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Abstract: The suspended sediment (SS) load provides valuable insights into soil loss magnitude,
requiring comprehensive monitoring of streamflow (Q) and SS concentrations (SSC) across various
hydrological conditions. The primary aim of this paper was to quantify SS loads in two mountainous
river basins: the Carapelle (506 km?) and the Celone (72 km?) located in Apulia (Southeast Italy) where
different monitoring strategies were adopted (i.e., continuous and discrete). The specific objective
was to develop sediment rating curves to address gaps in the SSC time series. An optical probe
was used to continuously monitor the SSC during 2007 to 2011 in a river section of the Carapelle
river, while Q was measured with the ultrasonic method. A comprehensive dataset comprising
continuous Q measurements and discrete SSC measurements was systematically acquired for the
Celone river over the period of 2010 to 2011. Distinct sediment rating curves were formulated for
three specific subsets of data delineated by discernible hydrological conditions (i.e., high, normal,
and low flow) and SSCs were computed for the missing daily records. The annual specific sediment
load exhibited a range of 2.4 to 6.06 t ha™! yr‘1 for the Celone river, while the Carapelle river
displayed a range of 0.9 to 7.45 tha~! yr~!. A significant majority of the SS load was transported
during high-flow conditions, accounting for over 80% of the total load. In contrast, during low-flow
conditions, the SS load constituted less than 1% of the total load. The findings of this study highlight
the significance of the hydrological regime as a critical factor influencing sediment transport in
mountainous Mediterranean rivers. Furthermore, it demonstrates that the duration of the sampling
period, along with its specific characteristics, such as dry or wet conditions, can have a substantial
impact on the accurate quantification of the sediment load.

Keywords: monitoring; suspended sediment concentrations; streamflow; sediment rating curves;

specific sediment load; temporary rivers

1. Introduction

Soil erosion and land degradation are prevalent issues observed in the majority of
river basins across the Mediterranean region [1]. In these basins, the geomorphologic and
climatic characteristics and the agricultural practices adopted (e.g., tillage) contribute to soil
loss [2]. Local, national, European, and international policymakers have shown a growing
interest in erosion and its effects on soil and surface waterways in the last few decades.
Extensive research efforts have been dedicated to investigating the factors influencing the
transport of suspended sediment (SS) and developing models for predicting sediment yield
and load [3-5].

Soil erosion may greatly affect soil and surface ecosystems. SS transport may be of
concern because it plays a significant role in the transport of contaminants to surface waters
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resulting from anthropogenic activities (such as farming and breeding) [2,6]. Furthermore,
sediment transfer may contribute to lake eutrophication and reservoir siltation [2,7].

The hydrological regime of Mediterranean rivers exerts a substantial influence on
the processes of soil erosion and sediment delivery [8,9]. As a result of the pronounced
heterogeneity observed in rainfall patterns across space and time, Mediterranean rivers
commonly exhibit abrupt fluctuations in flow and a period without flow. These hydrological
dynamics give rise to the notable transport of suspended materials and erosional processes
within such rivers [10]. These peculiarities make it more challenging to take precise
and ongoing measurements of suspended sediment concentrations (SSC) [11], and it also
suggests that computing the SS load is highly challenging [12].

Several techniques were used to estimate loads by using measurements of SSC and
streamflow (Q) for medium and large catchments [13,14]. The selection of which method
is going to be adopted mainly depends on the availability of data, catchment size, and
streamflow regime even though each of these techniques has its own drawbacks [12]. All
the methods require measurements of Q and SSC that must cover all of the hydrograph
characteristics, especially flood events. Also, approaches based on modelling soil losses
were developed to quantify sediment loads at different times and spatial scales [15-18].
However, models rely on extensive measurements of Q and SSC, which serve as essential
components for validating the model’s prognostications [19].

Continuous monitoring of SS transport involves employing infrared optical probes
to measure turbidity, while laboratory analysis of water samples is used to determine
SSC. These methodologies are commonly adopted for monitoring the transport of SS.
Continuous measurements allow us to determine the sediment load during flood events
with sufficient accuracy. Since optical technology is regarded as a reliable tool for measuring
suspended sediment, its usage for continuous river monitoring has greatly expanded in
recent years [18]. These optical instruments demonstrate sensitivity toward the particle size
distribution flowing in the water. This trait could be of less significance in small catchments
(where rainfall regimes and erodibility are uniform) while it is of great impact in large
catchments [20].

In situations where continuous measurements are obtained for both Q and SSC, the
sediment load transported through a specific river section within a given time interval is
determined by calculating the integral of the product of SSC and Q over that time interval.
This equation cannot be applied when SSC are discrete measurements [12]. In this case,
sediment load computation requires the estimation of the SSC for the days when no records
are available. A common approach for estimating SSC is based on a regression equation,
the so-called “sediment rating curve” (SRC), that relates SSC to Q at the time of sampling.

SRCs are also used for filling the gaps in the SSC time series in the case of the failure
of continuous measurements, since interruptions due to the malfunction noise of the in-
struments are quite common. However, according to Horowitz [21], due to the significant
degree of dispersion of the SSC data, the SRC leads to an underestimation of loads. Hy-
drologists have invested a lot of time and energy into developing reliable approaches for
reducing bias [22,23]. In-depth knowledge of the flow regime, seasonality, and sediment
properties may be useful to adopt a strategy to improve SRC [12].

The present paper aimed to (i) quantify SS loads in two river basins of the Daunia
Mountains: the Carapelle river and the Celone river (Apulia Region, Southeast Italy), and
(ii) develop different SRCs based on the flow regime (i.e., high flow, normal flow, and low
flow conditions) to fill the gaps in the SSC time series. The results are expected to advance
the knowledge of SS load quantification in Mediterranean rivers and to provide water
resource decision-makers with a rapid and affordable tool for SSC and load estimations.

2. Study Area: The Carapelle and the Celone River Basins

The experimental site for monitoring SSC and Q is situated at the Ordona bridge
(Figure 1) along the main course of the Carapelle River, a prominent watercourse in
northern Apulia. The stream rises in the Apennine mountains, runs across the Tavoliere
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floodplain, and discharges into the Adriatic Sea. The catchment area (considering the
outlet at the gauging station) is 506 km?, and the elevation ranges from 120 to 1075 m a.s.L.,
with an average slope of 8.2%. The mountainous hilly parts of the catchment experience
considerable erosion mainly due to agricultural activities [2]. They are made up of flysch
formations, whilst clay—sand Plio-Pleistocene sediments define the alluvial plain [16]. The
majority of the soils in the region are fine clay loam textured Entisols with low levels of
organic matter.
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Figure 1. Study area: Celone catchment and Carapelle catchment (Apulia, Italy). (a) Elevation;
(b) Land Use; and (c) Lithology. Green and red dots represent the position of the gauging stations of
the Celone and of the Carapelle, respectively.

The primary economic activity is agriculture, with deciduous oaks and hardwoods
(Quercus pubescens s.1. and Quercus cerris L.) covering the higher hillslopes along with
conifers, pastures, and meadows [24]. Flat areas and low-lying plains are primarily covered
by wheat cultivation, and to a lesser extent, olive orchards and other agricultural crops. The
catchment has a Mediterranean climate with wet autumn/winter and dry spring/summer
seasons with average temperatures that vary from 10 °C to 16 °C. Average annual rainfall
ranges from 779 mm (1921-2012), at Bisaccia station, to 531 mm (1921-2012) at Castelluccio
dei Sauri station according to the Department of Civil Protection. August (6.4 mm) is the
driest month, while March (94.9 mm) and November (81.4 mm) represent the rainiest [2,25].
The hydrological regime is characterized by considerable spatial and temporal variability,
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with exceptionally low flow conditions or absence of flow in some areas of the river network
during the summer (June to August).

The Celone river basin, spanning 72 km?, encompasses steep slopes ranging from
150 m to 1150 m above sea level (a.s.l.). The river channel exhibits incision in the upper
part of the basin and transitions into a braided course within the initial alluvial plain,
which serves as a deposition zone for significant quantities of both suspended and bed-
load material. In the lowland areas of the basin, the soils predominantly consist of deep
clay loam and sandy clay loam textures, reaching depths of 1.5 to 2 m. In the hill and
mountainous regions, the soils are moderately deep. The Celone river basin is primarily
an agricultural area, with major cultivations including winter and durum wheat (45%),
sunflower (9%), pasture (6%), and olive groves (8%). Vegetables and vineyards are minor
land uses (2%). Forests (29%) are widely spread in mountainous areas. Urbanized regions
account for only 1% of the total area. The basin experiences a climate characterized by a
wet season extending from November to May, followed by a dry season. Historical records
from 1960 to 2001 indicate an average annual rainfall of 792 mm in the upper part of the
basin and 623 mm in the lowland areas. The Celone river shows an intermittent nature
with a long dry season interrupted by flash flood events that may occur leading to high SS
material transportation. Both catchments experience soil erosion caused by water due to
the implementation of conventional tillage practices. Indeed, in autumn and winter, most
of the agricultural fields (seeded and ploughed fields for spring crops) are unprotected by
the vegetation from erosion. Both soil erosion (i.e., sheet and rill) and river bank erosion
contribute to SS transport.

3. Materials and Methods
3.1. Monitoring SSC and Q

At the Carapelle Ordona bridge gauge Q and SSC were continuously monitored (2007-2011).
However, due to the lack of data caused by the maintenance of the gauging station, 2009
was not included in this study [8]. The Hach-Lange Solitax hs-line sc probe was installed for
measuring SSC (Figure 2) as it is able to measure high values of SSC (S5C > 15 g L1 [26].
For fouling prevention, the probe has a screen wiper with a customizable time interval. By
merging signals, the Hach-Lange Solitax sc100 controller transforms them into SSC [27]
(Figure 2c). This approach considers the stray light effects, organic matter, and the colour of
the watery medium while allowing for the examination of a wide range of concentrations
(0.001-4000 Nephelometric Turbidity Units—NTU—for turbidity and 0-150 g L~! for
suspended particles).

The probe is securely housed in a drilled tube, providing protection against the impact
of coarse materials in the stream and preventing potential measurement errors caused by
stray radiant energy entering the infrared field. At the same time, the holes drilled on
the tube (Figure 2d) allow an efficient exchange of the flowing suspension, as observed
through several simultaneous manual samplings, which gave the same SSC values inside
and outside the shelter tube.

The mechanical system consists of a pulley (Figure 2c), float (Figure 2d), and counter-
weight group which allow the probe to be always submerged 20 cm below the free water
surface. By employing a data acquisition framework and a transmission infrastructure, the
data are sent to a server in the Department. An ultrasonic stage recorder, managed by the
Centro Funzionale Decentrato (CFD) of the Sezione Protezione Civile della Regione Puglia,
is operated for Q measurements. CFD developed the rating curves and provided Q data.

Laboratory experiments evaluated the functionality of the Solitax sc probe in relation to
river sediments, offering versatile applications across various water conditions. Operating
in the turbidity-nephelometric mode for low turbid water and suspended sediment-ratio
detection system mode for highly concentrated sediments, the instrument’s two-detector
optical system enabled accurate measurements of high Suspended Sediment Concentra-
tions (SSCs) while compensating for colour variations, light fluctuations, and stray light.
The study involved tests on suspensions with fixed granulometric mixtures and vary-
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ing ratios of sandy and fine fractions, derived from sediment samples collected from the
Carapelle stream’s riverbed. Gravimetric analysis revealed predominant sandy content
(87.5%) with minor proportions of silt (8.8%) and clay (3.7%). The suspensions were pre-
pared in wet, oven-dried, and separated forms to examine their impact on measurements.
The experiments yielded valuable insights into the probe’s performance, the influence of
sediment composition, and the relationship between optical data and gravimetric SSCs
(Figures A1-A3 in Appendix A). Following that, the equipment was field-calibrated con-
sidering the most significant flood events, and the SSC was plotted against discharge with a
30 min time step. Detailed information about instrument calibration is reported by Gentile
et al. [28]. Over the study period, several gaps in continuous measurements of SSC were
recorded due to problems with the powering. The percentage of SSC missing data was
21.7% (20 gaps in 2007; 165 in 2008; 21 in 2010; and 112 in 2011).
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Figure 2. Gauging station at the Ordona bridge (view from upstream), Carapelle river (Apulia Region,
Italy). (a) View from upstream of the gauging station, (b) shelter tube and cage of data acquisition
(from upstream), (c) data acquisition instruments, and (d) side view of the probe sheltered within the
tube. The sensor is submerged at 20 cm.

SSC and Q were monitored at the Celone river at the M. Pirro gauge (Figure 3) for a
year (July 2010 to June 2011). Discrete samplings for SSC determination were carried out
by using an automatic sampler (ISCO model 6712FS; with 24 bottles; pumped volume 1 L).
The instrument was connected to a Flow Module (ISCO 750 Area Velocity) for continuous
measurements of Q. The sensor provided continuous (5 min) measurements of flow velocity
and stream water stage. These values were converted to Q by using a stage-discharge rating
curve based on the river cross-section, which had a regular and permanent shape. Therefore,
by using a template (Excel worksheet), the cross-sectional area corresponding to each water
stage was calculated. Q was determined by multiplying flow velocity by the corresponding
cross-sectional area. Several tests were completed to verify the sensor measurements.
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Figure 3. Gauging station and data acquisition system at the Celone M. Pirro, Celone river (Apulia
Region, Italy). The red arrow shows the flow direction.

The automatic sampler was set for two different programs. A regular protocol was
established for timed samplings to ensure periodic sample collection at biweekly or monthly
intervals during the arid season (from July to October). Subsequently, as the season
shifted from November to June, the sampling frequency escalated to once or twice a week.
The second program was oriented to monitor flood events. Specifically, it was based on
fluctuations in water level during the hydrograph rising limb and flow velocity variations
during the recession phase. The sampling intervals within the rising limb ranged from
15 min to 2 h, while in the recession limb, they varied from 2 h to 1 day. Over the course of
the study, a comprehensive total of 216 samples were meticulously collected, encompassing
all hydrological conditions. The IRSA-CNR laboratory conducted the analysis of SSCs using
the esteemed APAT-IRSA analytical standard method. More details about instruments and
monitoring plans are reported in [3,29].

3.2. Developing Sediment Rating Curves

SRCs were created to fill the gaps in the SSC recorded dataset at the Carapelle moni-
toring station, and for quantifying the SSC for those days during which no measurements
were available at the Celone gauge.

The SRC is a regression equation determined by using a log-transformed least squares
regression (Equation (1)), where the Q is the independent variable and SSC’ is the dependent
variable.

Log SSC" = loga + b logQ (1)

The result of Equation (1) is needed in the original units. The back-transformation
to the original scale by exponentiation introduces a bias that is an underestimation of the
mean value on the original scale [30,31]. Several attempts have been carried out to enhance
the SSC-Q relationships by introducing a bias correction factor [30,32-34]. In the present
work, the bias correction factor proposed by Duan [33], the so-called Smearing Estimator
(CF), was adopted (Equation (2)). The CF does not require any assumptions about the
distribution of residuals. ,
_ oo

CF N

@
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where N is the number of measurements, ¢i is the residual (Equation (3)).
ei = log (SSC;) — log(SSC)) (3)

where SSC; is the observed concentration and SSC/’ is the predicted values obtained through
regression.

To improve the estimation of SSC/, several authors proposed to develop SRC for
subsets of data defined on a seasonal basis, or on classes of Q rather than the entire
available data set [23,35]. De Girolamo et al. [12] highlighted that for intermittent rivers,
using subsets of data based on the flow regime provides higher accuracy than seasonal
data stratification when estimating SSC’ and load with SRCs. In this research, three distinct
datasets were identified based on classes of Q: high flow, normal flow, and low flow. These
datasets were utilized to construct logarithmically transformed linear functions. To identify
the sub-sets, the Flow Duration Curve (FDC) was used. FDC represents graphically the
percentage of time (X-axis) in which a specific value of flow (Y-axis) is equalled or exceeded.
All the flow conditions are represented in FDC, with lower percentages corresponding to
high flows (i.e., floods) and higher percentages corresponding to low discharges (i.e., low
flows) [36]. This methodology allows representation of the hydrologic response of a river
basin and, therefore the Q variability [37,38].

The following three data stratifications were adopted: R1 (0-5%; 5-70%; 70-100%), R2
(0-10%; 10-70%; 70-100%), and R3 (0-20%; 20-70%; 70-100%), by using different thresholds
for high-flow conditions. Specifically, the flex point observed at 70% of FDC was used to
set the low flow class, which is the same for all the stratifications (70-100%). This range
is associated with low-flow conditions [39]. For high flow instead, three different ranges
were considered 0-5, 0-10%, and 0-20%. The values of 5%, 10%, and 20% are associated
with flood and high-flow conditions [8,11].

The mean error (E) (Equation (4)) was calculated for each dataset as a percentage of
the variances between SSC; and SSC;’ [21],

N[ (85Ci-SsC))
B} (ssc)
E (%)= N x 100 4)

after evaluating the SSC', specific SS loads (tha~! yr~!) were computed both at the Cara-
pelle gauge and at the Celone gauge at daily, and yearly time scales by the integration of
the product of SSC and Q.

4. Results
4.1. Monitoring Streamflow and SSC

The transport of SS is greatly influenced by the flow regime of the rivers (Figures 4 and 5).
It is characterized by a long period (summer) of extremely low flow and a wet period
(winter—spring) with continuous flow and floods. The pattern of SSC strictly follows the
hydrograph for both rivers.

At the Carapelle gauge, the highest Q value (94.4 m3 s~ 1) was registered on 10 Novem-
ber 2010 when also the highest SSC value (18.92 g L~1) was recorded. In the wet season,
the largest flood can generate a high value of SSC due to the whole basin contributing to
sediment generation [8]. Low values of Q (0.005 m3 s~!) and SSC (<0.05 g L~!) are gener-
ally recorded in late summer. In the study period, the absence of flow was not recorded
at the Ordona bridge. However, as reported in the historical time series of Q there are
several years with zero flow conditions and the river is classified as a temporary river [8].
Different SSC magnitudes were recorded for equal discharge peaks, for instance, the floods
recorded on 3 November 2010 (22.19 m3s~1:153 g L_l), and 10 March 2010 (22.03 m3s~ L
0.52 g L=1). The observed behaviour can be attributed to various factors, including the
impact of vegetation, spatial variability of precipitation, and variations in antecedent soil
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moisture content. Indeed, lands with the main crop production (wheat) in the area are
unprotected in November, meanwhile, they are completely covered by vegetation in March.

Precipitation (mm)

1/1/2007
4/1/2007
7/1/2007
10/1/2007
1/1/2008
4/1/2008
7/1/2008
10/1/2008
1/1/2009
4/1/2009
7/1/2009
10/1/2009
1/1/2010
4/1/2010
7/1/2010
10/1/2010
1/1/2011
4/1/2011
7/1/2011
10/1/2011

v ©

10
15
20
25
30
35
40
45

Q(m?s™)
SSC (g L)

~ ~ ~ ~ 0 2] 2] ] [l (<)) D D o o o o — — — —
o o (=] o o o o (=] o o o (=3 o o o = o o o o
o o o o o o o o o o o o o o o o o o o o
4 8 8 & 8 8 8 & 8 8 8 8 8 8 8 (8 8 S8 8«
NS S S S S S S S S S S S S S S SN S
o o 4 a4 d4 4d 49 d o o9 49 d o o - a9 o 49 d \—|
SN S S SN S S NSNS S OCSR CSNSNINTSE TS OISR CSNSNNTYSINTYSSITYSYES TS
- < ~ o - < ~ o - < ~ o — < ~ o - < ~ o

- — — — —

e Q) o SSC

Figure 4. Observed flow (Q), observed suspended sediment concentrations (SSC), and observed
precipitation at the Carapelle Ordona bridge gauge. The year 2009 was not included in this study
due to the lack of data caused by the maintenance of the gauging station.
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Figure 5. Observed flow (Q), observed suspended sediment concentrations (SSC), and observed
precipitation at the Celone M. Pirro gauge. The period between the end of October and the beginning
of November 2010 was not considered in this study due to a malfunctioning of the gauge station.
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In the case of the Celone river, it is noteworthy that similar peak values of Q resulted
in a range of magnitudes of SSC, as depicted in Figure 5. For instance, on 30 November
(10.83 m3 s71; 3.92 g L7!) and 16 May (10.44 m® s~1; 0.81 g L™1), it is evident that the
interplay of vegetation, potential variations in rainfall patterns, and variations in antecedent
soil moisture content plays a significant role in soil erosion and the transport of SS. The
maximum SSC recorded in the wet season was 7.13 g L1 associated with a streamflow
value of 23.5 m3 s~! (5 March 2011). In summer, flash flood events may be critical for SS
transport. Particularly, on 21 July 2010, during a period of intense precipitation (Faeto gauge
recorded 73.6 mm h~!), the recorded SSC was 37.60 g L', accompanied by a Q value of
5.95 m3 s~1. This event marked the highest ratio of SSC to Q observed throughout the study
period. In summer, flash floods characterized by high SSC despite low Q, are frequent. This
is caused by the fact that in summer most of the wheat fields are harvested and, therefore,
the soils in the basin are bare [12]. In this case, if an intense rainfall event occurs, infiltration
excess is the dominant process that generates the overland flow, therefore, Q increase and
decrease quickly and a large amount of SS can be transported into the river including the
sediment accumulated on the river bed [11].

As described by De Girolamo et al. [12] flash floods were considered outliers, therefore,
they were not included in the dataset for developing the SRC.

Based on the dataset presented in this study, at the Carapelle gauge, SSC and Q are
significantly correlated (r = 0.69). The coefficient of determination (R? = 0.48) shows that
the variance of SSC may be explained for 48% by Q, meanwhile, other factors such as
rainfall factors (i.e., intensity, spatial distribution), vegetation cover, and tillage may hold
for the 52% of the variance (Figure 6b). At the Celone gauge, after excluding four outliers,
Q and SSC data from the monitoring campaign (July 2010 to June 2011) were significantly
correlated. The coefficient of determination (R? = 0.66) designates that the variance of SSC
may be explained for 66% by Q (Figure 6a).

40 40

[}
o
1

20

SSC (g L)
’4, [e]
SSC (g L)

Figure 6. Measured flow (Q) and observed suspended sediment concentrations (SSC) at the Celone
M. Pirro gauge (a), and at the Carapelle Ordona bridge gauge (b).

4.2. Developing Sediment Rating Curves

To identify the subsets of data for developing SRC, the FDC was used. For both rivers,
SSC values resulted scattered, especially in high-flow conditions (Figure 7a,b) indicating
that for the same value of Q, different values of SSC were recorded. At the Celone gauge,
the coefficient of variation (CV) for SSC ranged from 109 (low flow) to 251 (high flow;
0-20%). The data stratification R1 showed the lowest CV in high-flow conditions. At
the Carapelle gauge, the CV varied from 28 (70-100%) to 204 (5-70%). R1 showed the
lowest CV for the high-flow conditions compared with R2 and R3. Log-transformed linear
equations were derived to construct SRCs for the previously mentioned data stratifications
(Figures 8 and 9).
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Figure 7. Flow duration curve (FDC) and measured suspended sediment concentration (SSC, red

circles): (a) Celone M. Pirro gauge; (b) Carapelle Ordona bridge gauge. The X-axes and Y-axes are on
a logarithmic scale.
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Figure 8. Sediment rating curves (SRC) developed at the Celone M. Pirro gauge. The Y-axes are on a
logarithmic scale. Statistical significance: p-value < 0.01.

The CF values computed for high-flow conditions were higher than the values
recorded in normal- and low-flow conditions for all the stratification data sets (Table 1)
at the Carapelle gauge. This result indicates that the differences between measured and
modelled values are higher in high flow than in the other conditions. At the Celone gauge,
the highest values of CF were detected for the normal-flow condition clearly indicating very
high residuals in this flow condition. The number of observations and their distribution
among the flow conditions may have influenced the CF values. The latter hypotheses
could also explain the fact that at the Celone gauge the CF values were higher than those
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recorded at the Carapelle gauge. High variability was also detected in the values assumed
by E (%) among the datasets R1, R2, and R3 for both rivers (Table 2). High values of E (%)
were detected for the Celone river, especially for normal- and low-flow conditions. This
result is due to the different monitoring strategies adopted in the two catchments, discrete

and continuous.
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Table 1. Duan’s Correction Factor (CF) computed for the classes of flow (Q) at the Celone gauge and
Carapelle gauge. R1 is for the data stratification 0-5%, 5-70%, 70-100%; R2 is for the data stratification

0-10%, 10-70%, 70-100%; R3 is for the data stratification 0-20%, 20-70%, 70-100%.

Celone River

Carapelle River

R1 R2 R3 R1 R2 R3
High flow 2.04 212 2.20 1.64 2.06 1.87
Normal flow 4.69 3.62 3.13 1.41 1.25 1.16
Low flow 1.24 1.24 1.24 1.04 1.04 1.04

Table 2. Percentage error, E (%), computed for the classes of flow (Q) at the Celone gauge and
Carapelle gauge. R1 is for the data stratification 0-5%, 5-70%, 70-100%; R2 is for the data stratification

0-10%, 10-70%, 70-100%; R3 is for the data stratification 0-20%, 20-70%, 70-100%.

Celone River

Carapelle River

R1 R2 R3 R1 R2 R3
High flow 19.10 29.61 35.52 36.64 59.98 40.08
Normal flow 98.94 191.49 126.39 19.98 15.53 13.15
Low flow 99.97 99.97 99.97 4.67 4.67 4.67
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4.3. Sediment Loads

The annual specific SS load estimated for the Carapelle catchment showed a high
inter-annual variability (Table 3), from 0.878 (2007) to 7.452 t ha~! yr~! (2010). Specifically,
its mean annual value ranged from 3.30 to 3.34 t ha~! yr !, computed without and with CF,
respectively. Slight differences among the three data stratifications (R1, R2, and R3) resulted
in specific SS loads (Table 2). In addition, upon analysis, slight variations were observed
in the results when considering the back-transformation correction CF, compared to the
results obtained without its consideration (i.e., 1.479 t ha=! yr~! and 1.542 tha=! yr~1!,
respectively) (Table 3).

Table 3. Annual specific suspended sediment (SS) loads (t ha~! yr~1) evaluated by applying three
different data stratifications (R1; R2; and R3) and with the back-transformation correction (R1_CF;
R2_CF; and R3_CF) at the Carapelle gauge and Celone gauge.

R1 R1_CF R2 R2_CF R3 R3_CF

Carapelle

2007 0.878 0.881 0.878 0.880 0.878 0.879
2008 1.479 1.542 1.475 1.543 1.474 1.565
2010 7.426 7.437 7.430 7.452 7.431 7.449
2011 3.420 3.439 3.424 3.459 3.429 3.465
Celone

2010-2011 2.610 6.060 2.550 5.780 2.400 5.200

As previously described, the whole data set of the Celone river was limited to one year
(from July 2010 to June 2011), hence, no investigations were carried out regarding the inter-
annual variability. On a yearly basis, the specific SS load, computed by using the three data
stratifications spanned in the interval 2.400 to 2.610 t ha—! yr~! (Table 3). A wide difference
in specific SS loads was detected when using the CF (5.200 to 6.060 t ha™! yr’l). There-
fore, the actual value of specific SS load could vary in the interval 2.610-6.060 t ha=! yr~!
showing a large uncertainty in the estimation.

SS load was mainly delivered during high flow in both catchments. Specifically, the
suspended material transported during the low flow accounts for less than 0.1% of the
total suspended material with slight differences between the basins. More than 80% is
transported in high-flow conditions. Indeed, approximately 94% and 93% were delivered
in the high-flow conditions (>20% of exceedance) in the Carapelle and Celone rivers,
respectively (Table 4).

Table 4. Average specific suspended (SS) sediment loads (t ha~! yr~!) evaluated for high, normal, and
low flow by using three different data stratification (R1; R2; and R3) and with the back-transformation
correction (R1_CF; R2_CF; and R3_CF) at the Carapelle gauge and Celone gauge.

R1 R1_CF R2 R2_CF R3 R3_CF
(tha=l % (thal % (tha=l % (tha=l % (tha=1 % (tha=l %
yr—1) yr—1) yr—1) yr—1) yr-1) yr—1)
Carapelle
High Flow 2.74 83.2 2.75 82.8 3.00 91.0 3.02 90.8 3.14 95.2 3.17 95.0
Normal Flow 0.54 16.5 0.56 16.9 0.29 8.7 0.30 8.9 0.15 4.5 0.15 4.6
Low Flow 0.01 0.4 0.01 0.4 0.01 0.4 0.01 0.4 0.01 0.4 0.01 0.4
Celone
High Flow 223 85.6 491 81.1 227 89.2 4.83 83.5 227 94.3 4.62 88.8
Normal Flow 0.36 13.7 1.12 18.5 0.26 10.1 0.93 16.1 0.26 49 0.56 10.7
Low Flow 0.02 0.7 0.02 0.4 0.02 0.7 0.02 0.4 0.02 0.7 0.02 04

5. Discussion

This study showed that among the factors influencing the SS load determination are
the duration of the sampled period and its characteristics (i.e., dry, wet conditions). Indeed,
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substantial year-to-year fluctuations were recorded for the Carapelle catchment, where the
specific SS load ranged from 0.9 to 7.45 t ha~! yr—! (2007-2011). Also, monitoring strategies
such as the frequency, the type of instrument (i.e., automated water sampling, turbidity
monitoring), and the methodological approach adopted for estimating loads proved to
influence the SS load computation. At the Celone M. Pirro, the specific SS load ranged from
2.40t0 6.06 tha~! yr~! (from July 2010 to June 2011) depending on the computation method.

The present study identified the flow regime as the primary factor influencing SS de-
livery in mountainous catchments. Therefore, it is essential to carefully design monitoring
plans that consider the streamflow behaviour.

Regarding discrete SSC samplings, it is essential to carefully determine the samplings
timing and frequency. This ensures that the temporal variations in SSC are adequately
captured, allowing for a representation of the complete range of Q conditions [40]. Both
steady and sporadic measurements of Q and SSC offer distinct advantages and disadvan-
tages. Steady continuous measurement of SSC offers the advantage of closely tracking the
variations in Q, thereby facilitating the determination of sediment loads. However, this
approach can be expensive and pose challenges, particularly when conducting measure-
ments over extended periods of time. Infrared-based turbidity probes offer the advantage
of providing continuous measurements of SSC. However, the use of these probes presents
certain challenges. Some of the identified issues include the sensitivity of the probe’s out-
put to environmental conditions and the variability in particle size, shape, and colour. To
improve measurements, particle size could be further analysed using laser diffraction [41].
However, a cross-calibration with laboratory determinations is required. Furthermore, it
should be noted that these turbidity probes have a limited operational range. Consequently,
during situations with extreme variations in particle composition, there is a possibility
of underestimating the SSC, particularly in conditions with very high values of SSC [42].
Automatic samplers offer the advantage of collecting regular samples and the ability to
operate also in flood events. However, it is important to note that their usage can be
costly. A limitation in their use is that the number of bottles available (typically 24) may
not be sufficient to adequately cover certain floods, especially those of extended duration.
In addition, in the case of discrete measurements of SSC, the SS load estimation may be
affected by a high uncertainty level depending on the method used for its computation.

In this study, SRCs were formulated and employed to estimate SSC. This methodology
was selected considering its ease of use, and its possibility to be applied in semi-arid regions
characterized by data scarcity [11,43,44]. Indeed, other complex hydrological and morpho-
dynamics models may be used, but they require a large input dataset to be implemented
and a tough training phase [2,11,45,46]. Prior research has pointed out that SRCs underesti-
mate high concentrations and overestimate low concentrations of SSC [9,11,12,21,23,31,47].
Hence, to enhance the accuracy of the SRCs, in this study, the complete dataset was split
into subsets, based on the flow regime using FDC. This methodology allows us to generally
assess the characteristics of Q and of a specific river basin, through a comparison between
the magnitude and frequency [37]. On the other hand, one of the limits associated with
this methodology is that the seasonality of the flow cannot be considered. Indeed, since all
the data were plotted excluding the date of occurrence, the time-dependent information is
lost [48]. Consequently, when FDC is associated with rating curves for the SS load estima-
tion the accuracy can be low due to the non-linear relationship between Q and SSC [37].
This issue could be accentuated in Mediterranean rivers, in which, due to several factors
(i.e., rainfall regime, the shape of the basin, and the location of the sediment sources), the
peak of the SSC may occur before or after the peak of Q [8,49]. Moreover, flash floods in the
dry season may be characterized by high SSC and low Q [11]. One solution which can be
adopted to improve the accuracy is to develop FDC using sub-daily data [50].

The application of CF was then employed to address the error associated with the
back-transformation process. The results in terms of annual specific SS loads are included
in a very short interval when using the three data stratifications at the Carapelle gauge.
Also, the use of CF showed slight differences in specific SS loads on a yearly basis (<0.3%).
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For the Celone river, differences in specific SS load estimations among the three data
stratifications were detected (i.e., 2.40 t ha™1 yr’1 and 2.61 tha! yr’l). In contrast with
the Carapelle catchment, a large interval was detected in the SS load estimated by using
the CF at the Celone catchment (for instance 2.61 t ha~1 yr’1 and 6.01 t ha—! yr’l, for the
R1 data stratification). These results were due to the fact that at the Carapelle gauge the
SRCs were used only for filling the gaps, which in some cases were limited to a few dozen
(20 data in 2007, and 21 in 2010), therefore the difference among the three data stratification
was deemed negligible, as well as the use of the CF. In the case of the Celone catchment, it
was observed that the number of measurements and the specific methodology employed
for computing the sediment load had a significant impact on the results. Furthermore,
these factors contributed to a notable level of uncertainty associated with the findings [12].
Consistent with expectations, a substantial portion of the SS load was observed to be
transported during high-flow conditions, accounting for over 80% of the total load in both
the Carapelle and the Celone catchments. Similarly, Benselama et al. [51] highlighted that
flood can contribute approximately 64%, and that in wet season almost 78% of SS load
was recorded. In contrast, during low-flow conditions, the SS load was significantly lower,
comprising less than 0.7% in the Celone catchment and approximately 0.4% in the Carapelle
catchment. High variability was also detected in the values assumed by E (%) among the
datasets R1, R2, and R3 for both rivers. Data stratification R1 showed the lowest E (%) in
the high-flow condition compared with R2 and R3. Considering that most of the SS load
was transported during the high flow, R1 is the best data stratification strategy for assessing
SS load. The values of specific SS load (t ha™! yr‘l) observed in the Mediterranean areas
are extremely variable [8]. Liquete et al. [52], for different river basins located in Spain,
reported specific SS load values ranging from 0.004 to 2.00 t ha—! yr~!. A slightly higher
value (2.94 tha™! yr’l) was indicated for the Wadi El Maleh basin (Algeria) [51]. Estrany
et al. [43] reported an SS load ranging from 2.20 to 4.50 t ha~! yr~!. In Italy, within an
analysis involving 40 different basins, Van Rompay et al. [53] observed a range between
0.20-19.6 tha~! yr~—1. A higher value (32 t ha=! yr~!) was evidenced for a basin located in
central Apennine [54]. The values obtained for the two studied basins were similar to what
is reported here for Mediterranean environment and, also in line with the average value of
6.73 tha=! yr’1 reported in Vanmaercke et al. [55].

Several studies that analysed the soil formation rates clearly indicated that soil for-
mation is highly variable [56,57]. Alewell et al. [58] reported an average soil production
rate in alpine areas ranging between 0.54 and 1.13 t ha—! yr~! for old soils and between
1.19 and 2.48 t ha~! yr~! for young soils. Similarly, soil loss tolerance (SLT) can assume
different rates based on environmental factors (i.e., soil type, soil depth, and climate) [59,60].
Europe’s environment assessment [61] reported SLT in the range 1-5 t ha~! yr~! (shallow
sandy soils and deep soils, respectively). However, over the long period, it is clear that
annual soil loss higher than 1 t ha~! yr~! may produce irreversible soil damage if the soil
formation rate is low [62]. The European Commission [63] recommended that the Member
States adopt SLT values suitable to guarantee soil functions and sustainable soil use. Cur-
rently, SLTs of 0.3-2 t ha=! yr ! are adopted in Europe depending on the soil formation rate.
This study highlighted that both in the Carapelle and the Celone catchments the specific SS
load is higher than SLT, and confirms other studies carried out in neighbouring areas [47].
We argue that soil erosion values are higher than STL in the entire mountainous area of
“Monti della Daunia”, hence, in both catchments, a program of mitigation or conservation
measures is needed to reduce soil losses.

6. Conclusions

The annual variation in specific suspended sediment (SS) load in a catchment is
influenced by factors such as wet or dry conditions and sediment load estimation methods.
This study emphasizes the importance of monitoring streamflow and suspended sediment
concentration (SSC) to assess soil loss. The findings reveal that both the Carapelle and
Celone catchments experience soil losses exceeding the rate of soil formation.
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The study demonstrates the effectiveness of sediment rating curves (SRCs) for estimat-
ing SSCs and filling data gaps. However, accurate SRCs require a comprehensive dataset
covering diverse hydrological conditions, including flood events. The study implemented
a data stratification approach based on flow regimes to enhance sediment load estimation
by developing and testing multiple sediment rating curves.

These findings are valuable for water resource managers in quantifying suspended
sediment loads. Further research should investigate the relationship between agricultural
management practices, soil erosion, and suspended sediment loads. Identifying effectively
the best management practices to reduce soil losses in the Carapelle and Celone catchments
is crucial. These studies can contribute to strategies for mitigating sediment transport and
improving water resources management in the area.
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Figure Al. Relation between measured turbidity (NTU) and gravimetric SSC. Reprinted with
permission from Gentile et al. [28].



Water 2023, 15, 2715 16 of 18

25
20 1
z R? = 0.95 [
2 15 )
2 10 =
° o
7] 54 —— 3
g feH D # 80
R Ll L T T L L | ] Ll Ll Ll Ll L) Ll L

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Gravimetric SSC (g/l)
+ Dry base material o  Wet base material

Figure A2. Relation between measured SSC and gravimetric SSC. Reprinted with permission from
Gentile et al. [28].
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batches). Reprinted with permission from Gentile et al. [28].
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