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Abstract: This study, using different direct and indirect methodologies, evaluated the sedimentation
rate in an artificial reservoir in central Italy. This reservoir is regionally representative and was built in
the 1960s for hydroelectric purposes; it has experienced a strong decrease in trap efficiency and a loss
of over 70% of the stored water volume. Direct measurements of the lake bottom bathymetry, carried
out in 2006 and 2015, and 3D reconstructions performed in a GIS environment, made it possible
to calculate the volume of filling material and to verify an increasing trend in the sedimentation
rate since 2006. The sample reservoir denudation rate was compared with that obtained using the
Revised Universal Soil Loss Equation method to calibrate the fundamental and critical factors of the
method itself, and verify the contribution of a hydrological “direct” (through new channels or gullies)
or “diffuse” (overland flow) connectivity. Furthermore, the comparison with the results obtained
from past studies on ten other artificial regional reservoirs, performed with morphometric analysis,
demonstrated a good relationship between soil erosion rate, stream frequency, and contributing area
size. The study highlighted how a correct estimate of soil erosion and/or solid transport rates within
a hydrographic basin is fundamental for the assessment of the trap efficiency of a reservoir, in a
period in which the availability of water resources is becoming more and more vital.

Keywords: soil erosion rate; trap efficiency; RUSLE; sediment connectivity; sediment yield; artificial
reservoirs

1. Introduction

Reservoirs serve four purposes for people: (i) irrigation, industrial use of water, and
drinking water; (ii) flood control; (iii) electricity and power production; and, (iv) leisure.
Moreover, artificial reservoirs built along watercourses undoubtedly represent a strategic
infrastructure system for nations, both for the management of the accumulated water
resource and, increasingly, as a defense for the hydraulic safety of downstream areas [1].
Artificial reservoirs play an important role in organic carbon storage, with an accumulation
rate often higher than that existing in natural environments or the oceans [2], and are thus
considered helpful in checking climate change. Therefore, any loss of efficiency of these
water supplies and regulation systems, linked to pollution or, more often, to the problem of
progressive “trap efficiency” loss due to filling, can cause large damage to the economy
or to the ecological status of the river itself [3-9]. Moreover, trap efficiency is challenging
due to the need for a long-term dataset, which are not available in many parts of the
world due to the lack of measurements and the fact that most of the reservoirs have been
constructed recently.

The numbers of these losses are worrying; according to FAO (Food and Agricul-
ture Organization of the United Nations, 2002 [10]) approximately 1% of the total water
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volume stored in major world reservoirs is lost annually due to sedimentation and this
corresponds to approximately 60 km® of water. Human activities carried out upstream
of the reservoir are usually responsible for this sediment accumulation. The reservoir
siltation is mainly related to the high, non-sustainable erosion rates that are measured in
agricultural land [11-15] even though erosion processes, especially in the Mediterranean,
are also attributed to forest fires that remove the vegetation cover and induce changes in
the erodibility of soils [16,17]; the amount and accumulation rate, finally, depends on the
hydro-geomorphological characteristics of the basin and the fluvial regime.

The sediment abundance in a stream, however, is a complex management problem and
represents a strategic objective, even for the European Community. The European Water
Framework Directive (WFD, Directive 2000/60/EC), although it does not deal specifically
with sediments, clearly identifies a link between sediment monitoring in a river catchment
and the achievement of the WFD objective (good status of all European water resources by
2015). Nevertheless, the implementation of the WFD shifts the scope from local sediment
management (dredged material) to river basin scale sediment management; therefore,
recently the European Sediment Network (SedNet) successfully raised attention about this
issue by making it essential to integrate sustainable sediment management in WFD—River
Basin Management Plans (2016).

The situation in Europe is one of the worst worldwide because European reservoirs
are old, and reservoir siltation is a problem in the Mediterranean due to the high erosion
rates [18-20]. In particular, Italy is ranked third in Europe for the number of artificial
reservoirs (approx. 570) with a volume exceeding 1 million cubic meters, after Spain (approx.
1200) and the UK (approx. 580); the average infrastructure system age is over 50 y and the
remaining life can be estimated to be a few tens of years, for which a significant reduction
in the productivity is expected if adequate actions and works are not adopted [21,22].

Although the problem is extremely topical, few data are available, largely because of
the costs related to bathymetric studies. Most of the data have, therefore, been obtained
using indirect methodologies and assessments. The Revised Universal Soil Loss Equation
(RUSLE) method [23-25] is certainly one of the most commonly used, due to both its
versatility and, after more than 40 years since its first formulations, the high number of
applications and study cases. The reliability of this method, however, particularly its
correlation (where possible) with direct field measurements, is often uncertain, especially
due to the difficulty in estimating some parameters that may significantly influence the
final score. One of these is the parameter P, used to quantify the influence of human
activities and works on soil erosion processes. Although some authors have proposed
ranges of values based on morphological parameters (slope angle) or land use (type of
crops) [1,25-30], these classifications are not uniquely applicable.

The present study is a novel attempt to analyze reservoir siltation in central Italy.
Through the comparison between direct (bathymetric) and indirect measurements (RUSLE
method), this investigation seeks to contribute to the evaluation of the soil quantities eroded
from a sample watershed (the San Rocco watershed), which is primarily responsible for
filling an artificial basin used for drinking water and electric power production.

Through geomorphological assessments and bathymetric data processing in a GIS
environment, it was possible to calculate the denudation rate and its trend since 1963 (the
year of reservoir construction). Moreover, by comparing the results obtained using the
RUSLE method, calibration of the RUSLE parameters was attempted; among these, specific
attention was paid to the parameter P, which is related to anthropogenic pressures and is
fundamental to estimating soil erosion quantities. The denudation rate thus calculated was
compared with data obtained, approximately 30 years ago, from 10 artificial basins located
along the main rivers on the Adriatic side of central Italy. Given the strong heterogeneity of
both the size and bedrock composition of the feeding basins, the correlation was attempted
through the use of morphometric parameters such as the Denudation Index [31], the
Relief Ratio [32], and the Stream Frequency [33], all expressed as a function of the source
basin area.
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The obtained results demonstrate that, in the absence of direct measures of the soil
erosion rate, the combined use of indirect methods (RUSLE) and morphometric analyses
of the feeder basins is certainly an excellent compromise, provided the availability of a
significant number of data and a proper calibration of the methods adopted.

2. Materials and Methods
2.1. Study Area

The study area is located in the Marche Region, on the Adriatic side of central Italy
(Figure 1). The landscape is mostly hilly, with typically small and narrow alluvial plains.
The highest elevations (up to the 2476 m a.s.l. of Mount Vettore) are present along the Apen-
nine Ridge to the west, while they progressively decrease eastwards towards the Adriatic
Sea. All rivers follow the regional altitudinal gradient, flowing almost perpendicular to the
coastline. No lakes are present, even though there are many artificial reservoirs of different
sizes exploited for drinking water, electric power production, or both.
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Figure 1. Geological sketch of the study area (numbers indicate the artificial reservoirs analyzed
within the paper). (1) Le Grazie; (2) Borgiano; (3) Polverina; (4) Fiastrone; (5) San Ruffino; (6) Gerosa;
(7) Villa Pera; (8) Talvacchia; (9) Colombara (10) Scandarello.

This portion of the Marche region is characterized by a typical Mediterranean climate
defined as Adriatic-sublittoral [34]. During the year, the region experiences temperatures
between 16-17 °C and 4-5 °C, with mean temperatures ranging between 12 and 15.5 °C;
the highest values are recorded near the coast, while the lowest correspond to the highest
peaks of the Apennine ridge [35]. Rapid spatial variations in temperature, however, are not
rare and are caused by the orographic influence, which modifies the thermal conditions of
the air masses that hit the region. Even precipitation follows a similar trend, ranging from
600-800 mm along the coast up to 1100-1700 mm in the mountain [36-38].
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Geologically (Figure 1), the study area is characterized by the presence of mainly cal-
careous formations in the mountains, turbiditic deposits in the central part, and alternating
clays, sands, and conglomerates near the coast [39,40].

The main geomorphological features are those connected with slope and fluvial pro-
cesses: mass movements of different types, sizes, states of activity, and ages are very
widespread along the slopes [41,42], while several orders of Quaternary fluvial deposits [43]
characterize the valley floors.

Within this sector, the San Rocco Stream, a right tributary of the Chienti River, is
located in the central Marche Region and flows roughly N-S into the Le Grazie Lake,
one of five artificial reservoirs built within the Chienti River Basin (Figures 1 and 2). The
San Rocco watershed (around 13 km?) shows a typically hilly morphology, with gentle
slopes and elevations ranging between 220 and 510 m a.s.l. The bedrock outcrops only
locally, mostly in correspondence with the water divides and is made by alternating
predominantly arenaceous-pelitic and pelitic-arenaceous levels. Quaternary deposits are
mostly constituted of medium-fine colluvial deposits; however, gravitational phenomena
(shallow and of medium depth) are also numerous, both active and dormant, consisting of
rotational slides, flows, and solifluctions [44] (Figure 2a).

L

Le Grazie
lake

Colluvial deposits
8% Landslides
Fluvial deposits
Arenaceous bedrock
Arenaceous-pelitic bedrock
I Marly-calcareous bedrock

;

CLC 2018

M Broad-lived forests
] Complex cultivation patterns

[ Land principally occupied
by agriculture

B Non irrigated arable land
Transitional woodland shrub
| Water bodies

Figure 2. Cont.
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Figure 2. San Rocco basin. (a) Schematic geological and geomorphological map; (b) land use map
based on the CLC classification of 2018; (c) land use map based on the CLC classification of 2000.

Land use is predominantly agricultural. According to the CORINE Land Cover (2018)
dataset, approximately 62.3% of the basin consists of non-irrigated arable land, while com-
plex cultivation patterns alternating with significant areas of natural vegetation represent
approximately 21.5% of the basin; the remaining part of the watershed is composed of
broad-leaved forests and transitional woodland shrubs, which are only visible along the
main incisions (Figure 2b). This crop setting has remained almost unchanged for at least
the past twenty years; in Figure 2¢, according to the CORINE Land Cover of the year 2000,
it is possible to note that only small areas of the basin have changed land use from “non
irrigated arable land” to “complex cultivation patterns”.

Specific soil characteristics have been extrapolated from the soil map of the Marche
Region at a 1:250,000 scale and according to the World Reference Base for Soil Resources
(WRB; IUSS Working Group, Rome, Italy, 2015). The study basin is almost totally char-
acterized by the presence of Calcaric Cambisols, which are very common in temperate
and boreal regions: this category is represented by brownish, well-drained soils, with
fine to medium textures and the presence of a cambic horizon (Bw), below the organic-
mineral one.

2.2. Sediment Connectivity

Sediment (or flow) connectivity is a term used to describe the internal linkages between
runoff and sediment sources in the upper parts of catchments and the corresponding sinks.
The following [45] two types of connectivity can be distinguished: direct connectivity via
small channels or gullies, and diffuse connectivity via overland flow pathways towards
the stream network; in general, however, if a system is characterized by a high degree of
connectivity, it is also characterized by high mass transfer capacity [46—49].

In this study, sediment connectivity was used in combination with RUSLE to verify
the correspondence between areas at the greatest risk of erosion (calculated by RUSLE)
and areas of origin and sediment transfer (high connectivity). Specifically, we evaluated
a Connectivity Index (IC) following the GIS-based approach proposed by [47]; starting
from a DTM (LIDAR) with 1 x 1 m resolution, we choose a weighting factor W (which
represents the impedance to runoff and sediment fluxes), based on the C factor of USLE-
RUSLE models ([24,25], as described in Section 2.4) in turn derived from the Third Level of
the Corine Land Cover 2018. The C factor represents the crop /vegetation factor used to
determine the relative effectiveness of crop management systems in terms of soil loss.

The formula used to calculate IC was:

IC = logyy ————— )
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with:

W = average weighing factor of the upslope contributing area (dimensionless)

S = average slope gradient of the upslope contributing area (m/m)

A = upslope contributing area (m?)

d; = length of the ith cell along the downslope path (in m)

W; = weight of the ith cell (dimensionless)

S; = slope gradient of the ith cell (m/m)

The GIS procedure, performed using ESRI ArcGIS Pro 2.9.2, reflects, as mentioned
previously, that described by [47] to produce a set of intermediary raster maps:

Slope map without null value (zeros are replaced with 0.005);

Flow direction map;

Flow accumulation map;

Weight map represented by the raster map of the C parameter (from RUSLE);

Flow length map.

The IC map is finally evaluated using the general formula.

2.3. Bathymetric Surveys and Sediment Characteristics

Bathymetric surveys are useful for estimating reservoir volumes of water (and sedi-
ments) and corresponding surface areas at a particular elevation [13]. Three sets of reservoir
topographic maps were used for this study: one referred to the period of realization of Le
Grazie Lake, which shows the lake condition immediately after the dam construction in
1963, and the others based on data collected during the 2006 and 2015 bathymetric surveys,
performed using a multibeam “Reson” echo sounder (240 kHz) [50,51].

The data collected were initially processed in a GIS environment using ESRI ArcGIS
Pro 2.9.2 to reconstruct the isobathic lines of the lake bottom and then the digital terrain
models (DTM) corresponding to the three analyzed periods. In a second phase, through the
ArcGIS-3D Analyst extension, math analyses were performed to calculate the variations
in stored water volume and, consequently, in the sediment volumes deposited inside the
basin. It must be emphasized that the analysis does not consider the sediment quantities
drained from the dam during periodic management activities. Further data on the volume
of sediments present within the Le Grazie lake were then obtained from a study carried
out by [52] for an initial assessment of the loss of productivity of the hydroelectric plants
connected with 10 reservoirs in the Marche region.

The characteristics of sediments stored inside the reservoir (Atterberg limits, textures,
soil density, etc.) were derived from laboratory analyses performed on two samples of
material taken from the bottom of the lake (Figure 3).

0 100 200 m

1 1
13°16'15"E 13°16'25"E

sam.EIe 1

+sample 2

43°11'05"N
1

Figure 3. (a) Location of sampling sites; (b) “Van Veen” type bucket used for sediment sampling.



Land 2022, 11,1924

7 of 22

2.4. Revised Universal Soil Loss Equation (RUSLE)

RUSLE [24] is an empirically based model founded on the Universal Soil Loss Equation
(USLE) [25], and consists of mathematical equations that estimate average annual soil loss
and sediment yield resulting from inter-rill and rill erosion.

Coupling RUSLE and GIS analysis, which allows the processing of considerable
quantities of spatial data, has been shown to often be an effective approach for estimating
river basin soil loss [13]. Five major factors (rainfall pattern, soil type, topography, crop
system, and management practices) are used in RUSLE for computing the expected average
annual erosion through the following equation [23,24]:

A = R*xK+«LS*xCx*P 2)

where A is the computed spatial average soil loss and temporal average soil loss per unit
area (tons ha™! year’l), K the soil erodibility factor (tons ha h ha=! MJ~! mm™1), R the
rainfall-runoff erosivity factor (MJ] ha~! mm™!), L the slope length factor, S the slope
steepness factor, P the conservation support practice factor, and C the cover management
factor; L, S, C, and P are all dimensionless.

The Erosivity factor R, also called the “Index of aggressiveness of the rain”, expresses
the climatic influence in the erosion phenomenon through the combined effect of the
raindrop impact and the runoff phase, both sheetflow and rills. For its evaluation, it is
possible to follow different procedures based on the analysis of heavy rainfall recorded
in a substantial number of years. In this work, the R value was computed using the
Arnoldus equation:

R = ((4.17 % F) — 152) %« 17.02 (©)]

where F is Fournier Index, which is defined as:

12 p2
- J
F = ]; 5 (4)

where P]2 is the average monthly rainfall for the J* month and P is the mean annual rainfall
in millimeters. For the study area, a 64-year (1951-2015) data inventory from the rain gauge
of Tolentino located in the neighboring Le Grazie reservoir was used.

The K factor is an empirical measure of soil erodibility as affected by intrinsic soil
properties [27,53]. The main properties affecting K are soil texture, organic matter, structure,
and permeability of the soil profile. The first three characteristics were estimated through
laboratory analyses performed on soil samples collected from the neighboring watershed
while qualitative analyses were used for the evaluation of the permeability.

The K value based on basic soil property variables can be expressed in mathematical
terms [25,54] as follows:

K = [2.1 x107%(12 — SOM) * MM +3.25 % (S —2) + 2.5 (P — 3)] /100 (5)

where M = silt (%) + very fine sand (%) * (100-clay (%)), St and P’ are the soil structure and
permeability class, respectively, and SOM is soil organic matter content (%).

The effect of topography on soil erosion in RUSLE was evaluated using the LS factor,
which combines the effects of a hillslope-length factor L, and a hillslope-gradient factor S.
It is important to notice that when hillslope length and/or hillslope gradient increase, soil
loss increases.

In this study, LS was calculated using the Unit Stream Power Erosion and Deposition
(USPED) method, and a product between raster maps in a GIS environment (ESRI ArcGIS
Pro2.9.2).
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The L factor for point i on a slope was calculated as follows:
_ A\
L = (m+1)(221> (6)

where L is the slope-length factor at some point on the landscape, A4 is the area of upland
flow, 22.1 is the unit plot length, and m is a value depending on the soil’s susceptibility
to erosion.

The calculation of S is shown in the following Equation:

sin (0.01745 x edeg)

5= 0.09

@)

where 6 is the slope in degrees, 0.09 is the slope gradient constant, and n is an adjustable
value depending on the soil’s susceptibility to erosion. Designations for exponents m and n
can be found in the literature [24,55-57]. In this project, m = 0.4 and n = 1.4 were used.

The vegetation cover and management factor C represents the effect of cropping and
management practices in agricultural management, and the effect of the ground, tree, and
grass cover on reducing soil loss in non-agricultural situations. An increase in vegetation
cover decreases soil loss. According to [23,58,59], vegetation cover, slope steepness, and
length factors are most sensitive to soil loss; therefore, detailed knowledge of land use and
typology of soil should be first considered. The C factor was evaluated starting from the
3rd level of the CORINE Land Cover inventory (CORINE, 2018), which classifies the land
use for all the European countries according to the experimental values from [60].

The P factor quantifies the effects of the conservation practices and, in particular,
considers the ratio of soil loss by a support practice to that of straight-row farming up and
down the slope. The correct evaluation of the P factor represents a crucial point of the
whole RUSLE method. Since this parameter ranges between 0 and 1, it appears evident
that its relative weight within the formula may determine even considerable differences
in the final result. Despite this limitation, few studies have focused on this aspect, often
leaving the P factor evaluation only to the experience and sensitivity of the authors (and
not to a real objective calculation); in many cases, the value is taken conventionally as 1.

In this study, three methods for P factor estimation are considered:

In the first procedure (“Napoli-Wener” method), as reported by several authors [1,26-28],
the P Factor is calculated as follows:

P = 02+0.030 8)

where 0 is the slope in degrees.
In the second procedure (“Wischmeier method”), P is calculated based on the slope as
a percentage [25] as shown in Table 1:

Table 1. Relationship between slope (%) and the P factor value for different land uses following the
“Wischmeier” method.

Slope (%)

P factor

Agricultural Lands Other Land Uses
5-10 10-20 20-30 30-50 50-100 0-100
0.12 0.14 0.19 0.25 0.33 1

Finally, (“Bazzoffi method”) P is calculated based on the “Corine Land Cover—CLC”
land use map [29,30] (Table 2).
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Table 2. Relationship between CORINE Land Cover Class and P factor value for different land uses
following the “Bazzoffi” method.

CLC Class (ITII Level)
2.1.1 242 24.3 3.1.1 3.24
P-factor 0.8 0.25-0.5 0.2

2.5. Morphometric Analysis

Together with the assessments described above, morphometric analysis was performed
on the San Rocco and 10 other river basins that feed artificial reservoirs in the study area and
which have shown similar trap efficiency loss in recent years (Figure 1). The main purpose
was to verify if some morphometric parameters, mainly the expression of the erosion rate,
slope, and degree of river basin hierarchization, were dependent on the basin area itself.
Data used for the analysis were partly extrapolated from previous studies conducted in
the early 1980s when it was possible to make a first direct measure of the filling rate inside
some artificial reservoirs from the date of their operation [52,61]. However, the values
obtained were underestimated, as the reservoir management agencies have implemented
systematic, albeit not frequent or completely effective, sediment removal procedures
over time.

Three morphometric parameters were considered, calculated from the Italian official
topographic map at a 1:25,000 scale:

The Stream Frequency (Fs) [33]:

H
Fs = A 9)

where p is the total number of river segments of each hierarchical order and A is the area
(km?) of the contributing basin;

The Relief Ratio (Rh) [32]:
Ah
L
where Al is the difference in height between max and min elevation of the basin and L is
the length of the main reach (dimensionless); and

The Mean Annual Denudation Index (I;) [31]:

Rh = (10)

i = (11)

usually expressed in millimeters, where V is the mean annual volume of trapped sediment
and A is the basin area. Subsequently, the existence of a possible correlation with the area
of the contributing basin was verified for each morphometric parameter.

3. Results
3.1. Connectivity Analysis

As described in Section 2.2, the evaluation of the Connectivity Index (IC) was carried
out starting from the DTM (LIDAR) at 1 x 1 m resolution and using the C factor of the
RUSLE as a weighting factor; the latter was obtained using the values derived from the
Soil and Landscape Map of the Marche Region [60] and by reclassifying the soil classes of
the third level of the Corine Land Cover 2018 (Table 3 and Figure 4).

The result of the procedure, shown in Figure 5, demonstrates how the IC ranges from
a minimum of —10 to a maximum of 4; the highest values are concentrated along the main
reaches except for some segments located in the southwestern portion of the basin where
areas characterized by broad-leaved forests and permanent crops predominate and the
Connectivity Index falls generally under the value of 0. It should be remembered, however,
that the IC does not express an absolute value but only provides a differentiation on a
qualitative basis of the mass transfer efficiency of a stream network.
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Table 3. Relationship between CLC soil classes and C factor for the San Rocco basin.

2. Agricultural areas

2.1 Arable land 2.1.1 Non irrigated arable land 0.1

2.4 Heterogeneous agricultural areas 2.4.2 Complex cultivation patterns 0.05

2.4.3 Land principally occupied by agriculture 0.07
3. Forests and 3.1 Forest 3.1.1 Broad-leaved forests 0.001
seminatural areas 3.2 Shrub and/or herbaceous vegetation associations  3.2.4 Transitional woodland shrub 0.04
5. Water bodies 5.1 Continental waters 5.1.2 Water bodies 0
13716 A7 1318€

C_RUSLE
[990.001 -0
777.0.002 - 0.04
[ 0.041 - 0.05
N 0.051 - 0.07
I 0.071 - 0.1

Figure 4. San Rocco basin. Map of the RUSLE C factor.

0
13°16'E

(€
I -10.172 - -6.156
Il -6.155 - -3.31
B -3.309 - -2.362
[ -2.361 - -1.636
-1.635 - -1.078
-1.077 - -0.576
I -0.575--0.074
[ -0.073 - 0.595
I 0.596 - 1.655
B 1.656 - 4.055

[ Major contributing sector

Figure 5. Map of sediment connectivity for the San Rocco basin.
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3.2. Bathymetric Analysis

The comparison between the results of the bathymetric surveys carried out in 1963,
2006, and 2015 made it possible to evaluate the progressive filling of the Le Grazie reservoir
and the relative deposition rate over time.

The bathymetry reconstructed for the year 1963 (Figure 6 and Table 4) shows how the
reservoir at the time of its construction had total water storage of around 940,000 m? at its
standard elevation of 220 m a.s.l and a reference surface of 0.11 km?.

Value
220.04

l 205.88

year 1963

1
13°16115°E

Value Value -

220.35 220.14

211.79 213.57

year 2006 year 2015

=7
43°1105"N
1
o

75 150m t 0 75 150 m £
L - | [/ |

Figure 6. Water depth (depth to the top of the sediment infill) reconstruction for Le Grazie reservoir
in the years 1963, 2006, and 2015.

Table 4. Storage capacity and filling rate of Le Grazie reservoir in the years 1963, 2006, and 2015.

Water Budget

1963 2006 2015
Water volume [m?] 940,666 323,085 170,167
Volume lost [m3] 617,581 770,499
Volume lost (%) 65.65% 81.91%
Sediment Budget and Deposition Rate

1963-2015 1963-2006 2006-2015

m3/year mm/ year m3/year mm/year m3/year mm/year
Le Grazie (entire reservoir) 14,817 128.38 14,362 124.44 16,991 147.21
Le Grazie (reservoir-SW sector) 4153 123.38 3676 109.22 470 13.97
Le Grazie (large fan) 9266 153.30 9157 151.51 9520 157.50
Le Grazie (small fan) 3125 142.81 3455 157.88 999 45.63

The sediment volume calculation performed in a GIS environment shows that, between
1963 and 2015, around 770,000 m® of material was globally deposited within the Le Grazie
reservoir, with a mean rate of 128.38 mm/year. This caused the loss of approximately 82%
of the reservoir’s storage capacity. The filling rate, however, was not constant; comparing
the bathymetries of 1963, 2006, and 2015, a clear, albeit limited, increase during 2006-2015
compared to the one in 1963-2006 (147.21 mm/year versus 124.44 mm/year) was recorded.

The values obtained are also in line with those calculated in a previous study [53],
which calculated, for the period 1963-1982, a volume of sediments of about 26,100 m3,
equivalent to a mean sedimentation rate of 131.81 mm/year.

However, the above results must be treated with care, as they are subject to a certain
degree of uncertainty linked to (i) a different method of acquisition of the bathymetric
data between the study of 1982 and the present one, and (ii) the activation of systems
and procedures, especially during flood events, that provide for the outflow of water
from the bottom of the reservoir to facilitate solid transport; unfortunately, no detailed
documentation of these procedures was kept.
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A further factor of uncertainty in the estimation of sedimentation rates inside the Le
Grazie reservoir is linked to the presence, in series, of three other artificial lakes along the
Chienti river upstream, which could certainly influence the solid transport.

A more reliable estimate can be made by limiting the analysis to single sectors of the
lake. By observing the progressive filling of Le Grazie reservoir, a fan-like morphology
at the confluence between the San Rocco Stream and the lake emerges (“minor fan”);
additionally, it is possible to delimit the sediment volume coming from the whole San
Rocco Basin in contact with the reservoir along the southern side (“major fan”) (Figure 7).

|:] Small fan
r_ —_, Large fan
= ESW portion
San Rocco basin

Value
N 220m

B 211m

year 1963

[ smaiifen year 2006 - [ smaiifan year 2015
r_ —_, Large fan v r; : Large fan / i -
SW portion 4 &

2" " sw portion A
San Rocco basin 7 San Rocco basin

Value
P 220m
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N 220m

43°11'15"N
i !

B 214m B 216m

ﬁ 0 80 160 m £ 0 80 160 m
| S— —

—

43°11'05"N
|

Figure 7. Progressive filling of sediments of Le Grazie reservoir in the period 1963-2015; two fan-like
morphologies result evident in the SE portion of the lake.

From the analysis of the sedimentation rates in correspondence with these two specific
sectors, interesting information emerges on the origin of the materials that constitute the
filling of the reservoir (Table 4). Firstly, if referring to the period 1963-2015, the rates are
significantly higher (on average between 142 and 153 mm/year compared to 124 mm/year
for the entire basin). The difference is even more marked if the same values are compared
with those obtained considering only the SW sector of the reservoir (Figure 7 and Table 4)
and if the 2006-2015 time span is used.

During this period, in particular, the NE sector of the reservoir shows sedimenta-
tion rates around 157 mm/year against 14 mm/year in the SW portion; almost all the
contribution is linked to the area identified as “large fan”, while the contribution of the
“small fan” drops drastically from around 157 mm/year in the period 1963-2006 to around
45 mm/year in the 20062015 interval.

The results demonstrate that, during the entire observation period, but especially in
the last decade, the major contribution to the reservoir’s silting is linked to the action of the
San Rocco basin and, in particular, its main channel (through the “small fan”); subsequently,
as evidenced by the satellite image and by the three cross-sections made transversely to the
reservoir (Figure 8), this contribution is less evident due to the progressive filling of this
sector and the consequent advancement of the stream mouth.

Finally, as described in Section 2.3, the characteristics of sediments stored inside the
reservoir were derived from laboratory analyses performed on two samples of material
taken in the center of the lake, approximately at a distance of 130 and 250 m from the dam.
The results are shown in Figure 9.
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Figure 8. Bathymetric profiles showing the progressive filling of Le Grazie reservoir in the period
1963-2015.
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Figure 9. Geotechnical and sedimentological characteristics of two samples of sediment taken from
the basin (see Figure 3 for the location). 2.

The samples analyzed show very similar characteristics, testifying to almost homoge-
neous sedimentation inside the reservoir. More specifically, the data show sediment where
the silty (around 66%) fraction prevails over the clayey (around 29%) and sandy (around
3%) ones. The Atterberg limits, on the other hand, indicate a material characterized by a
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medium degree of plasticity (Plasticity Index PI = 12%), while the density y of the material,
fundamental for the subsequent calculation of the quantities of soil eroded by RUSLE,
ranges between 1.64 and 1.71 g/cm?3.

3.3. RUSLE Analysis

The results of the application of the RUSLE method for soil erosion rate evaluation are
shown in Figure 10. As described in Section 2.4, the maps of the R, LS, K, and C factors
for the San Rocco basin were initially processed in the GIS environment; subsequently,
three different erosion maps (RUSLE) were produced, combining these with the P fac-
tor maps elaborated using the three methods described (“Wischmeier”, “Bazzoffi” and
“Napoli-Wener”).

RUSLE map_1

tons ha ' year'

C-factor

LR

P 143916

L1

P-factor
(Bazzoffi)

K-factor -

fons ha h ha'' MJ” mm*

0028

RUSLE map_2

tons ha'year'

P-factor
2N . (Napoli-Wener)

P 162233
-

LS-factor

e

P-factor
(Wischmeier)

RUSLE map_3

tons ha ' year'

R-factor =i

MJ ha'mm’

o

P 49.9454

Figure 10. The RUSLE procedure for soil erosion rate evaluation in the San Rocco basin.

Concerning the contribution area, the calculation of the RUSLE was carried out in two
different areas: the first corresponding to the entire San Rocco basin and the second taking
into account only the portion with the highest value of the Connectivity Index (positive
values) as shown in Figure 5.

The resulting values (normalized for the area) are summarized in Table 5.
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Table 5. Comparison between deposition rate calculated with direct measures and soil erosion rate
evaluated by RUSLE.

Deposition Rate (Bathymetric Analysis)

Le Grazie (large fan)

Le Grazie (small fan)

1963-2015 1963-2006 2006-2015

m?3/year tons/year m?3/year tons/year m?/year tons/year
9266 15,567 9157 15,384 9520 15,232
3125 5250 3455 5804 999 1678

Soil erosion rate (RUSLE)

San Rocco basin

IC-based ontribution basin

P-factor method

Wischmeier (tons/year) Napoli-Wener (tons/year) Bazzoffi (tons/year)
2421 7883 4066
1658 5365 2800

At first glance, the results obtained from the application of the RUSLE method (with
any value of the P factor considered) are considerably underestimated, especially when
compared to the sector identified as “large fan”. This discrepancy could be certainly linked
to the difficulty of estimating and calibrating some fundamental method parameters, such
as K (soil erodibility) and C (cover management), as mentioned in Section 2.4 and high-
lighted by many authors [62,63]. Furthermore, the contribution of sediments transported
by the Chienti river (main tributary of the reservoir) also has to be considered; although
limited upstream (as mentioned) by the presence of other artificial basins, it can carry
significant quantities of material.

The comparison is certainly more realistic if one compares the values of the erosion
rate with those deposited in the sector defined as “small fan”. By analyzing the results
obtained using the three different values of the P factor, it is possible, initially, to exclude
those produced by the application of the “Napoli-Wener” method (RUSLE map_2): the P
factor values obtained (Figure 10) are generally not admissible (higher than 1), probably
due to the algorithm that uses a “Slope” map in degrees instead of in percentage.

Concerning the other two methods, the values obtained using the “Bazzoffi” method
(RUSLE Map_1), although slightly lower, seem more in line with those obtained from direct
surveys, confirming the essential role of land use in the evaluation of the P factor (average
value for the whole basin equal to 0.31). On the other hand, the use of a morphometric
parameter such as “slope” (envisaged in the “Wischmeier” method, RUSLE Map_3) in a
basin such as San Rocco characterized by smooth morphologies, results in significantly
lower P factor values (average value 0.18).

The role of sediment connectivity in this context seems less relevant. The erosion rate
values calculated on the sector with the highest IC (Figure 5 and Table 5) are significantly
lower than those of the entire San Rocco basin (about 30% less both using the “Wischmeier”
and the “Bazzoffi” method); while taking into account that even in the case of the “small
fan” a percentage of the accumulated sediment could be linked to transport by the Chienti
river, the quantities are, however, too different. A possible explanation could be linked to
the fact that IC has a relative and not an absolute value; consequently, even negative values
would not exclude a good degree of connectivity.

3.4. Morphometric Analysis

The morphometric analysis, as mentioned, was carried out on 10 reservoirs located
along the main rivers on the Adriatic side of central Italy. Specifically, for each reservoir,
data concerning years of operation, bathymetry, and filling rate were collected (starting
from [52] or evaluated ex novo). After this, following the formulas described in Section 2.5,
some fundamental morphometric indexes such as Stream Frequency, Relief Ratio, and
Mean Annual Denudation Index were calculated. A synthesis of these procedures is shown
in Table 6.
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uncalculated fields.

Table 6. Synthesis of the data collected and of the morphometric analysis concerning the reservoirs described in the present study. The asterisk (*) indicates

Bathymetric

Mean

Year of \I/Z;tt;t;lcle Studies Basin Area Stream Relicf Sediment Fillling Annual De- ff.';::;:;‘: Estimated E jﬁizgl c
Reservoir Source Construc- (Period of n. Years 2 Frequency . Volume Rate nudation . Remaining 4
) Stored (km?) 0 Ratio (Ry,) 3 3 Reservoir ) Loss (at
tion 3 Observa- (Fs) (km™) (Mm?>) (m°lyear) Index (1) Life (Years) o
(Mm?) ; (Years) 2015) (%)
tion) (mmlyear)
Fiastrone [52] 1955 unknown 1955-1982 27 75.00 0.86 0.17 0.89 32,900 0.44 * * *
Polverina [52] 1967 5.80 1967-1982 15 360.94 0.62 0.06 1.37 91,600 0.25 63 15 76%
Borgiano [52] 1954 5.05 1954-1982 28 446.87 0.66 0.05 0.88 31,250 0.35 162 101 38%
S. Maria [52] 1955 0.56 1955-1982 27 628.13 0.63 0.04 0.30 10,970 0.27 51 -9 100%
S. Ruffino [52] 1957 unknown 1957-1982 25 134.50 0.92 0.10 0.42 16,900 0.13 * *
Villa Pera [52] 1955 unknown 1955-1982 27 85.94 1.01 0.10 0.50 18,400 0.21 * *
Scandarello [52] 1924 unknown 1924-1982 58 43.75 1.46 0.05 1.28 22,000 0.50 * *
Colombara [52] 1955 unknown 1955-1982 27 389.06 1.24 0.07 0.26 9,700 0.08 * *
Talvacchia [52] 1962 unknown 1962-1982 20 156.25 1.12 0.10 117 58,330 0.37 * *
Le Grazie
(entire [52] 1963 1.12 1963-1982 19 637.50 0.65 0.05 0.50 26,100 0.04 43 -9 100%
basin)
Le Grazie Present
(entire study 1963 1.12 1963-2006 43 637.50 0.65 0.05 0.73 0 0.00 66 14 79%
basin)
Le Grazie Present
(entire ese 1963 1.12 2006-2015 9 637.50 0.65 0.05 0.12 0 0.00 82 30 64%
basin) study
Le Grazie Present
(entire 1963 1.12 1963-2015 52 637.50 0.65 0.05 0.85 16,418 0.03 68 16 76%
basin) study
Le Grazie Present
(S. Rocco 1963 * 1963-2006 43 13.15 3.80 0.02 0.39 9,095 0.69 * * *
wat.) study
Le Grazie Present
(S. Rocco ese 1963 * 2006-2015 9 13.15 3.80 0.02 0.07 8,221 0.63 * * *
wat.) study
Le Grazie Present
(S. Rocco study 1963 * 1963-2015 52 13.15 3.80 0.02 0.47 8,944 0.68 * * *

wat.)
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Taking into account the different geological-geomorphological and land use conditions
of the contribution areas, a correlation between the various morphometric indices was
attempted by normalizing the results based on the area itself. The results are shown
in Figure 11.
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Figure 11. Relationship between some morphometric parameters and the basin area calculated
on 10 artificial reservoirs and 11 contribution basins. Red and blue lines in frames (a—c) indicate
the correlation with or without considering the San Rocco basin respectively: (a) Mean Annual
Denudation Index (Id) vs. Area; (b) Stream Frequency (Fs) vs Area; (c) Relief Ratio (Rh) vs. Area;
(d) Mean Annual Denudation Index (Id) vs. Area (only 8 contributing basins).

By observing the graphs (red and blue lines indicate the correlation with or without
considering the San Rocco basin, respectively), we can note a clear inverse correlation
between the Denudation Index and the area of the basins, also evidenced by a significant
(although not high) coefficient of determination R? (around 0.60, Figure 11a). Analogous
correlation can be observed between the “Stream Frequency” and the basin area, (coefficient
of determination R? around 0.63, Figure 11b). On the contrary, the trend of the “Relief
Ratio” is not very significant when compared with the area (coefficient of determination
R? between 0.4 and 0.14, Figure 11c). The correlation between Denudation Index and the
area is even more evident (coefficient of determination R? around 0.72, Figure 11d) if we
exclude the data relating to Le Grazie reservoir (if referring to the upstream basin) and
those of Borgiano and S. Maria; since the upstream reservoirs serve as sediment traps that
affect sediment transport and deposition, it is reasonable to assume that the data on solid
transport and, consequently, the sedimentation rate, can be significantly influenced.

Table 6 also reports an estimate (where possible) of the life of the reservoir (based
on the ratio between the initial volume stored and the filling rate) and of the “Remaining
life”; the latter considers the reference year (2015), the year of construction of the reservoir,
and the above-mentioned estimated life. The results obtained indicate, for all the basins
analyzed, a critical condition as regards the trap efficiency loss. Except for the Borgiano
reservoir, all the others have exceeded 70% of their global capacity and, in two cases (Santa
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Maria and Le Grazie) they would have reached the 100% level. Although the situation is
serious, this condition has not been actually achieved since, as mentioned in Section 3.2, the
activation of systems and procedures that provide for the outflow of water from the bottom
of the reservoir to facilitate solid transport were not considered due to the lack of data.

4. Discussion

The results of the above surveys allow us to define a fairly clear framework of limits
and problems connected to the estimation of the soil erosion rates in the sample basins
using direct and indirect methods; in particular, they confirm the complexity of the problem,
which results from the numerous variables that are often difficult to evaluate.

In the case of the Le Grazie basin, the bathymetric analyses, while providing a direct
measurement of the solid transport inside the reservoir through the drainage network,
often show considerable limits when (i) the volume of material drained from the bottom of
the reservoir itself through bottom drains and/or dredging operations is unknown, or (ii) as
in the case of the present study, other reservoirs or, in general, transverse barriers limiting
sediment transport, are present upstream. Furthermore, it is important to evaluate the role
of the minor hydrographic network which, as in the case of Le Grazie, can substantially
contribute to solid transport when flowing directly into the reservoir.

Although some factors can be determined with substantial reliability as they are based
on the acquisition of direct data (by lab analyses and/or field measures), this is not possible
for the P factor, which evaluates the effect of anti-erosive practices on soil loss. In the case of
the present study, the three methods used (“Wischmeier”, “Bazzoffi”, and “Napoli-Wener”)
provided deeply different and in one case (“Napoli-Wener”) unacceptable results, as they
were outside the admissible range of values. Although the “Bazzoffi” method, in the
specific case, was the closest to the values obtained from the bathymetric analyses, this does
not reduce the reliability of the other two methods; on the contrary, it highlights the need
for comparison between these or other approaches for the estimation of a factor which,
because of its wide range of variability, can decisively influence the result of the entire
RUSLE method.

In this context, the value of sediment connectivity, as it provides a substantially quali-
tative value, must also be carefully considered. Although it gives very useful indications of
the mass transfer capacity of the different sectors of a catchment, even a partial quantifica-
tion of the processes, without measures of solid transport along the different sections of the
river network, becomes difficult.

The use of some morphometric indexes, often underestimated and/or considered a
dated method, for the evaluation of the erosive capacity of a catchment, can, on the contrary,
be re-evaluated when used preliminarily and/or in the total absence of data or support
of other methods. As verified by the present study, when a good relationship between
some of them (in this specific case, Stream Frequency and Denudation Index) and the
catchment area is found, it is possible to make estimates in similar contexts, although only
on a local-regional scale.

The erosion rate calculated in the study area using RUSLE was finally compared with
that obtained using the same methodology and available in the literature for Italy, the
Mediterranean, and Europe (Table 7).

Although basins of quite different sizes and environmental contexts are compared, the
values obtained in the present study can be considered significant; in all cases, the areas
have a strong agricultural vocation (over 60%) and/or a high percentage of forest cover
(>20%). Moreover, even though no data on the morphometry of these hydrographic basins
are available, the values appear comparable, especially among those of similar size. A more
accurate analysis that considers these aspects would certainly provide useful indications in
the future to better understand the dynamics of erosive processes and the role played by
the various contributing factors, often in a contrasting way, to soil removal and transport
within the river basins.
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Table 7. Comparison of erosion rates (weighted mean) for different land uses and different study
sites (Mediterranean area, European countries, and the present study).

Mean Erosion

Site Area (km?) Bedrock Land Use Climate Rate References
(ton/ha/year)
Europe'an Unknown various arable Varlgus- 6.33 [62]
Countries continental
Europe:‘m Unknown various forest Varl(?us— 0.84 [62]
Countries continental
Medlte.:rranean Unknown various arable Mediterranean 0.00 [62]
countries
Medlt(::rranean Unknown various forest Mediterranean 0.18 [62]
countries
Turano basin forest (60%) arable (8%)
(Italy) 466.7 various grassland and pastures Mediterranean ~11 [64]
y (8%), various (24%)
Turano basin 59.2 various arable Mediterranean 25.40 [64]
(Italy)
Turano basin 288.7 various forest Mediterranean 3.90 [64]
(Italy)
Tombolo basin Sandstones and . Mediterranean-
(Italy) 30 clays vanous subhumid 565 [63]
Tombolo basin Sandstones and Mediterranean-
(Italy) ~13 clays arable subhumid ~38 [63]
Tombolo basin -8 Sandstones and forest Mediterranean- 1 [63]
(Italy) clays subhumid ;
3 0,
San Rocco basin 13 Sandstones and arable (62%) forest and Mediterranean 312 Present study

(Italy)

clays shrub (38%)

5. Conclusions

The results of this study provide interesting insights into the applicability and limits of
some direct and indirect methodologies for the evaluation of soil erosion rates; in particular:
(i) no approach or method can be considered totally reliable if used individually;

(ii) direct methods such as bathymetric analyses inside reservoirs can be strongly
influenced by the presence of dredging operations carried out over time and almost never
quantified; furthermore, any samplings used for the geotechnical characterization of the
sediments are not very representative if few in number;

(iii) the RUSLE method can certainly provide interesting results only if calibrated,
albeit preliminarily, with direct measurements;

(iv) sediment connectivity and morphometric parameters can be particularly useful in
the preliminary stages of a study or in the absence of detailed data.

This study also highlighted how a correct estimate of soil erosion and/or solid trans-
port rates within a hydrographic basin is fundamental for the assessment of the trap
efficiency of a reservoir, in a period in which the availability of water resources for hydro-
electric or drinking water purposes is becoming more and more vital.
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