
Abstract
Hydrological regime alterations may strongly influence river

morphology, water quality, and river ecosystem. The present paper
aimed to define an integrated modelling framework for analysing
the hydrological regime alterations induced by point sources (PSs)
discharges in data-limited regions through two case studies: the
Canale d’Aiedda (Italy) and Nil wadi (Algeria). Long time series of
daily streamflow in un-impacted and impacted (PSs discharges)
conditions were generated by applying the Soil and Water
Assessment Tool model and the hydrological regime was charac-
terised by using several hydrological indicators. Flow regime alter-
ations due to PSs were assessed with the range of variability
approach. Results showed that the PSs induced alterations of some
flow regime components (magnitude, duration, and timing).
Hydrological regime classification of the river reaches receiving
wastewaters from PSs shifted from intermittent to perennial. All the
components of the low flow (1-, 3-, 7-, 30-, and 90-day minimum
flow, zero-days) and the monthly flow recorded in summer were
severely altered. Minor hydrological alterations were assessed for
high flow components (1-, 3-, 7-, 30-, and 90-day maximum flow)
and mean monthly flow in the wet period. The timing of minimum
flow was found to shift later in the year. This study may support
river ecologists in the ecological status evaluation.

Introduction
Non-perennial rivers and ephemeral streams (NPRSs) consti-

tute the dominant freshwater types in Mediterranean regions
(Datry et al., 2017). Unlike perennial rivers, NPRSs are charac-
terised by the absence of streamflow for a certain period of the
year over the whole river network or only in part of it. 

The spatio-temporal patterns of streamflow within a basin
depend on climate, lithology, geology, soil permeability, land
cover, watershed size, and shape (Gallart et al., 2012; Arthington
et al., 2014; Costigan et al., 2017, Beaufort et al., 2019, Zimmer
et al., 2020). In addition, anthropogenic activities such as dam
operations, water abstractions from river and groundwater, land
use management (i.e., afforestation and deforestation), and point
source discharges (PSs) may reduce or increase the river flow (De
Girolamo et al., 2017) altering the natural flow regime. Hence,
perennial rivers may turn into NPRSs, and NPRSs can become
perennials depending on hydrological pressures (Hassan and
Egozi, 2001; Skoulikidis et al., 2011; Datry et al., 2014).

The hydrological regime strongly influences ecosystem ser-
vices (Pastor et al., 2022) and several processes such as river mor-
phology, groundwater, and surface water interactions, sediment
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and nutrient delivery, and water quality (Arthington, 2014; Wohl et
al., 2015; Gallart et al., 2016; Fortesa et al., 2021). Many studies
have pointed out that NPRSs provide habitats for freshwater
species, which result dynamically variable depending on wet-dry
cycles (Poff et al., 1997; Larned et al., 2010; Datry et al., 2014;
Prat et al., 2014). The diversity, spatial arrangement, turnover, and
connectivity of these habitats are controlled by the amplitude, fre-
quency, and duration of drying events (Stanley et al., 1997; Bunn
et al., 2006; Bonada et al., 2007). Hence, altering the natural flow
regime may strongly influence the river ecosystem (Stubbington et
al., 2020).

Several studies analysed the flow regime alterations due to
dam operation or flow diversions (Richter et al., 1997; De
Girolamo et al., 2015b); meanwhile, there are no case studies in
the literature that have analysed or quantified the impact of PSs on
flow regime in ungauged basins with NPRSs. Nevertheless, the
PSs may constitute critical pressures for NPRSs that can severely
impact flow regime and water quality due to the limited dilution
effect (D’Ambrosio et al., 2020). 

Flow regime alterations due to human pressures are generally
assessed by comparing flow regime components before and after
the impacts (Richter et al., 1997). At this aim, several hydrological
indicators (HIs) were developed (Richter et al., 1996) that can
describe all the components of the flow regime. HIs are widely used
for the eco-hydrological classification of rivers (D’Ambrosio et al.,
2017), assessing hydrological alterations, and for designing the
environmental flow (Richter et al., 1997). However, for a river
reach, HIs are calculated based on daily streamflow recorded over
a long period (i.e., 20 years) in order to include the inter-annual
variability of streamflow (Richter et al., 1997). This may constitute
a limitation, especially in the Mediterranean Region, since several
basins are ungauged (Pagano et al., 2020; Tramblay et al., 2021). In
addition, the pre-impact rarely has been monitored since the avail-
able stream gauges are often located on streams already altered by
human activities (Zimmer et al., 2020). Indeed, in the past decades,
NPRSs were generally excluded from the monitoring plans and
environmental policy and management (Nikolaidis et al., 2013).

The lack of data can be overtaken using modelling approaches
and free and accessible databases for their setup (D’Ambrosio et
al., 2017). In particular, eco-hydrological models such as the Soil
and Water Assessment Tool (SWAT) (Arnold et al., 1998) allow to
simulate hydrological processes in natural and impacted conditions
and to generate long daily streamflow time series that are used for
assessing HIs and the hydrological alteration due to human pres-
sures (De Girolamo et al., 2015a, 2017). Although the SWAT
model was developed for simulating hydrological processes in
ungauged river basins (Arnold et al., 1998), in NPRSs, the calibra-
tion assumes great importance, especially in eco-hydrological
studies that focus on the low flow or absence of streamflow. When
time series of streamflow are unavailable or data quality is poor
(e.g., short time series, high rate of missing data), specific strate-
gies have to be adopted to calibrate models. At this aim, easy
streamflow monitoring methods (e.g., float method) (De Girolamo
et al., 2022), satellite images, interviews, pictures of the stream
(Gallart et al., 2016), and smartphone apps (Kampf et al., 2018)
can be used for monitoring streamflow and identifying the dry
period. In addition specific calibration strategies such as a splint-
in-space approach or the use of the entire dataset for calibrating the
model may be adopted to reduce the uncertainty associated with
the model results (D’Ambrosio et al., 2020).

This study aimed to define an integrated modelling framework
for analysing the hydrological regime alteration induced by PSs
discharging into NPRSs in data-limited regions. The methodologi-

cal approach was tested in the Canale d’Aiedda and Nil wadi
basins, located in Italy (Apulia Region) and Algeria (Jijel
province). The specific objectives were: i) to generate long period
daily streamflow data both in un-impacted and impacted (PSs dis-
charges) conditions by applying the SWAT model; ii) to charac-
terise the hydrological regime by using proper HIs both in un-
impacted and impacted conditions; iii) to assess the alteration due
to PSs discharging into NPRSs.

The study results provide useful information to river ecologists
who have to estimate the ecological status of NPRSs and to river
basin managers who have to design a program of measures to reach
the goal of good ecological status for all water bodies.

Study areas
Two Mediterranean basins with intermittent river networks

were analysed: the Canale d’Aiedda, located in Southern Italy
(Puglia Region, Figure 1A), and the Nil wadi, located in North
East Algeria, within the territory of the province of Jijel (Figure
1B). In both basins, the river network has an intermittent regime,
with most of the headwater reaching dry in summer and permanent
in the final stretch of the main river course. 

Canale D’Aiedda basin
The Canale d’Aiedda drains an area of 222 km2 (Figure 1A);

however, the total surface area (360 km2) includes, in the eastern
and the northern parts, limestone, sinkholes, and caves which do
not contribute to surface runoff (D’Ambrosio et al., 2019). Clayey,
silty-sandy, and arenitic units are the dominant lithology of the
central and the lower parts, which are morphologically depressed
and subject to flooding during particularly intense rain events
(Guerricchio and Simeone, 2013). The main channel is 29 km long
with an average slope of 0.84%. The elevation ranges from 0 to
381 m a.s.l. (Figure 1A). The stream network, predominantly chan-
nelised (D’Ambrosio et al., 2019), flows into the Mar Piccolo, an
inner, semi-enclosed sea basin connected to the open sea (Ionian
Sea) through two channels. Close to the outlet, there is an impor-
tant wetland (Palude la Vela), protected at the European level as it
belongs to the ‘Mar Piccolo’ Site of Community Importance (SIC-
IT9130004).

The climate is typically the Mediterranean, with humid winters
and hot, dry summers. The average annual precipitation is 621.5
mm year–1, and the average monthly maximum and minimum tem-
peratures are, respectively, 32.1°C for July and 5.4°C for January,
according to data from the Grottaglie meteorological station (1920
to 2012) (40°31’12’N; 17°24’0’E). Rainfall is generally concen-
trated between October and March. The distribution of the precip-
itation significantly differs between the mountain (855.9 mm) and
the plain (576.2 mm) areas. These conditions lead to high spatial
variability of the precipitation regime, affecting the basin’s hydrol-
ogy. The hydrological regime is intermittent, characterised by
extreme low flow or total absence of flow in summer and high flow
in spring and winter (D’Ambrosio et al., 2019).

The agricultural land uses are vineyard (36.3%), olive grove
(24.5%), and durum wheat in rotation with aromatic herbs and fal-
low (28.1%). Water abstraction from groundwater is used to irri-
gate vineyards and olive groves. Breeding farms are limited in the
northern part of the study area. Natural land uses are composed of
holm oak and coniferous forests (2.7%), Mediterranean maquis
(2.4%), and bushes (0.9%). These areas mainly belong to the
regional park and forest reserve (e.g., Terra Delle Gravine, Bosco
Delle Pianelle) (D’Ambrosio et al., 2020). Urban areas are limited
to medium-sized towns, surrounded by extensive forms of agricul-
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ture. Three wastewater treatment plants (WWTPs) - Montemesola
(W1), Monteiasi (W2), and San Giorgio Ionico (W3) (Figure 1A;
D’Ambrosio et al., 2019) discharge their sewage into the river.

To assess the degree of alteration of the hydrological regime
and the consequent environmental impact of the WWTPs, a moni-
toring plan was implemented by installing two automatic gauging
stations (MDS Dipper-PT, ©2019 Seba Hydrometrie, Kaufbeuren,
Germany) located in two sections of the hydrographic network
downstream the PSs (Figure 1A). Specifically, the two measure-
ment stations are station A, ‘Canale Cicena’ in the municipality of
San Giorgio Jonico, and station B, ‘Canale d’Aiedda’ in the same
municipality. More information about the monitoring equipment
can be found in D’Ambrosio et al. (2019) and De Girolamo et al.
(2019).

Nil wadi basin
The Nil wadi river has a total drainage area of 304.22 km2, five

sub-basins constitute it: Nil (175.75 km2), Boukaraa (60.79 km2),
Saayoud (38.60 km2), Tassift (16.03 km2), and El-Kennar swamp
(13.05 km2) (Mahdid et al., 2015). The basin is constituted by the
alluvial filling of an ancient valley dug in the Eocene marls in the
West and the metamorphic grounds in the East. On these alluvi-
ums, recent dune formations such as that El-Kennar are deposited
(Ehrmann, 1928; Baghdad et al., 2017). Soils are sandy-clay and

marly, sandy and alluvial with pebbles and gravel. The main chan-
nel (35 km) has an average slope of 2.98% and shows mostly a nat-
ural pattern; it flows in the Mediterranean Sea near El Kennar
municipality. The elevation ranges from 0 to 1510 m a.s.l.. This
region is one of the rainiest areas of Algeria. It is subject to the
Mediterranean climate, which is characterised by hot and dry sum-
mers alternated with cold and humid winters. The average annual
rainfall, registered by the Achouat meteorological station (1988 to
2015) (36°47’39.4’N, 5°52’41.2’E), is approximately 1000 mm
year–1. Rainfall is generally concentrated between October and
April, with an average of 796 mm year–1. The remaining months
instead have an average rainfall of 206 mm year–1. Maximum and
minimum monthly temperatures are 28.1°C (August) and 13.4°C
(January), respectively. The Nil wadi basin is dominated by natural
land uses (mixed forest alternated with rangeland), which are
mainly localised in the upstream parts of the basin and cover 57%
of the basin’s total area. The sewerage network only covers the
main towns and some secondary cities. Wastewater is discharged
through septic tanks for the rest of the Nil wadi watershed. Seven
urban point sources discharge in the Nil wadi, constituting impor-
tant hydrological and water quality pressures (Figure 1B).

In recent decades, streamflow has not been monitored. To carry
out the present study, streamflow measurements have been con-
ducted since October 2019 using the float method at the river sec-
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Figure 1. Study areas: A) Canale d’Aiedda (Italy); B) Nil wadi (Algeria).
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tion, called hereafter station C, located near El-Kennar city (Figure
1B). This method is simple and has uncertainties of around ±10%
(Rantz, 1982). During the monitored period (October 2019 and
December 2020), the values of streamflow ranged from 115 m3s–1

(winter) to 0.1 m3s–1 (summer) (Drouiche et al., 2021). The flow
measurements were made at the daily time step during rainy
episodes and with a different time step between floods (2 to 6
days). More information about the monitoring equipment can be
found in Drouiche et al. (2021).

Materials and methods

Modelling streamflow
The SWAT is one of the most used semi-distributed hydrolog-

ical models, developed by the United States Department of
Agriculture, Agricultural Research Service (USDA-ARS) (Arnold
et al., 1998) to simulate streamflow, sediment, and nutrient loads
in ungauged river basins (Arnold et al., 2012a). Bezak et al. (2021)
pointed out that SWAT applications involve many scientific fields
such as hydrological, soil sciences, forestry, and territorial plan-

ning and management. 
In the present work, SWAT version 2015 was used to generate

time series of un-impacted and impacted daily streamflow (20-
years) in the Canale d’Aiedda and Nil wadi basins. First, the
impacted conditions of streamflow were simulated, including PSs
discharges as inlets into the river network. The un-impacted condi-
tions were simulated, excluding the PS contributions (Figure 2).
Finally, the surface runoff was estimated by using the modified Soil
Conservation Service-Curve Number method (USDA-SCS, 1972)
and the Hargreaves method for evaluating potential evapotranspira-
tion (PET) (Hargreaves, 1975). The latter has proved effective in
being applied in geographical regions characterised by a
Mediterranean climate. Neitsch et al. (2011) and Abdelwahab et al.
(2018) reported more theoretical information on the SWAT model.

Model configuration
SWAT requires several input data to be correctly implemented,

such as land use, soil profile and characteristics, digital elevation
model, and weather (Arnold et al., 2012a). For the Canale d’Aiedda
and the Nil wadi input data were obtained from different sources
(Figure 2, Table 1); they were suitably processed and then included
in the SWAT geodatabase as reported in D’Ambrosio et al. (2019).
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Figure 2. Methodological scheme of the study.
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The Canale d’Aiedda was subdivided into 40 sub-basins by
setting a threshold of 350 ha for drainage areas. Subsequently, the
basin was further divided into 271 hydrological response units
(HRUs) using percentage values of 10%, 10%, and 20% of land
use, soil class, and slope, respectively (D’Ambrosio et al., 2019).
Considering the small patches of land uses, the Nil wadi was sub-
divided into 298 sub-basins using a threshold of 50 ha. Moreover,
1074 HRUs were obtained using percentage values of 10%, 10%,
and 20% of land use, soil class, and slope, respectively. From this
operation, 23 land uses, among which vineyard, olive grove, and
durum wheat were the main crops, and 12 soil types varying from
silty clay to sandy loam characterised the Canale d’Aiedda basin.
The Nil wadi was characterised by 12 land uses with a prevalence
of forests, greenhouses, orchards, and five soil types ranging from
clay to loam. Agricultural practices, including irrigation, were
added to the management database for both basins using data
retrieved from direct interviews and agricultural census. 

SWAT was run at daily time step for the period 1997-2019,
with 3 years of warm-up for the Canale d’Aiedda, while for the Nil
wadi basin, the SWAT model was run at daily time step for the
period 1991-2019, with 3 years of warm-up.

Model calibration
The SWAT model was calibrated for the Canale d’Aiedda

basin using daily streamflow data recorded in two gauging stations
(Figure 1A). The SWAT-CUP tool was used to carry out the sensi-
tivity analysis and the calibration process through the Sequential
Uncertainty Fitting (SUFI-2) algorithm (Abbaspour et al., 2015).

The automatic procedure available in SWAT-CUP was applied, set-
ting as objective function the Nash and Sutcliffe (1970) Efficiency
(NSE) greater than 0.5 (D’Ambrosio et al., 2020). Daily stream-
flow (m3s–1), continuously measured from August 2017 to
December 2019, showed different hydrological conditions (i.e.,
dry and wet). During the first year (from August 2017 to August
2018), only very small floods were recorded; meanwhile, in the
second year, several large floods were recorded. Hence, to include
the inter-annual variability (dry and wet conditions) in the calibra-
tion process and, to improve the robustness of the parameterisa-
tion, it was chosen to use the entire dataset for the model calibra-
tion (Ricci et al., 2018; Arsenault et al., 2018). In addition, to
improve the calibration at the basin scale, a split-in-space strategy
was adopted that considers the variability of the environmental
factors among the sub-basins. For this aim, a specific calibration
was carried out for each gauging station (A and B, Figure 1A),
where streamflow measurements were recorded (D’Ambrosio et
al., 2020). 

In the Nil wadi basin, the limited data availability of mea-
sured streamflow available (discrete measurements from October
2019 to October 2020) (De Girolamo et al., 2022) did not allow
the model validation (Arsenault et al., 2018). Therefore, the cal-
ibration was carried out manually, changing the most sensitive
parameters one at a time. Model performances were evaluated
using the coefficient of determination (R2), NSE, and percent
bias (PBIAS %). 

The model generally overestimates the extremely low flow in
intermittent rivers (De Girolamo et al., 2015a, 2015b); therefore, a
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Table 1. SWAT input data for the Canale d’Aiedda and the Nil wadi basins.

Input                                    Description
Canale d’Aiedda

Digital Terrain Model (DTM)     Puglia Region, resolution, 8 x 8 m (http://www.sit.puglia.it)
River network                                 Hydro-geomorphological map and Regional Technical map (http://www.sit.puglia.it)
Land use map                                 Land Use Map (UDS) of Puglia Region (http://www.sit.puglia.it), resolution of 100 m. 23 land use classes
Soil database                                  Agro-ecological Characterisation of the Puglia Region ACLA2 (Regione Puglia, 2001), resolution 250×250 m. 
                                                          European Soil Data Centre (ESDAC) soil database, resolution 500×500 m (Tóth et al., 2013); 9 soil profiles
Point sources                                 Environmental Regional Agency for the Prevention and Protection of the Environment Ground-water (ARPA), 
                                                          wastewater treatment plant discharges monitoring database (http://www.arpa.puglia.it) Acquedotto Pugliese, mean annual 
                                                          volumes of treated sewage for each plant. 3 WWTPs
Meteorological data                      Civil protection of Puglia Region (http://www.protezionecivile.puglia.it) and Regional agency for irrigation and forestry activities
                                                          (ARIF) (https://www.arifpuglia.it). 18 meteorological stations, 7 considered by the model. Daily data: precipitation, 
                                                          solar radiation, wind speed, relative humidity, min. and max. temperature
Agricultural practices                   Farmers’ and dealers’ interviews were used (D’Ambrosio et al., 2019)
Nil wadi

Digital Terrain Model (DTM)     Digital Elevation Model (DEM) of Algeria, The NASA Shuttle Radar Topographic Mission (SRTM)
                                                          (https://earthexplorer.usgs.gov/ and http://120.27.60.193/SRTM/Africa/), 30×30 m
Land use map                                 Land Use Map (UDS) of Geological Engineering Laboratory (LGG). UDS of European Space Agency (ESA) - Climate Change
                                                          Initiative (https://www.esa-landcover-cci.org), resolution 20×20 m. 12 land use classes were identified throughout the basin
Soil database                                  International Soil Reference and Information Centre (ISRIC) 
                                                          (https://www.isric.org/projects/soil-property-maps-africa-250-m-resolution). Resolution 250×250 m 5 soil profiles
Point sources                                 Geological Engineering Laboratory (LGG). United Nations Environmental Programme (UNEP) data on wastewater 
                                                          treatment plants discharge. 7 WWTPs
Meteorological data                      Geological Engineering Laboratory (LGG), Weather history for the whole world (https://www.historique-meteo.net/), 
                                                          Global Weather Data for SWAT (National Centers for Environmental Prediction) (https://globalweather.tamu.edu). 
                                                          2 gauging stations. Daily data: precipitation, solar radiation, wind speed, relative humidity, min. and max temperature
Agricultural practices                   Geological Engineering Laboratory (LGG) data. Specific data of agronomic books. Satellite image analysis
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procedure was defined to improve the extremely low flow simula-
tion. First, a zero-flow threshold (actual no flow) was identified for
the analysed river reaches. For the Canale d’Aiedda, field surveys
were periodically carried out to identify the absence of streamflow
along the river network. For the Nil wadi, historical satellite
images from 2007 to 2020, available in Google Earth Pro (Google
Earth Pro, 7.3.4.8248), were used to identify the periods during
which the river network was completely dry. About 50 clear
images (i.e., without clouds cover) of the river network were
extracted, and the presence or the absence of flow was visually
analysed. 

When the analysed reaches were found dry for both basins, the
correspondent simulated streamflow values were extracted, and
their average was assumed as the zero-flow threshold. The time
series of simulated streamflow were modified by subtracting the
zero-flow threshold. When the subtraction gave negative results,
the streamflow was set to zero. De Girolamo et al. (2022) reported
the methodology adopted to identify the zero-flow. In order to sim-
ulate the un-impacted flow regime, a new simulation was carried
out in both river basins, excluding the contribution of the PSs.

Assessing anthropogenic impacts by means of hydrological
indicators

The flow regime alterations due to PSs and WWTPs’ discharge
were assessed employing a number of HIs having ecological rele-
vance (Richter et al., 1996; Poff et al., 1997; D’Ambrosio et al.,
2017). The HIs are able to characterise the hydrological regime in
the un-impacted and impacted conditions. In the present study, the
HIs describing the magnitude (amount of water flowing per time
unit through a fixed position), duration (period associated with a
specific flow condition), and timing (regularity with which flows
of a defined magnitude occur) were analysed (Table 2). These HIs
were chosen based on their representativeness for NPRSs (Olden
and Poff, 2003; D’Ambrosio et al., 2017). The ‘indicators of
hydrologic alteration (IHA)’ software developed by the US Nature
Conservancy was used for this purpose (The Nature Conservancy,
2009). 

In order to include the variability of the flow regime, the HIs
were computed based on 20-years of daily streamflow (Figure 2)
both in un-impacted and impacted conditions (Richter et al., 1997).

HIs were computed for a river section downstream of the WWTPs
for Canale d’Aiedda (Reach 27; Figure 1A) and for two river sec-
tions along the Nil wadi (Reach 189, and Reach 190; Figure 1B),
which are located downstream of the waste discharge inflow and
downstream of the first confluence with the main course of the Nil
wadi, respectively.

The hydrological alterations were evaluated using the range of
variability approach (RVA; Figure 2) (The Nature Conservancy,
2009). The RVA allows estimating the extent to which flow
regimes have been altered (Richter et al., 1997). To do this, the full
range of variability of each HIs in the un-impacted condition is
divided into three classes of equal size, with the boundaries
between classes as a number of standard deviation (SD) away from
the mean. In this work, it was assumed the ‘Low RVA category’
(values < Mean-SD), the ‘Middle RVA category’ (Mean –SD < val-
ues < Mean + SD), and the ‘high RVA category’ (values > Mean +
SD). For each class, the hydrological alteration (HA) value is com-
puted with Equation 1.

                                                                                                 

  
(1)

A positive hydrological alteration value indicated that the fre-
quency of values in the category was increased from the un-
impacted to the impacted conditions. The threshold values
assumed to identify low, moderate, and high alterations are report-
ed in Table 3.

                             Article

Table 3. Hydrological alteration classes values.

Hydrological alteration (HA)                                   Values

Low                                                                                                       <0.33
Moderate                                                                                          0.34-0.67
High                                                                                                      >0.67
Richter et al., 1996; The Nature Conservancy, 2009.

Table 2. Selected indicators of hydrological alterations (IHAs) that are representative of the non-perennial rivers and streams (NPRSs)
hydrologic regime: magnitude, duration, and timing.

Flow regime component                                                             Name                                                                  Description

The magnitude of annual water condition                                             Mean Annual flow                                                             Average annual flow (m3s–1)
Magnitude and timing of monthly water condition                         January, February, …,                                                      The magnitude of monthly flow
                                                                                                                     December mean flow                                                                                   
Magnitude and duration of annual                                  1-day min, 3-day min, 7-day min, 30-day min,                       Annual minimum flow of 1-3-, 7-, 30-, 90-day
extreme water conditions                                                                           90-day min flow                                                         duration (over consecu-tive days)
                                                                                                1-day max, 3-day max, 7-day max, 30-day max,                      Annual maximum flow of 1-3-, 7-, 30-, 90-day
                                                                                                                          90-day max flow                                                         duration (over consecu-tive days)
Magnitude                                                                                                        Baseflow index                                                                            7-day minimum
                                                                                                                                                                                                                       flow/mean flow for the year
Duration                                                                                                                Zero-days                                                     Number of days per year with zero daily flow
Timing of annual extreme water conditions                                               Date of min                                                            Julian date of annual minimum flow
                                                                                                                              Date of max                                                           Julian date of annual maximum flow
Richter et al., 1996; The Nature Conservancy, 2009.
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Results

SWAT model calibration results
The hydrological parameters modified in the calibration at

gauges A, B, and C, their initial values, and the best-fitted values
are summarised in Table 4. The split-in-space strategy adopted for
the Canale d’Aiedda provided two different sets of fitted parame-
ters, referred to as sub-basins upstream gauge A and gauge B,

respectively. To ensure the spatial variability of some parameters
(i.e., CN2, SOL_Z, and SOL_AWC), their initial value was modi-
fied by multiplying the initial value for a fixed coefficient in the
SWAT-CUP automatic procedure (Table 4). For the Nil wadi model
simulation, all the selected parameters were manually modified to
fit the measured streamflow at gauge C (Table 4).

Results of the daily streamflow calibration for the Canale
d’Aiedda showed that NSE and R2 were close to the satisfactory
threshold (0.5) for gauge A and good for gauge B (Table 5), assum-
ing the criteria defined by Moriasi et al. (2007) that are valid for

                             Article

Table 4. Calibrated parameters for the best fit simulation at the gauge A and B (Canale d’Aiedda) and gauge C (Nil wadi).

Parameter       Description                                                                    Initial values    Best fit          Best fit      Initial values     Best fit
                                                                                                                      (A, B)              (A)                 (B)                  (C)                (C)

EVRCH.bsn           Reach evaporation adjustment factor                                                                                                                                                     1                          0.1
TRNSRCH.bsn     Fraction of transmission losses from main                                               0                       0.499                         0                           0.15
                               channel that enter deep aquifer                                                                     
CN2.mgt                Initial SCS curve number for antecedent moisture                           63.7-89.2            –0.327*,°             –0.316*,°                  62-95                  68-86*
                               condition (AMC) II                                                                                             
CH_K2.rte            Effective hydraulic conductivity in main                                                      0                       9.824                     6.110                        6.5                          0
                               channel alluvium (mm hr–1)                                                                            
CH_N2.rte            Manning’s ‘n’ value for the tributary channels                                                                                                                                  0.014                      0.3
CH_K1.sub           Effective hydraulic conductivity in tributary                                               0                     120.012                  53.205                         0                           4
                               channel alluvium (mm hr–1)                                                                            
CH_N1.sub           Manning’s ‘n’ value for the tributary channels                                                                                                                                  0.014                      0.3
SOL_Z.sol            Depth from the soil surface to bottom of layer (mm)                      400-2000            –0.069*,°             –0.316*,°                                                    
SOL_K.sol            Saturated hydraulic conductivity (mm hr–1)                                       0.065-27.8             0.123*,°                0.196*,°               1.38-19.06           2.9-13.34*
SOL_AWC.sol      Available water capacity of the soil layer                                             0.097-0.13           –0.097*,°              0.374*,°                0.09-0.13          0.077-0.091*
                               (mm H2O mm soil–1)                                                                                         
GW_DELAY.gw    Groundwater delay time (d)                                                                          31                     69.926                   59.633                        31                          0
GWQMIN.gw        Threshold water depth in the shallow aquifer required                                                                                                                1000                       0.1
                               for return flow to occur (mm H2O)                                                                                                                                                         
GW_REVAP.gw     Groundwater ‘revap’ coefficient                                                                                                                                                            0.02                         1
RCHRG_DP.gw    Deep aquifer percolation fraction.                                                             0.05                     0.379                     0.945                       0.05                         0
REVAPMN.gw       Threshold depth of water in the shallow aquifer above                        750                   448.932                 847.346                      750                       500
                               which the water movement from the shallow aquifer 
                               to the unsaturated zone is allowed                                                                
ALPHA_BF.gw      Baseflow alpha factor (1/days)                                                                                                                                                             0.048                        1
CANMX.hru          Herbage maximum canopy storage (mm)                                                   0                       1.738                     1.109
(GRBN)                                                                                                                                                                             
CANMX.hru          Olive maximum canopy storage (mm)                                                         0                       2.185                     2.969
(OLIV)                                                                                                                                                                               
EPCO.hru             Plant uptake compensation factor                                                                 1                       0.379                     0.746                        0.8                          1
ESCO.hru             Soil evaporation compensation factor                                                                                                                                                0.950                     0.01
OV_N.hru             Manning’s ‘n’ value for overland flow                                                                                                                                                   0.14                    0.1-0.6
BIOMIX.mgt         Biological mixing efficiency                                                                                                                                                                     0.2                        0.2
*The initial CN2, SOL_Z, and SOL_AWC values depended on the land use and soil type. The adjustment slope factor was considered (Neitsch et al., 2009); °the indicated values refer to the coefficient for which was
multiplied by the existing parameter values through the SWAT-CUP ‘relative’ methodology.

Table 5. Model performances for daily calibration.                                  

Statistical index Canale d’Aiedda                                                                                         Nil wadi
                                                   Gauge A                                                 Gauge B                                                                Gauge C

NSE                                                                0.47                                                                          0.71                                                                                             0.35
R2                                                                    0.48                                                                          0.72                                                                                             0.40
PBIAS (%)                                                    –4.21                                                                         5.05                                                                                            24.12
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monthly time step simulations (satisfactory: R2 and NSE ≥0.5;
PBIAS ≤ ±0.25). However, the streamflow was overestimated in
gauge A (PBIAS –4.21) and underestimated in gauge B (PBIAS
+5.05).

Model performances for daily streamflow calibration at the Nil
wadi (gauge C) were satisfactory (Table 5) for PBIAS (+24.12),
indicating underestimation but lower than the rating suggested by
Moriasi et al. (2007) for NSE and R2. However, these results were
considered acceptable for regions characterized by a paucity of
data (Zema et al., 2016). On the other hand, Arnold et al. (2012b)
recommended adjusting the ratings based on the time step simula-
tion, the quality and quantity of observed data, and depending on
the project scope. 

The SWAT model correctly simulated the main peaks in the
Canale d’Aiedda; meanwhile, the normal flow was underestimat-
ed, and the low flow was generally overestimated (Figure 3A).
Over the calibration period, the highest measured peak of flow
(2.67 m3s–1) was slightly overestimated by the model (2.85 m3s–1). 

For the Nil wadi basin, SWAT predicted the highest peak of
flow recorded over the study period (Qobs=115 m3s–1; Qsim=118
m3s–1) but underestimated the normal flows overestimated the low
flows (Figure 3B). 

For Reach 27, the zero-flow threshold was 0.017 m3s–1. For the
Nil wadi, the zero-flow was equal to 0.00 m3s–1 for the Reach 189
and 0.005 m3s–1 for the Reach 190. Time series of simulated daily
streamflow were corrected by subtracting the zero-flow threshold

for the impacted and un-impacted conditions before computing the
HIs in the three river sections analysed in this work.

The water balance for the Canale d’Aiedda basin estimated by
the model showed that the potential evapotranspiration (1186.7
mm) was relatively high compared to the precipitation (621.5
mm). As a result, the estimated surface runoff was 122.70 mm with
a total water yield (Surface runoff + baseflow + lateral flow) of
152.24 mm, and the transmission losses were 43.07 mm due to the
calcareous nature of the basin.

For the Nil wadi, the average annual rainfall over the study
period was 1000.3 mm; 51.81% of the rainfall is lost via evapo-
transpiration (528.3 mm). Therefore, the average annual surface
runoff was estimated at 235.1 mm, corresponding to 23.5% of the
rainfall, and the average annual total water yield (surface runoff +
baseflow + lateral flow) was 468.27 mm, which was equivalent to
46.81% of the rainfall.

Assessing the anthropogenic impact 
The flow duration curves (FDCs) comparison between pre- and

post-impacts showed that river reaches receiving inlets from the PS
become perennial (Figure 4). In un-impacted conditions, a long
absence of flow characterised the river Reach 27 and Reach 190. 

The FDC of the Reach 27 (Canale d’Aiedda basin) assumed an
extraordinarily sharp shape in extremely high flows (0-5%, Figure
4A) in un-impacted and impacted conditions. The divergence

                             Article

Figure 3. Simulated (Sim) and observed (Obs) streamflow: A) Canale d’Aiedda (Italy) Gauge B; B) Nil wadi (Algeria) Gauge C.
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between the two FDCs increased in concordance with the
exceedance probability, suggesting alterations in flow regime after
the impacts occurred in normal and low flow conditions. For
impacted conditions, a gentle slope is observed in the FDC in the
normal flow (20-40%), and in the low flow conditions, the FDC
assumed almost constant values.

The FDCs of Reach 190 (Nil wadi) showed steep slopes in
extremely high (0-5%) and high flow conditions (5-20%; Figure
4B). The divergence between the FDCs in un-impacted and
impacted conditions increased in normal flow and low flow. The
streamflow became constant in low flow conditions suggesting
that the highest alteration degree occurred in the low flow compo-
nents of the flow regime. For Reach 189, the FDCs (in un-impact-

ed and impacted) slightly differed only in the low flow conditions
(Figure 4C). This reach drained an area much larger than the Reach
190 (Figure 1B).

In impacted conditions, the mean annual streamflow simulated at
Reach 27 and Reach 190 increased (37.5% and 100%, respectively);
meanwhile, a negligible variation was simulated for Reach 189 (1.2%)
(Table 6). The analysis of the flow regime components showed that
the mean magnitude and duration of the high flow (1-, 3-, 7-day max-
imum flow, m3s–1) did not significantly change (Table 6) for the
Reach 27 (1%-4%) and the Reach 190 (3%-10%), and it was neg-
ligible for the reach 189. Similarly, mean values of the 30-and 90-
day maximum flow (m3s-1) increased at the Reach 27 (8%-15%)
and the Reach 190 (22% to 41%); meanwhile, no significant

                             Article

Figure 4. Flow duration curves concerning un-impacted (pre-impact) and impacted (post-impact) conditions. A) Canale d’Aiedda Reach
27; B) Nil wadi, Reach 190; C) Nil wadi, Reach 189.

Table 6. Mean annual values of the hydrological indicators (IHAs) estimated over 20-years in un-impacted and impacted (including
point source discharges) conditions in the Canale D’Aiedda and Nil wadi basins and their rate of variation (% for magnitude and dura-
tion; days for timing). For the IHAs equal to 0 in un-impacted conditions, variation (%) was not determined (ND).

Group              Hydrological         Canale D’Aiedda                             Nil wadi                                                                  Nil wadi
                        indicators                  Reach 27                                Reach 190                                                              Reach 189            
                                                                   Unimpacted     Impacted     Var. (%)          Unimpacted     Impacted     Var. (%)     Unimpacted       Impacted     Var. (%)
                                                                                                                  or days                                                          or days                                                        or days

Magnitude           Annual mean flows                              0.080                    0.110                  37.5                           0.010                     0.020                  100                      0.820                       0.830                   1.2
                               January mean flows                            0.108                    0.142                  31.5                           0.014                     0.023                  64.3                      1.424                       1.434                   0.7
                               February mean flows                          0.040                    0.071                  77.5                           0.021                     0.030                  42.9                      1.987                       1.997                   0.5
                               March mean flows                               0.160                    0.193                  20.6                           0.017                     0.027                  58.8                      1.678                       1.689                   0.7
                               April mean flows                                  0.016                    0.045                 181.3                          0.016                     0.025                  56.2                      1.542                       1.552                   0.7
                               May mean flows                                   0.016                    0.044                   175                            0.004                     0.012                  200                      0.526                       0.536                   1.9
                               June mean flows                                  0.008                    0.034                   325                            0.001                     0.009                  800                      0.288                       0.299                   3.8
                               July mean flows                                   0.003                    0.027                   800                            0.001                     0.009                  800                      0.242                       0.253                   4.5
                               August mean flows                              0.017                    0.042                 147.1                          0.000                     0.008                  ND                      0.187                       0.197                   5.3
                               September mean flows                      0.162                    0.194                  19.8                           0.001                     0.009                  800                      0.269                       0.280                   4.1
                               October mean flows                           0.201                    0.233                  15.9                           0.002                     0.009                  350                      0.283                       0.294                   3.9
                               November mean flows                       0.141                    0.174                  23.4                           0.007                     0.015                 114.3                     0.706                       0.717                   1.6
                               December mean flows                       0.081                    0.115                  41.9                           0.008                     0.016                  100                      0.834                       0.844                   1.2
Magnitude           1-day minimum flow                           0.000                    0.018                   ND                            0.000                     0.007                  ND                      0.129                       0.139                   7.8
and duration       3-day minimum flow                           0.000                    0.018                   ND                            0.000                     0.007                  ND                      0.130                       0.140                   7.7
                               7-day minimum flow                           0.000                    0.019                   ND                            0.000                     0.007                  ND                      0.132                       0.143                   8.3
                               30-day minimum flow                         0.000                    0.021                   ND                            0.000                     0.007                  ND                      0.143                       0.153                   6.9
                               90-day minimum flow                         0.003                    0.026                 767.6                          0.000                     0.008                  ND                      0.170                       0.180                   5.9
                               1-day maximum flow                          14.490                  14.640                  1.1                            0.341                     0.351                   2.9                      26.130                     26.150                  0.1
                               3-day maximum flow                           5.512                    5.641                   2.3                            0.177                     0.188                   6.2                      14.080                     14.100                  0.2
                               7-day maximum flow                           2.584                    2.687                   3.9                            0.101                     0.111                   9.9                       8.333                       8.344                   0.1
                               30-day maximum flow                         0.693                    0.748                   7.9                            0.045                     0.055                  22.2                      3.999                       4.010                   0.3
                               90-day maximum flow                         0.255                    0.294                  15.2                           0.022                     0.031                  40.9                      2.048                       2.058                   0.5
                               Number of zero days                            146                         0                      -100                             288                          0                    –100                         0                              0                      ND
                               Base flow index                                   0.001                    0.241                 24000                          0.000                     0.467                  ND                      0.185                       0.198                     7
Timing                   Date of minimum                                   99                        239              +140 days                        17                         158             +141 days                  311                          327               +16 days
                               Date of maximum                                 197                       207               +10 days                         42                          42                  0 days                      42                            42                 +0 days
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changes were simulated at the Reach 189 (Table 6).
The HIs describing the magnitude of monthly flow for the dry

months (i.e., June, July, and August mean flows, m3s–1) and the
magnitude and duration of minimum flow (1-day, 3-day, 7-day, 30-
day, and 90-day minimum flow, m3s–1) resulted altered in the river
reaches receiving the PS discharges (Table 6). In particular, for the
Reach 27 (Canale d’Aiedda), the mean value of the 30-day mini-
mum flow varied from 0.000 to 0.007 m3s–1 in un-impacted condi-
tions and from 0.012 to 0.032 in impacted conditions (Figure 5A).
For the Reach 190 (Nil wadi), the mean value of the 30-day mini-
mum flow was equal to 0.000 over the whole study period in the
absence of PSs, while it ranged from 0.006 to 0.008 m3s–1 after the
impacts (Figure 5B). All the HIs showed minor changes (Table 6,
Figure 5C) for the downstream river reach (Reach 189). 

PSs discharges severely altered the duration of the dry period
(Number of zero days). Indeed, in impacted conditions, the mean
value of the zero-days was 0 throughout the study period (2000-

2019) in Reach 27 and Reach 190 (Figure 5D and E). Whilst, in
un-impacted conditions, zero-days ranged between 0 and 310 for
Reach 27 and between 228 and 339 for Reach 190. Alterations of
the timing of the extremely low flow (date of min) were detected
for the Reach 27 and Reach 190, the date of minimum occurred
later in the year. No significant change in the mean annual value of
zero-flow and in the timing of extremely high flow (date of max)
was assessed the at Reach 189 (Figure 5F). 

The HIs describing the magnitude of monthly streamflow
showed significant alterations from April to August for the Reach
27 and from May to November for the Reach 190 (Table 6, Figure
6). Alterations in mean monthly flow during the wet months (Table
6, Figure 6) were also detected for Reach 27 (16%-78%) and
Reach 190 (43%-100%). However, the alterations in the magnitude
of monthly streamflow were negligible for Reach 189.

The annual values of the HIs in pre- and post-impact for the
three river reaches analysed in the present work are reported in the
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Figure 5. Hydrological indicators for the pre-impact (left of the vertical line) and post-impact (point sources) conditions (right of the
vertical line): 30-day minimum flow and Number of zero-days for Canale d’Aiedda basin - Reach 27 (A, D), Nil wadi basin - Reach 190
(B, E), and Nil wadi basin - Reach 189 (C, F).
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Supplementary Material (27, S1; 189, S2; 190, S3).
For the Reach 27, the RVA showed high and positive hydrolog-

ical alteration values of the following HIs: 1-, 3-, 7-, 30-, 90-min-
imum flow, and mean monthly flow (January, February, April,
May, June, and July), date of min in the high RVA category, and of
the number of zero-days in the low category (Figure 7A). For the
reach 190, high alteration values (high RVA category) were detect-
ed in all the mean monthly flow, 90-day minimum flow, date of
min (Figure 7B), and zero-days. For the river Reach, 189 hydro-
logical alteration values were detected for the 1-, 3-, 7-, 30-, 90-
minimum flow and for August mean monthly flow for the high

RVA category (Figure 7C). The positive hydrological alterations
values indicated that the frequency of values in the high category
was increased from the pre-impact to the post-impact period.
Conversely, negative values for the high RVA category of the zero-
days determined in reaches 27 and 190 clearly indicated a reduc-
tion of the frequency in that category. The hydrologic alteration
values associated with Reach 27 (Figure 7A) and Reach 190
(Figure 7B) resulted in one order of magnitude higher than those
detected for Reach 189 (Figure 7C). This result indicated a minor
impact of the PSs on river sections located downstream of the first
confluence with the main river.

                             Article

Figure 6. Box plot of monthly flow (m3s–1) in un-impacted and impacted conditions. The horizontal line within the boxplots indicates
the median value, the box boundaries indicate the 25th and 75th percentiles, and the whiskers indicate the minimum and 95th percentile.
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Figure 7. Hydrologic alterations (HA) [(impacted frequency - un-impacted frequency)/ un-impacted frequency] for the IHAs considered
in the present study computed for three classes: high RVA category (values >0.67), middle RVA category (values included in the range
0.34-0.67), low RVA category (values <0.33) for the Canale d’Aiedda basin - Reach 27 (A), Nil wadi basin - Reach 190 (B), and Nil
wadi basin - Reach 189 (C). Positive HA values (HAV) indicate that the frequency of values in the category has increased from the un-
impacted to the impacted conditions; negative values mean that the frequency of values has decreased.
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Discussion

Modelling streamflow
Hydrological models are fundamental tools in river manage-

ment and environmental studies (Gassman et al., 2014). The free
available regional and global databases allow applying models also
in areas characterised by data scarcity like the Mediterranean
Region (Panagos et al., 2015; Abbaspour et al., 2019; Brouziyne et
al., 2021). However, regional databases are often characterised by
a low resolution that can lead to large model uncertainty and low
model performance (Pluntke et al., 2014; Moges et al., 2021).
Moreover, merging data with different resolutions and derived
from diverse sources may also increase uncertainty (Ricci et al.,
2022). Despite these limits, this study demonstrated that global
databases such as Global Weather Data for SWAT and
International Soil Reference and Information Centre (ISRIC) were
fundamental for simulating hydrological flow alterations in data-
limited regions.

For the Canale d’Aiedda streamflow simulations, the model
showed better performances for gauge B than gauge A. This dis-
crepancy could depend on the different characteristics of the two
drainage areas upstream of the two gauges. Indeed, gauge A drains
a small area characterised by lower daily flow than gauge B
(D’Ambrosio et al., 2019). In addition, one of the most sensitive
parameters that control the fraction of transmission losses from the
main channel (TRNSRCH.bsn) can only be adjusted at the basin
scale (Arnold et al., 2012a; 2012b). Hence, the average value
adopted in the simulations was overestimated for the sub-basins
upstream gauge A and slightly underestimated gauge B. 

For the Nil wadi basin (gauge C), the SWAT model perfor-
mances were unsatisfactory except for the PBIAS. In this basin,
most of the data used for the model setup were derived from a
merge of data recorded in the area with global datasets (Table 1).
The weather stations (i.e., location and their number in a river
basin) assume a key role in Mediterranean basins, where the rain-
fall events are generally localised in small areas; therefore if the
weather stations are not well spatially distributed within the basin,
it could be difficult to calibrate the model (Galván et al., 2014; De
Girolamo et al., 2017). For the Nil wadi basin, only two weather
stations were available; one covered the downstream areas and the
other the upstream areas (De Girolamo et al., 2022). The measured
data (rainfall and temperature, 2019-2020) were combined with
data from the global weather database (https://globalweather.
tamu.edu) to create a longer time series (20-years). The number of
gauging stations, their location, and the origin of data (i.e., radar)
may have influenced the model’s performances (Abdelwahab et
al., 2016; Ehlers et al., 2019; Ricci et al., 2022). Streamflow mea-
surements could be an additional cause of the low performance.
Indeed, only discrete values of streamflow measurements were
available for calibrating the model (Nil wadi, gauge C), and the
measurements were taken by using the float method, which could
have overestimated the extremely low flow provides discrete mea-
surements of streamflow (Harrelson et al., 1994; Dobriyal et al.,
2017; Hundt et al., 2019; De Girolamo et al., 2022). 

The model validation is usually carried out to ensure parameter
transferability (Arsenault et al., 2018). Unfortunately, it is general-
ly difficult to perform both the model calibration and validation in
regions with limited data availability. To carry out this study, since
the Nil wadi is an ungauged basin, an inexpensive monitoring pro-
gram was implemented covering one-year observations in a river
section, based on the available economic resources. For example,

in the Canale D’Aiedda basin, about two years of daily streamflow
were available in two river sections. Considering that the calibra-
tion period should include both wet and dry weather conditions
(Arnold et al., 2012b), it was chosen to use the entire datasets for
calibrating the model; therefore, the validation is missed in this
study. On the one hand, this choice assured the most robust calibra-
tion possible (Arsenault et al., 2018), but, on the other hand, the
uncertainty associated with the model results due to the missed
validation process could be significant. However, the low flow cal-
ibration, which is the most critical phase in NPRSs, was carried out
with particular caution. As reported in De Girolamo et al. (2022),
surveys and images from Google Earth were used to integrate the
available data and identify the zero-flow thresholds corresponding
to the actual zero flow.

Despite the limits described above, this work showed that the
SWAT model could simulate hydrology with acceptable results in
basins with limited data availability. 

Flow regime alterations 
Several river ecologists pointed out that NPRSs are prevalent

waterways globally (Messager et al., 2021) and play an essential
role in maintaining biodiversity (Myers et al., 2000; Datry et al.,
2014). River ecologists also recognised that hydrological regime
alteration is one of the dominant factors that affect the changes in
composition and health of aquatic species (Roy et al., 2005;
Konrad et al., 2008; Sabater and Tockner, 2009; Poff &
Zimmerman, 2010; Kupferberg et al., 2012). Depending on the
degree of hydrological alteration, the risk of unexpected ecological
changes may significantly increase (Poff and Zimmerman, 2010).

Several studies analysed flow regime alterations due to water
diversions or dam operations (Richter et al., 1997; De Girolamo et
al., 2015b), mainly with the final aim of designing or revising the
environmental flow (Mezger et al., 2021). A few studies have anal-
ysed the effects of PSs on NPRSs, and in those studies, the authors
investigated the impact in terms of water quality. D’Ambrosio et
al. (2020) highlighted that PSs harm water quality, especially in the
dry season, due to the limited dilution effect that characterises the
intermittent rivers. Hassan and Egozi (2001) analysed the impact
of wastewater treatment plant discharge on the channel morpholo-
gy of some ephemeral streams; they found that changes in vegeta-
tion within the channel and changes in the composition of the bed
surface material were the major impacts. However, no studies were
found in the literature that analysed the hydrological alterations
due to PSs.

In the case studies analysed in the present paper, the PSs
induced alterations in the flow regime components such as magni-
tude, duration, and timing. The river’s flow regime receives
wastewaters from PSs (Reach 27 in the Canale d’Aiedda and
Reach 190 in the Nil wadi basin) shifted from intermittent to
perennial. The mean annual value of zero-days in un-impacted
conditions was 146 and 288 in the Canale d’Aiedda and Nil wadi,
respectively, became zero in impacted conditions. All the compo-
nents of the low flow, such as 1-, 3-, 7-, 30-, and 90-day minimum,
and the monthly flow recorded in summer and autumn were
severely altered. The date of minimum flow was found to shift
later in the year.

The hydrologic alteration values estimated with the RVA for
the receiving PSs inlets (Reach 27 and Reach 190) resulted in one
order of magnitude higher than the hydrological alterations detect-
ed for the river reach downstream of the first confluence with the
main river (Reach 189). However, further studies are needed to
investigate the impact on water quality. Indeed, wastewater from
PSs may influence water temperature, oxygen level, and nutrient
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concentrations in the receiving river reach.
The flow regime components, which were altered, have an

ecological function. Hence, several implications are expected for
river ecology (Poff et al., 1997). Indeed, the alterations of the flow
permanence will impact the structure of communities, habitat,
river morphology, and the riparian cover of the river systems. The
alterations of the magnitude of streamflow on a monthly basis will
influence species diversity and abundance, riparian cover, species
richness, and the possibility of establishing non-native species
(Konrad et al., 2008). The alteration of the duration and timing of
extreme conditions may influence non-native species to become
dominant (Richter et al., 1998).

Conclusions
In the present paper, a methodological approach for analysing

the impact of PSs on the flow regime of intermittent rivers under
data-limited conditions was presented through two case studies:
the Canale d’Aiedda River basin and Nil wadi basin.

Results demonstrated that the flow regime alteration could be
assessed in basins under data-limited by coupling a hydrological
model and field activities. In the case studies, free regional
databases integrated with field data may allow the implementation
of hydrological models. However, a significant uncertainty may
affect model results. In the case studies presented in this work, the
SWAT model overestimated the low flow. The dry period and the
low flow are crucial points when evaluating the flow regime alter-
ations due to PSs in intermittent rivers. To improve simulated
streamflow in the low flow and dry conditions, a zero-flow thresh-
old was identified through field observations and images from
Google Earth and was used to revise the daily time series of
streamflow. Results showed that the PSs induced alterations in the
magnitude, duration, and timing of the flow regime. The flow
regime of the river reaches receiving wastewaters from PSs (Reach
27 in the Canale D’Aiedda basin and Reach 190 in the Nil wadi)
shifted from intermittent to perennial. All the low flow compo-
nents, such as 1-, 3-, 7-, 30-, and 90- day minimum, and the month-
ly flow recorded in summer were severely altered. Minor hydro-
logical alterations were assessed for the river reaches downstream
the confluence with the main river in the Nil wadi basin. These
results may support river ecologists in the ecological status evalu-
ation. However, further studies are needed to assess the implica-
tions of flow regime alterations on water quality and the river
ecosystem. 

References
Abbaspour K.C., Vaghefi S.A., Yang H., Srinivasan R. 2019.

Global soil, landuse, evapotranspiration, historical and future
weather databases for SWAT applications. Sci. Data 6:263. 

Abbaspour K.C., 2015. Calibration and uncertainty programs for
SWAT. SWAT-CUP: SWAT calibration and uncertainty pro-
grams – a user manual. Eawag, Dübendorf, Switzerland.

Abdelwahab O.M.M., Ricci G.F., De Girolamo A.M., Gentile F.
2018. Modelling soil erosion in a Mediterranean watershed:
comparison between SWAT and AnnAGNPS models. Environ.
Res. 166:363-76.

Abdelwahab O.M.M., Bingner R.L., Milillo F., Gentile F. 2016.
Evaluation of alternative management practices with the
AnnAGNPS model in the Carapelle watershed. Soil Sci.

181:293-305. 
Arnold J.G., Kiniri J.R., Srinivasan R., Williams J.R., Haney E.B.,

Neitsch S.L., 2012a. Soil & Water Assessment Tool:
Input/Output Documentation Version 2012. Texas Water
Resource Institute.

Arnold J.G., Moriasi D.N., Gassman P.W., Abbaspour K.C., White
M.J., Srinivasan R., Santhi C., Harmel R.D., van Griensven A.,
Van Liew M.W., Kannan N., Jha M.K. 2012b. SWAT: model
use, calibration, and validation. Trans. ASABE 55:1491-508.

Arnold J.G., Srinivasan R., Muttiah R.S., Williams J.R. 1998.
Large area hydrologic modeling and assessment - part 1:
model development. J. Am. Water Resour. Assoc. 34:73-89.

Arsenault R., Brissette F., Martel J.-L. 2018. The hazards of split-
sample validation in hydrological model calibration. J. Hydrol.
566:346-62.

Arthington A.H., Bernardo J.M., Ilhéu M. 2014. Temporary rivers:
linking ecohydrology, ecological quality and reconciliation
ecology. River Res. Appl. 30:1209-15.

Baghdad A., Bouazi R., Bouftouha Y., Bouabsa L., Fagel N. 2017.
Mineralogical characterization of Neo-gene clay areas from
the Jijel basin for ceramic purposes (NE Algeria -Africa).
Appl. Clay Sci. 136:176-83.

Beaufort A., Carreau J., Sauquet E., 2019. A classification
approach to reconstruct local daily drying dynamics at head-
water streams. Hydrol. Process. 33:1896-912.

Bezak N., Mikoš M., Borrelli P., Alewell C., Alvarez P., Anache
J.A., Baartman J., Ballabio C. 2021. Soil erosion modelling: A
bibliometric analysis. Environ. Res. 197:111087.

Bonada N., Rieradevall M., Prat N. 2007. Macroinvertebrate com-
munity structure and biological traits related to flow permanence
in a Mediterranean river network. Hydrobiol. 589:91-106.

Brouziyne Y., Belaqziz S., Benaabidate L., Aboubdillah A., El
Bilali A., Elbeltagi A., Tzoraki O., Chehbouni A. 2021.
Modeling long term response of environmental flow attributes
to future climate change in a North African watershed
(Bouregreg watershed, Morocco). Ecohydrol. Hydrobiol.
[Epub ahead of print].

Bunn S.E., Thoms M.C., Hamilton S.K., Capon S.J. 2006. Flow
variability in dryland rivers: boom, bust and the bits in
between. River Res. Appl. 22:179-86. 

Costigan K.H., Kennard M.J., Leigh C., Sauquet E., Boulton A.J.
2017. Flow regimes in intermittent rivers and ephemeral
streams. Intermitt. Rivers Ephemer. Streams 51-78.

D’Ambrosio E., Gentile F., De Girolamo A.M. 2020. Assessing the
sustainability in water use at the basin scale through water
footprint indicators. J. Clean Prod. 244:118847. 

D’Ambrosio E., De Girolamo A.M., Spanò M., Corbelli V.,
Capasso G., Morea M., Velardo R., Abdelwahab Ossama
M.M., Lonigro A., Milillo F., Ricci G.F., Romano G.,
Calabrese A., Casale B., Mauro R., Pappagallo G., Gentile F.
2019. A spatial analysis to define data requirements for hydro-
logical and water quality models in data-limited regions. Water
11:267.

D’Ambrosio E., De Girolamo A.M., Barca E., Ielpo P., Rulli M.C.,
2017. Characterising the hydrological regime of an ungauged
temporary river system: a case study. Environ. Sci. Pollut. Res.
24:13950-66.

Datry T., Bonada N., Boulton A., 2017. General introduction. In:
Intermittent Rivers and Ephemeral Streams: Ecology and
Management. Academic Press, pp. 1-597.

Datry T., Larned S.T., Tockner K., 2014. Intermittent rivers: A
challenge for freshwater ecology. BioSci. 64: 229-35. 

De Girolamo A.M., Drouiche A., Ricci G.F., Parete G., Gentile F.,

                          [Journal of Agricultural Engineering 2022; LIII:1333]                                          [page 175]

                             Article

Non
-co

mmerc
ial

 us
e o

nly



[page 176]                                           [Journal of Agricultural Engineering 2022; LIII:1333]                          

Debieche T-H. 2022. Characterising flow regimes in a semi-
arid region with limited data availability: The Nil Wadi case
study (Algeria). J. Hydrol. Regional Stud. 41:101062.

De Girolamo A.M., Spanò M., D’Ambrosio E., Ricci G.F., Gentile
F. 2019. Developing a nitrogen load apportionment tool:
Theory and application. Agric. Water Manage. 226:105806.

De Girolamo A.M., Barca E., Pappagallo G., Lo Porto A. 2017.
Simulating ecologically relevant hydrological indicators in a
temporary river system. Agric. Water Manage.
S0378377416302025.

De Girolamo A.M., Lo Porto A., Pappagallo G., Tzoraki O.,
Gallart F. 2015a. The hydrological status concept. Application
at a temporary river (Candelaro, Italy). River Res. Appl.
31:892-903.

De Girolamo A.M., Pappagallo G., Santese G., Lo Porto A. 2015b.
An eco-hydrological assessment method for temporary rivers.
The Celone and Salsola rivers case study (SE, Italy). J. Limnol.
51:1-10. 

Dobriyal P., Badola R., Tuboi C. 2017. A review of methods for
monitoring streamflow for sustainable water resource manage-
ment. Appl. Water Sci. 7:2617-28. 

Drouiche A., Debieche T.-H., Zahi F., Mahdid S., Gentile F.,
Bouldjedri M., Benessam S. 2021. Quantification and model-
ing of temporary wadi flow, Case of the Nil wadi (Jijel, NE
Algeria), 3rd Atlas Georesources International Congress
(AGIC2021), Tunisia.

Ehlers L.B., Sonnenborg T.O., Refsgaard J.C. 2019. Observational
and predictive uncertainties for multiple variables in a spatially
distributed hydrological model. Hydrol. Process. 33:833-48.

Ehrmann F. 1928. Geological map of El Milia, Map N°29, 1/50
000. Geological Survey of Algeria.

Fortesa J., Ricci G.F., García-Comendador J., Gentile F., Estrany
J., Sauquet E., Datry T., De Girolamo A.M. 2021. Analysing
hydrological and sediment transport regime in two
Mediterranean intermittent rivers. Catena 196:104865. 

Gallart F., Prat N., García-Roger E.M., Latron J., Rieradevall M.,
Llorens P., Barberá G.G., Brito D., De Girolamo A.M., Lo
Porto A., Buffagni A., Erba S., Neves R., Nikolaidis N.P.,
Perrin J.L., Querner E.P., Quiñonero J.M., Tournoud M.G.,
Tzoraki O., Skoulikidis N., Gómez R., Sánchez-Montoya
M.M., Froebrich J., 2012. A novel approach to analysing the
regimes of temporary streams in relation to their controls on
the composition and structure of aquatic biota. Hydrol Earth
Syst Sci. 16:3165-82.

Gallart F., Llorens P., Latron J., Cid N., Rieradevall M., Prat N.
2016. Validating alternative methodologies to estimate the
regime of temporary rivers when flow data are unavailable.
Sci. Total Environ. 565:1001-10.

Galván L., Olías M., Izquierdo T., Cerón J.C., Fernández de
Villarán R. 2014. Rainfall estimation in SWAT: An alternative
method to simulate orographic precipitation. J. Hydrol.
509:257-65. 

Gassman Philip W., Sadeghi Ali M., Srinivasan R. 2014.
Applications of the SWAT Model Special Section: Overview
and Insights. J. Environ. Qual. 43:1-8.

Guerricchio A., Simeone V. 2013. Caratteri geologico–strutturali
dell’area di Taranto e potenziali implicazioni sulla genesi del
Mar Piccolo di Taranto (Puglia). pp. 219-235 in Proc. 34th
Corso di Aggiornamento in Tecniche per la Difesa dall’in-
quinamento, Edibio, Cosenza, Italy.

Harrelson C.C., Rawlins C.L., Potyondy J.P. 1994. Stream
Channel Reference Sites: An Illustrated Guide to Field
Technique. Gen. Tech. Rep. RM-245, U.S. Department of

Agriculture, Forest Service, Rocky Mountain Forest and
Range Experiment Station, Fort Collins, CO, USA.

Hargreaves G.H. 1975. Moisture availability and crop production.
Trans. ASAE 18:980-4.

Hassan M.A., Egozi R. 2001. Impact of wastewater discharge on
the channel morphology of ephemeral streams. Earth Surf.
Process. Landf. 26:1285-302.

Hengl T., Heuvelink G.B.M., Kempen B., Leenaars J.G.B., Walsh
M.G., Shepherd K.D., Sila A., MacMillian R.A., Mendes de
Jesus J., Tamene L., Tondoh J.E. 2015. Mapping soil properties
of Africa at 250 m resolution: random forests significantly
improve current predictions. PLoS One 10:e0125814.

Hundt S., Blasch K., Aschonitis V.G. 2019. Laboratory assessment
of alternative stream velocity measurement methods. PLoS
One 14:e0222263.

Konrad C.P., Brasher A.M.D., May J.T. 2008. Assessing stream-
flow characteristics as limiting factors on benthic invertebrate
assemblages in streams across the western United States.
Freshw. Biol. 53:1983-98.

Kupferberg S.J., Palen W.J., Lind A.J., Bobzien S., Catenazzi A.,
Drennan J., Power M.E. 2012. Effects of flow regimes altered
by dams on survival, population declines, and range-wide loss-
es of California River-Breeding Frogs. Conserv. Biol. 26:513-
24.

Larned S.T., Datry T., Arscott D.B., Tockner K. 2010. Emerging
concepts in temporary river ecology. Freshw. Biol. 55:717-38.

Mahdid S., Chabour N., Debieche T.H. 2015. Fonctionnement
hydrologique du bassin versant de l’oued Nil (Wilaya de Jijel,
Nord-Est algérien). International Conference on African Large
River Basins Hydrology, Hammamet, Tunisia. Available from:
http://hydrologie.org/ACT/2015_Hammamet/S1/MAHDID_ar
ticle.pdf

Messager M.L., Lehner B., Cockburn C., Lamouroux N., Pella H.,
Snelder T. 2021. Global prevalence of non-perennial rivers and
streams. Nature 594:391-7.

Mezger G., Gonzáles del Tánago M., De Stefano L. 2021.
Environmental flows and the mitigation of hydrological alter-
ation downstream from dams: the Spanish case. J. Hydrol.
598:125732.

Moges E., Demissie Y., Larsen L., Yassin F. 2021. Sources of
hydrological model uncertainties and advances in their analy-
sis. Water 13:28. 

Moriasi D.N., Arnold J.G., Van Liew M.W., Bingner R.L., Harmel
R.D., Veith T.L., 2007. Model evaluation guidelines for sys-
tematic quantification of accuracy in watershed simulations.
Trans. ASABE 50:885-900.

Myers N., Mittermeier R., Mittermeier C., da Fonseca G.A.B.,
Kent J. 2000. Biodiversity hotspots for conservation priorities.
Nature 403:853-8.

Neitsch S.L., Arnold J.G., Kiniry J.R., Williams J.R. 2011. Soil and
water assessment tool: theoretical documentation V. 2009.
Texas Water Resources Institute, Technical Report No. 406
Texas A&M University System College Station, Texas, USA.

Olden J.D., Poff N.L. 2003. Redundancy and the choice of hydro-
logic indices for characterizing streamflow regimes. River Res.
Appl. 19:101-21.

Pagano S.G., Sollitto D., Colucci M., Prato D., Milillo F., Ricci
G.F., Gentile F. Setting up of an experimental site for the con-
tinuous monitoring of water discharge, suspended sediment
transport and groundwater levels in a Mediterranean Basin.
Results of One Year of Activity. Water 2020:3130.

Panagos P., Borrelli P., Poesen J., Ballabio C., Lugato E.,
Meusburger K., Montanarella L., Alewell C. 2015. The new

                             Article

Non
-co

mmerc
ial

 us
e o

nly



assessment of soil loss by water erosion in Europe. Environ.
Sci. Policy 54:438-47.

Pastor A.V., Tzoraki O., Bruno D., Kaletová T., Mendoza-Lera C.,
Alamano A., Brummer M., Datry T., De Girolamo A.M.,
Jakubínský J., Logar I., Loures L., Ilhéu M., Koundouri P.,
Nunes J.P., Quintas-Soriano C., Sykes T., Truchy A., Jorda-
Capdevilaw D. 2022. Rethinking ecosystem service indicators
for their application to intermittent rivers. Ecol. Indicat.
137.108693.

Pluntke T., Pavlik D., Bernhofer C. 2014. Reducing uncertainty in
hydrological modelling in a data sparse region. Environ. Earth
Sci. 72:4801-6.

Poff N.L., Allan J.D., Bain M.B., Karr J.R., Prestegaard K.L.,
Richter B.D., Sparks R.E., Stromberg J.C. 1997. The natural
flow regime. Biosci. 47:769-84. 

Poff N.L., Zimmerman J.K.H. 2010. Ecological responses to
altered flow regimes: a literature review to inform the science
and management of environmental flows. Freshw. Biol.
55:194-205. 

Prat N., Gallart F., Von Schiller D., Polesello S., García-Roger
E.M., Latron J., Rieradevall M., Llorens P., Barberá G.G.,
Brito D., De Girolamo A.M., Dieter D., Lo Porto A., Buffagni
A., Erba S., Nikolaidis N.P., Querner E.P., Tournoud M.G.,
Tzoraki O., Skoukulidis N., Gomez R., Sanchez-Montoya M.,
Tockner K., Froebrich J. 2014. The MIRAGE TOOLBOX: an
integrated assessment tool for temporary streams. River Res
Appl. 30:1318-34. 

Rantz S.E., 1982. Measurement and computation of streamflow:
Volume I. Measurement of stage and discharge. Geological
Survey Water-Supply Paper 2175. U.S. Government Printing
Office, Washington, D.C., USA.

Regione Puglia, 2001. Progetto Acla 2 - Studio per la caratteriz-
zazione agronomica della regione Puglia e la classificazione
del territorio in funzione della potenzialità produttiva. Progetto
ACLA 2. P.O.P, Puglia 94-99. Regione Puglia, Bari, Italy.

Ricci, G., De Girolamo, A.M., Abdelwahab, O., Gentile, F., 2018.
Identifying sediment source areas in a Mediterranean water-
shed using the swat model. Land Degrad. Dev. 29.1233-48. 

Ricci G.F, D’ Ambrosio E., De Girolamo A.M., Gentile F. 2022.
Efficiency and feasibility of Best Management Practices to
reduce nutrient loads in an agricultural river basin. Agric.
Water Manage. 259:107241.

Richter B.D., Baumgartner J.V., Powell J., Braun D.P. 1996. A
method for assessing hydrologic alteration within ecosystems.
Conserv. Biol. 10:1163-74. 

Richter B.D., Baumgartner J.V., Wiginton R., Braun D.P. 1997.
How much water does a river need? Freshw. Biol. 37:231-49.

Roy A.H., Freeman M.C., Freeman B.J., Wenger S.J., Ensign W.E.,
Meyer J.L. 2005. Investigating hydrologic alteration as a
mechanism of fish assemblage shifts in urbanizing streams. J.
N. Am. Benthol. Soc. 24:656-78. 

Sabater S., Tockner K. 2009. Effects of hydrologic alterations on
the ecological quality of river ecosystems. In: Sabater S.,

Barceló D. 2009. Water scarcity in the Mediterranean. The
Handbook of Environmental Chemistry, vol 8. Springer,
Berlin, Heidelberg, Germany. 

Skoulikidis N., Vardakas L., Karaouzas I., Economou A.,
Dimitriou E., Zogaris S. 2011. Assessing water stress in
Mediterranean lotic systems: insights from an artificially inter-
mittent river in Greece. Aquat. Sci. 73:581-97.

Stanley E.H., Fisher S.G., Grimm N.B. 1997. Ecosystem expan-
sion and contraction in streams. BioSci. 47:427-35. 

Stubbington R., Barthès A., Bercea S., Bolpagni R., Bouchez A.,
Bruno D., Bunting G., Cañedo-Argüelles M., Chadd R., Cid
N.; Cvijanović D., Datry T., Durkota J., England J., Hayes C.,
Heino J., Laini A.; Leese F., Loskotová B., Maddock I.,
Milosevic D., Morais M., Munné A., Novais M.H., Pařil P.,
Pešić V., Polášek M., Pozojević I., Sánchez-Montoya M.M.,
Sarremejane R., Soininen J., Soria M., Straka M., Vardakas L.,
Westwood C.G, White J., Wilkes M. 2020 - Community
Ecology and Biomonitoring in IRES: 58-84 in Intermittent
Rivers and Ephemeral streams: What water managers need to
know. Eds: Claire Magand (Coordinator), Maria Helena Alves,
Eman Calleja, Thibault Datry, Gerald Dörflinger, Judy
England, Antoni Munne, Iakovos Tziortzis, 181 pp. DOI:
10.5281/zenodo.3888473.

The Nature Conservancy 2009. Indicators of Hydrologic
Alteration Version 7.1. User’s Manual. Available from:
https://www.conservationgateway.org/Documents/IHAV7.pdf

Tóth G., Weynants M., van Liedekerke M., Panagos P.,
Montanarella L. 2013. Soil databases in support of pan-euro-
pean soil water model development and applications. Procedia
Environ. Sci. 19:411-5. 

Tramblay Y., Rouché N., Paturel J.-E., Mahé G., Boyer J.F.,
Amoussou E., Bodian A., Dacosta H., Dakhlaoui H., Dezetter
A., Hughes D., Hanich L., Peugeot C., Tshimanga R.,
Lachassagne P. 2021. ADHI: the African Database of
Hydrometric Indices (1950-2018). Earth Syst. Sci. Data
13:1547-60.

United States Department of Agriculture–Soil Conservation
Service (USDA-SCS) 1972. National Engineering Handbook,
section 4, Hydrology. Washington, DC, USA.

Wohl E., Lane S.N., Wilcox A.C. 2015. The science and practice of
river restoration. Water Resour. Res. 51:5974-97. 

Zema D. A., Denisi P., Taguas Ruiz E. V., Gòmez J. A., Bombino
G., Fortunato D. 2016. Evaluation of surface runoff prediction
by AnnAGNPS model in a large Mediterranean watershed cov-
ered by olive groves. Land Degrad. Develop. 27:811-22.

Zimmer M.A., Kaiser K.E., Blaszczak J.R., Zipper S.C.,
Hammond J.C.;.Fritz K.M.. Costigan K.H., Hosen J., Godsey
S.E., Allen G.H., Kampf S., Burrows R.M., Krabbenhoft C.A.,
Dodds W., Hale R., Olden J.D., Shanafield M., DelVecchia
A.G., Ward A.S., Mims M.C., Datry T., Bogan M.T., Boersma
K.S., Busch M.H., Jones C.N., Burgin A.J., Allen D.C. 2020.
Zero or not? Causes and consequences of zero flow stream
gage readings. WIREs Water 7:e1436.

                          [Journal of Agricultural Engineering 2022; LIII:1333]                                          [page 177]

                             Article

Non
-co

mmerc
ial

 us
e o

nly




