemented as response to anthropogenic pressures for reducing nutrient input to the aquatic
system. The definition of a programme of measures requires the analysis of the gap between the
water’s current status and the “good status”. In the present paper, a methodological approach was
developed to: (i) quantify point and non-point source pollution in a catchment with intermittent
river systems and identify critical source areas, (ii) assess water quality, and (iii) evaluate mitigation
measures. Figure 2 shows the schematic overview of the method.

In the first step of the methodological approach, point and non-point source pollution were
quantified in the Rio Mannu basin by using the SWAT model, a hydrological and water quality
model. A preliminary study and a survey of the basin was carried out for building the conceptual
model of the river basin. After the model calibration, the nutrient concentrations and nutrient load
apportionment were used to identifying the critical source areas where the mitigation measures should
be implemented.

In the second step, the divergence between the water’s current status and the water quality
standards was assessed. For intermittent streams, an analysis of the nutrient concentrations for the
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different flow conditions (high, normal, and low flow) was proposed. This analysis may provide a solid
basis to evaluate the programme of measures in watersheds with intermittent streams characterised by
a high variability in streamflow and nutrient concentration [8,26]. Indeed, high nutrient concentrations
during floods (high flow) are mainly due to agriculture as delivered to the stream with surface runoff,
meanwhile the high concentrations of pollutants in low flow condition are mainly attributable to
point sources.

In the last step, a scenario analysis was developed by using the SWAT model in order to evaluate
mitigation measures. The efficiency of the designed measures in terms of nutrient load reduction was
assessed through a comparison of the model results with the current condition (baseline). All the steps
of the methodological approach are described in details below.
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3.1. Quantifying Point and Non-Point Source Pollution

The SWAT model was developed to predict the impact of land management practices on water,
sediments and agricultural chemical yields in ungauged river basins [14]. The model is widely used in
hydrological [8,26] and water-quality analyses at the basin scale [27,28] to assess the impact of land-use
changes or climate changes on surface waters [19,29].

The model was run on a daily time-step from January 1994 to May 2007, with three years of warm
up. A spatial subdivision into 29 subbasins and 185 hydrological response units (HRUs) was defined in
order to include the most complete climatic, soil and land-use data available. The Hargreaves method
was used to evaluate the evapotranspiration, and the Soil Conservation Service (SCS) Curve Number
method was selected to calculate surface runoff. An SCS Curve Number was assigned to each HRU,
taking into consideration soil type, land use and slope, according to the US Department of Agriculture
method [30].

Further details about the model setup for the study area, the input data, anthropogenic pressures
(fertilisers and WWTPs) and model calibration results have been reported in De Girolamo et al. [22–24].
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In their works, the authors used a regionalisation scheme based on parameter transposition from
the adjacent Rio Mulargia gauged catchment [31]. Indeed, according to Bárdossy [32], for basins
with similar characteristics, it is possible to transfer parameters from the donor basin if the model
performances are good. In particular, upon comparing the topography, soils and aquifer at a shallow
depth between the study area and the Rio Mulargia basin, the curve numbers and groundwater
parameters were able to be adjusted. An estimation of channel roughness, through a direct survey
of the river network, was conducted in order to determine the Manning coefficients. The adopted
parameters have been reported by De Girolamo and Lo Porto [23].

The water-quality calibration (total nitrogen [TP] and total phosphorus [TN]) was performed at
the outlet of the Rio Mannu from 2006 to 2007, when discrete measurements of the nutrients were taken
(two per month). In this period, rainfall was about 16% higher than the average computed from 1994
to 2007. The default values for the cover factor (Universal Soil Loss Equation), nitrogen percolation
coefficient, residue decomposition coefficient and biological mixing efficiency were modified to match
the simulated and observed monthly concentrations [23]. No further validation process was possible
due to the limited availability of measured data. Crop yield was compared with official data at the
province [33] and farm levels, the data being collected from farmer interviews.

Inputs of TN and TP from point and non-point sources were computed at the basin scale, and
the model results were analysed in order to estimate the nutrient input to the aquatic system at
different spatial and temporal scales. The simulation of the current environmental conditions, which
included point and non-point source pollution, was named through the paper baseline. The source
apportionment of the point and non-point sources at the basin scale was performed by comparing the
baseline with a new simulation that excluded the point sources.

3.2. Water Quality Assessment

Water quality status was assessed at the outlet of the basin comparing TP and NO3-N concentrations
simulated by the calibrated model at daily time scale with the threshold limits that are required to
support a functioning ecosystem, 0.1 mg L−1 and 1.2 mg L−1, respectively (Level II, Italian Decree
260/2010 [34]). For linking the flow regime and water quality, TP and NO3-N concentrations were
reported in the flow duration curve (FDC) plot, which shows the percentage of time during which a
specified flow is equaled or exceeded.

3.3. Evaluating Mitigation Measures for Reducing Nutrient Input to the Aquatic System

In the context of the WFD, mitigation measures are defined as the practicable operations that
may be taken to mitigate the adverse impacts of anthropogenic activities. Optimal use of fertilizers,
agricultural practices that reduce erosion, buffer zones, and artificial wetlands are among the central
measures to mitigate the impact of agriculture. On the other hand, improvement in wastewater
treatment efficiency for nutrients is necessary especially for those countries where this is a serious
issue [35]. Hence, a quantification of the sources of nutrients (i.e., agriculture, industry, atmospheric
deposition, sewage) is required before identifying the mitigation options, as well as it is necessary to
show in which way mitigation options could influence processes and patterns. At this aim, a conceptual
framework was proposed.

The calibrated model was used to examine the effects of changes in management practices on
nutrient loads delivered to the wetland. In particular, a reduction in fertiliser amount applied to the
main crops and the reuse of treated wastewater from the WWTPs were simulated and compared with
the baseline.

Several studies have reported that treated wastewater can be used for the irrigation of olive
groves [36,37] because, from the agronomic point of view, no significant differences have been found
between products irrigated with tap water and those irrigated with treated wastewater.

In the present study, the reuse of treated wastewater from WWTPs for irrigation was tested in
three sub-basins (labelled as 3, 9 and 18 in Figure 1), including only the largest plants (with treated
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volumes of >300 m3 d−1). Wastewater from small WWTPs and from plants >5 km from the irrigation
districts was not included in this scenario because the benefits, in terms of saving water, would be
very low compared to the costs of the plants (i.e. irrigation network, pumping station). An irrigation
season for olive production was considered, from April to October, using a volume of about 2700–3100
m3 ha−1. A wastewater reservoir can be used to provide storage capacity to cope with changes in
water demand for irrigation during the year. Such reservoirs play a significant role in the removal of
heavy metals, detergents and toxic organics. A TN and TP removal rate of 60% was considered, as
suggested by Juanicó and Milstein [38] and Guyer [39], based on a retention time of about 60 days. In
order to calculate nutrient loads input to the soil from wastewater, effluent data from the WWTPs were
considered, such as daily discharge and composition, in terms of nutrients, which were fixed at the
maximum permissible limits of 15 mg L−1 and 2 mg L−1 for TN and TP, respectively [40]. A reduction
in fertiliser amount of about 17 kg ha−1 TN and about 2 kg ha−1 TP in early spring was introduced in
this option for the olive cultivations in the selected subbasins. Table 1 summarises the daily volumes
of effluent from the WWTPs and the irrigated areas, and the corresponding nutrient loads made to the
soil from wastewater.

The calculation and distribution of an optimal fertiliser application would require detailed
measurements and nutrient management planning, which may cost more than would be saved in
fertiliser costs; for this reason, farmers often over-apply nitrogen. A monoculture of cereals and the
loss of soil productivity due to erosion have contributed to an over-application of fertilisers in the
study area. For this reason, the reuse of wastewater for irrigation purposes was coupled to a 20%
reduction in fertiliser application rate on corn, durum wheat, alfalfa, grape vines, olive trees, winter
pasture and alsike clover production, in order to simulate the impact on surface waters and to quantify
any potential improvement in water quality. To achieve this aim, the simulation kept all the input
variables constant (weather, soil, land use, management practices), except for the fertiliser applications
and the WWTP discharge, which varied according to the policy scenario.

Table 1. Volumes of effluent from WWTPs and irrigated areas, and volumes of irrigation water and
nutrient loads (TN, TP) made to the soil from wastewater.

Sub-Basin Volume of
Effluent (m3 d−1)

ha Volume of Irrigation
(m3 ha−1 year−1)

TN
(kg ha−1 year−1)

TP
(kg ha−1 year−1)

3 300 35 3129 17 2.2
9 1430 186 2806 18 2.5
18 1091 145 2709 16 2.2

4. Results

4.1. Modelling Point and Non-Point Sources

The results of the hydrological calibration were considered satisfactory, as reported by De Girolamo
and Lo Porto [23], because the simulated monthly flow fell within the interval of its natural variability,
as defined by ±1 standard deviation (SDobs) from the mean of the measured monthly streamflow
from 1922 to 1967 [41], which were the only available data (Table 2). In their work, De Girolamo and
Lo Porto [23] pointed out that, in recent decades, changes in the rainfall regime had been recorded,
with a reduction in the amount of rainfall in winter and an increase in late summer. Consequently,
modifications occurred in the hydrological regime, with a reduction in streamflow in winter and an
increase in autumn [23].
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Table 2. Historical monthly runoff (Qobs) measured from 1922 to 1964 at the outlet, and relative standard
deviation (SDobs) and simulated monthly runoff from 1997 to 2006 (Qsim).

Monthly
Runoff January February March April May June July August September October November December

Qobs (mm) 3.4 3.4 3.3 1.5 0.8 0.4 0.2 0.1 0.3 0.6 1.3 3.7
SDobs 2.9 3.4 3.2 2.3 0.9 0.6 0.2 0.2 0.7 2.4 2.2 4.2
Qsim (mm) 2.2 2.7 1.4 2.1 1.0 0.4 0.2 0.5 1.5 1.9 3.8 4.8

For water quality, the Nash–Sutcliffe efficiency (NSE) and percent bias (PBIAS) were used to
evaluate the model’s efficiency. The performance of the model was considered satisfactory, with the
PBIAS being 12.68% and −3.32% for TP and TN, respectively, while the NSE was 0.52 for TP and 0.76
for TN [42]. Table 3 shows the measured and simulated TN and TP.

Table 3. Observed and simulated TN and TP concentration at the Monastir River section.

Conc.
(mg L−1)

12
December

27
December

17
January

31
January

12
February

27
February

3
March

17
March

5
April

27
April

15
May

TN obs 4.89 4.18 4.99 6.19 4.41 4.69 3.49 4.40 2.34 3.63 4.02
TN sim 2.67 1.73 4.37 5.54 1.51 1.17 3.87 5.75 1.19 6.40 5.59
TP obs 0.23 0.12 0.25 0.25 0.28 0.29 0.18 0.31 0.18 0.3 0.51
TP sim 0.15 0.08 0.46 0.21 0.07 0.06 0.33 0.66 0.05 0.51 0.41

4.2. Estimating Nutrient Loads from the Point and Non-Point Sources

At the basin scale, a nutrient balance was calculated that included the inputs of TN and TP from
point and non-point sources. The TN and TP inputs, as sums of the point and non-point sources,
were about 4470 t year−1 and 1350 t year−1, respectively (Table 4).

Table 4. Inputs of TN and TP in the Rio Mannu basin from point and non-point sources as average
annual values from 1997 to 2006.

Non-Point Sources Point Sources (WWTPs)

(kg year−1) (kg ha−1 year−1) (m3 year−1) (kg year−1)

TN fertiliser applied 3,918,640 80.3 TN 14,180
TP fertiliser applied 1,346,880 27.6 TP 3143
TN fixation 283,040 5.8 Discharge 1,347,945
TN in rain 253,760 5.2

Inputs from fertilisers were 80.3 kg ha−1 year−1 TN (88% of the total TN input) and 27.6 kg ha−1

year−1 TP (99.7% of the total TP input). Atmospheric deposition and biological TN fixation together
accounted for about 12% of the total TN input. The TN and TP from the WWTPs were about
14.2 t year−1 and 3.1 t year−1, respectively. The average annual organic N and NO3-N input to the
aquatic system simulated by the model at the basin scale over the study period was 10.27 kg ha−1

year−1 and 4.42 kg ha−1 year−1, respectively (Table 5). An interannual variability was simulated that
depended on the weather conditions. These results are in good agreement with the values estimated
by Leip et al. [43]. Over the study period, the average annual load of TP adducted to the river system
was 1.28 kg ha−1 year−1. At the outlet, the mean daily loads of TP, TN and NO3-N were estimated to
be about 313 kg d−1 (114 t year−1), 1799 kg d−1 (657 t year−1) and 909 kg d−1 (332 t year−1), respectively.
The results are in the range estimated by Malagò et al. [16] from 2003 to 2007 (TP estimated range from
0 t year−1 to 250 t year−1; TN estimated range from 0 t year−1 to 2000 t year−1).

In order to differentiate the nutrient load contributions from the point and non-point sources,
a new model simulation was performed that excluded WWTPs. As expected, the results showed a
slight reduction in nutrient load (from 2% to 5%) because of the exclusion of the WWTPs; these were
306 kg d−1, 1745 kg d−1 and 868 kg d−1 for TP, TN and NO3-N, respectively.
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Table 5. Loads input to the river system (TP, organic N, NO3-N), NO3-N percolation, and crop uptake
(TP, TN) simulated by the SWAT model at the basin scale for the current conditions from 1997 to 2006.

Annual Specific
Load

Surf. Water Surf. Water Surf. Water Percolation Crop Uptake Crop Uptake

TP Organic N NO3-N NO3-N TP TN

kg ha−1 year−1 kg ha−1 year−1 kg ha−1 year−1 kg ha−1 year−1 kg ha−1 year−1 kg ha−1 year−1

Average 1.28 10.27 4.42 2.91 7.63 51.2
SD 0.76 6.11 0.88 0.96 1.48 9.95

The nutrient load delivered to the river system differed from one sub-basin to another, in terms of
both TP and TN. As Figure 3 shows, the TP ranged from 0.2 kg ha−1 year−1 to 2.7 kg ha−1 year−1, and
the sum of organic N and NO3-N ranged from 1.8 kg ha−1 year−1 to 22.9 kg ha−1 year−1. The results
at the sub-basin scale identified the areas contributing most of the TN and TP in the basin, where a
programme of measures is needed. In the sub-basins with the highest nutrient loads, the main crops
were alsike clover, alfalfa, durum wheat, corn silage and olives, whereas natural areas hosting range
brush and range grasses were the predominant land uses in those sub-basins with the lowest specific
loads of TN and TP.
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4.3. Estimating Riverine Nutrient Concentrations at the Outlet

The FDC, the NO3-N concentrations and their corresponding threshold limit of 1.2 mg L−1, and
the TP concentrations and their corresponding threshold limit of 0.1 mg L−1 [34] were analysed for
both the baseline and for the scenario with no point sources (Figure 4).

In the baseline scenario, both the NO3-N and TP concentrations were generally higher than the
above-mentioned corresponding threshold limits. During floods, a high amount of nutrients was
exported from the agricultural lands and delivered to the river through surface runoff. In high flow
regimes (exceedance frequency 0–20%; Q > 0.497 m3 s−1), the concentration decreases in accordance
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with the flow. In contrast, under normal flow conditions (exceedance frequency 20–50%; 0.497 m3 s−1

> Q > 0.114 m3 s−1), the average NO3-N concentration assumed a wide range of values, while the
TP concentration increased with a decrease in flow. Under low flow conditions, both NO3-N and TP
concentrations increased with a decrease in flow; this behaviour is due to a reduction in the dilution
effect of effluent coming from the WWTPs.

Concerning the nutrient loads, it was found that, under high flows, NO3-N and TP accounted for
89% and 99% of the total load, respectively. In the baseline scenario, the low flow contribution to the
total load was very low, with NO3-N and TP accounting for 2.8% and 0.7% of the total load, respectively.

Although, in terms of nutrient loads, the normal and low flow conditions were not noteworthy,
these hydrological phases represent critical conditions for water quality due to the high concentrations
of TP and NO3-N they carry. The river system is intermittent under natural conditions. As Figure 4
shows, in the absence of effluent coming from the WWTPs, the river is dry for about two months per
year, and the FDC assumes a different pattern compared to the baseline. Figure 3 refers to the yearly
average climatic conditions, with 454 mm of annual rainfall, recorded in 2000.
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A large difference between the two conditions (with and without WWTPs) was found in the TP
concentration pattern. Indeed, in the absence of point sources, the TP concentrations were generally
lower than those recorded in the baseline scenario, both for normal and low flow conditions (Figure 3).
The TP concentrations were higher than Level II of Italian Decree 260/2010 [34] predominantly under
high flow conditions (exceedance frequency 0–20%), whilst, under normal and low flows, they were
generally below than that limit. Differences in the NO3-N concentration patterns were also found
between the baseline and the scenario with no point sources. In general, in the absence of point sources,
under high flows, the concentrations were similar to those of the baseline, while in low flow conditions,
the NO3-N concentrations were lower than those recorded in the baseline scenario, and their values
decreased with decreasing flow (Figure 4). Hence, it can be deduced that the contribution of the point
sources to surface water pollution relates to low flow conditions, while non-point source pollution is
mainly responsible for high concentrations and loads under high and normal flow conditions.

Based on this analysis, it seems evident that, the nutrient loads from point sources may be critical,
especially for those river reaches that are naturally intermittent. For those river segments, there is
no dilution effect in summer and, for this reason, in-stream nutrient concentrations exceed desirable
values [34], although the nutrient concentrations in treated wastewater effluent do adhere to the
water-quality threshold limits.

4.4. Evaluation of a Scenario for Reducing Nutrient Input to the Aquatic System—the Reuse of Treated
Wastewater from WWTPs and a Reduction in Fertiliser Usage

The results of the scenario aimed at reducing nutrient input to the aquatic system to improve water
quality, which included the reuse of treated wastewater for irrigation purposes on olive cultivations
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coupled with a reduction in the amount of fertiliser applied to the main crops, were analysed. At the
outlet, the SWAT model simulated a reduction in nutrient loads under all hydrological conditions
(high, normal, low flows) (Figure 5). Under high flow conditions, the reduction was 9% and 12% for
NO3-N and TP, respectively. The reduction increased under normal and low flow conditions (75% and
83% for NO3-N and TP, respectively).

As Figure 5 shows, although the reduction, in terms of the load, was considerable, the TP and
NO3-N concentrations in the surface water were higher than the Level-II threshold limits (indicated by
dashed lines). It can thus deduce that the wastewater discharged into the river by small WWTPs (not
included in the reuse scenario) had a significant impact on surface water quality under normal and
low flows.Water 2018, 10, x FOR PEER REVIEW  10 of 15 
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5. Discussion

With the WFD, adopted in 2000 by the EU, all member states are expected to pursue the goal
of protecting and restoring their aquatic ecosystems. The general objective of the WFD was the
achievement of a good status for all EU waters by 2015. Due to watercourse degradation and ineffective
management, perpetrated over several decades, a good ecological status was not achieved by 2015 in
about half of the EU’s surface waters [44,45]. The ambitious goal of the WFD required complex river
basin management and, in the implementation process, some management plans have been directed
towards the symptoms rather than the causes of the water degradation [44,45]. Consequently, there is
still a long way to go, and the EU member states still have much work to do to achieve a good ecological
status for all their waters and, generally, to improve their river basin management programmes.

In the present work, some mitigation measures were explored that could reduce the nutrient loads
delivered to the wetland after estimating the current water quality and nutrient source apportionment.
To quantify the point and diffuse pollution, modelling activities, coupled with a few monitoring
data, were used. Although, in recent years, many efforts have been made to increase environmental
monitoring and make the data more easily accessible, several small river basins with intermittent river
networks, such as the study area, are still poorly monitored [8,46]. Here, hydrologists and ecologists
are expected to find new approaches to overcome the difficulties that derive from data paucity. In the
present work, the SWAT model was applied, and transposition of the relevant hydrological parameters
from an adjacent basin was adopted to overcome the absence of streamflow data in the immediate
study area [32]. The uncertainty associated with the modelling results, in this case, could be large, but
despite its limitations, the model proved to be a valuable tool for estimating the hydrology and point
and diffuse pollution, and for simulating the scenarios.
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In the Rio Mannu basin, the results of the present study indicated that agriculture is the main
source of NO3-N in the surface waters. This is not surprising, as it is well known that fertilisers are
the main diffuse source of nitrate contamination in agricultural basins [47]. The point sources made
a minor contribution, in terms of nutrient load to the surface waters, but they constitute a relevant
hydrological pressure for the Rio Mannu, producing a shift from an intermittent hydrological regime
(natural conditions) towards a perennial regime. These hydrological shifts have several implications
for the water quality, especially in the dry season because of the limited dilution effect, and on the river
morphology, habitats and biota, through the establishment of non-native species, and consequently
on the ecological status of the stream [48]. The results of the present study show that, in the absence
of WWTP discharges into the river, TP concentrations would remain higher than the threshold limit
under high flow conditions (73 days), while the TP would generally be lower than the limit for most of
the year. Concerning NO3-N, it seems that the contribution of the WWTPs is irrelevant, under both
high and normal flow conditions, while a slight reduction in nitrate concentrations may occur under
low flow conditions in the absence of discharge from WWTPs.

Point sources may be a critical issue for several intermittent streams, especially in those countries
where the regulation limits for nutrient concentrations in WWTP effluent are higher than the
water-quality target concentrations of the receiving water body. This study highlights the relevance
of the water-quality aspects related to WWTP discharges, demonstrating that specific measures are
needed to improve water quality, both under high and low flow conditions. Indeed, as climate change
proceeds, it is expected that the dry season will be extended and there will be a shift towards more
frequent intermittent flow conditions; presumably, this problem will affect a larger number of streams.

In view of these results, a reduction in fertiliser usage on the main crops and the reuse of treated
wastewater from WWTPs were simulated as potential measures for reducing nutrient loads and
concentrations. In a circular economy, wastewater should no longer be considered as waste, but as a
new resource [49–51]. Although several barriers to this exist in basins experiencing water shortage,
such as the Rio Mannu, such as public perception [52], the level of contaminants [53], especially
the emerging pollutants, and economic aspects, the use of treated wastewater for irrigation may
represent a new source of water for agriculture. At the same time, such reuse realises two additional
goals: first, a decrease in the pressure on surface waters receiving waste, and second a reduction in
fertiliser application rates on cultivations irrigated with the treated wastewater that is a source of
nutrients [49]. Petousi et al. [37] pointed out that the irrigation of olive trees with treated wastewater in
arid and semi-arid regions could be an alternative to addressing issues of water shortages. The authors
monitored soil and plants during and after 3-years of irrigation with treated wastewater, concluding
that secondary and tertiary treated wastewater can be used for the safe irrigation of olive groves.
Erel et al. [36] highlighted the likelihood of adverse effects associated with long-term irrigation using
reclaimed wastewater related to the deterioration of soil physical and chemical properties. Further
studies are needed to analyse the impacts on soil.

After testing scenarios that included a 20% reduction in the amount of fertiliser used and
wastewater reuse, the results showed a reduction in the nutrient load delivered to the wetland.
However, these measures alone are not sufficient to reach a good water-quality status because the
concentrations of NO3-N and TP remain high. Consequently, supplementary measures should be
implemented, such as precision farming and organic production. In addition, further improvements in
water quality under normal and low flow conditions could be obtained by adopting a more efficient
system for those WWTPs with locations (too far from irrigation districts or with critical slopes between
the WWTP and irrigable land) or sizes that do not lend themselves to the reuse of treated wastewater.
Indeed, a reduction in nutrients, emerging pollutants and metals could be achieved by adopting more
advanced WWTPs or alternatives such as phytoremediation systems [54]. Mitigation measures to
reduce the nutrient loads delivered to the surface waters are urgent because nutrient loadings were
found particularly sensitive to climate change [55], especially considering that it is expected for the
future an extension of the dry season and an exacerbation of the extreme low flow conditions [18].
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Implementation of the measures tested in the present study would require investment from both
the public and private sectors. A reduction in fertiliser usage would bring a diminution in crop yields,
while measures such as precision farming or organic production would need an initial investment
for their implementation. The adoption of BMPs by farmers is generally strictly related to economic
incentives. However, it is also necessary to remove the social and political barriers that limit the
adoption of such measures. Indeed, a lack of awareness of the causes and effects of agricultural
practices induces most farmers not to relate BMPs to the indirect benefits. Therefore, actions are also
needed to increase awareness among farmers of the environmental impacts of agriculture, and to
remove the barriers that limit the adoption of BMPs. Some indirect interventions, such as providing
information and technical assistance, could be strengthened to help inform and support those farmers
who are willing, but unable, to change their agricultural systems towards adopting BMPs.

6. Conclusions

In this study, the SWAT model—a hydrological and water-quality tool—was applied to estimate the
nutrient loads delivered downstream to Santa Gilla wetland and to analyse nutrient load apportionment
within the Rio Mannu basin. In addition, specific measures for reducing nutrient loads and improving
water quality were simulated. Despite its limitations, the model proved to be a valuable tool for
estimating nutrient riverine export and for testing scenarios for reducing nutrient loads, as required by
the WFD. Further monitoring activities and an improved dataset could improve the nutrient balance
calculations and nutrient concentration estimations.

The results of the present study show that agriculture is the main source of the nutrients in the
surface waters. Most of the nutrient loads are delivered to the wetland under high flow conditions.
In addition, it was found that point source discharge constitutes a relevant issue for intermittent streams,
even if the nutrient loads discharged into the streams are not considerable. Currently, the threshold
limits for nutrients in effluent discharged into streams are fixed for perennial streams, and do not
take into consideration that the dilution effect is absent, or very limited, in intermittent streams under
normal and low flow conditions. As a result, downstream of WWTP discharges, nutrient concentrations
in surface waters are higher than those allowed by water-quality standards. On the other hand, WWTP
discharge alters the natural hydrological regime of those streams that become perennial. The shift from
an intermittent to a perennial regime may have several implications for river morphology and biota.

Based on this study, it is evident that a programme of measures for improving the current status
of surface waters must be oriented towards reducing nutrient loads, both under high and low flow
conditions. The results here show that a 20% reduction in fertiliser usage on the main crops in
this area, and the reuse of wastewater from a few selected WWTPs, would result in a significant
reduction in the nutrient load delivered to the wetland, although this reduction is not large enough,
and supplementary measures would be required. Actions are needed to increase the awareness among
farmers of the environmental impacts of agriculture, and to remove barriers that limit the adoption of
BMPs. Further studies are needed to estimate the economic feasibility of such measures, for both the
public and private sectors.
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