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Abstract: Simulation scenarios of sediment flux variation and topographic changes due to dam
removal have been investigated in a reservoir catchment of the axial zone of southern Italy through
the application of a landscape evolution model (i.e.,: the Caesar–Lisflood landscape evolution models,
LEM). LEM simulation highlights that the abrupt change in base level due to dam removal induces a
significant increase in erosion ability of main channels and a strong incision of the reservoir infill.
Analysis of the sediment dynamics resulting from the dam removal highlights a significant increase of
the total eroded volumes in the post dam scenario of a factor higher than 4. Model results also predict
a strong modification of the longitudinal profile of main channels, which promoted fluvial incision
upstream and downstream of the former reservoir area. Such a geomorphic response is in agreement
with previous analysis of the fluvial system short-term response induced by base-level lowering,
thus demonstrating the reliability of LEM-based analysis for solving open problems in applied
geomorphology such as perturbations and short-term landscape modification natural processes or
human impact.

Keywords: landscape evolution; soil erosion; DEM analysis; applied geomorphology; dam removal;
base-level lowering; southern Italy

1. Introduction

Base-level variation has a significant impact on a geomorphological system with severe changes
in channel incision rate, sediment flux, and spatial distribution of geomorphological processes [1–3].
A fast transition from endorheic (i.e.: centripetal drainage or closed basin) to exorheic drainage is
one of the most relevant cases of disequilibrium of a landscape, because it promotes a non-linear
response of the fluvial systems and a complex spatial and temporal response of river incision and
sediment flux (see for example [4]). Several works have investigated the long-term response of
the drainage network to a transition from endorheic to exorheic conditions due to complex climate-
or tectonic-driven processes such as sediment overfilling, headward stream erosion, and threshold
incision or fluvial capture [5–8]. This kind of analysis is largely based on morphotectonic studies
and related qualitative reconstruction of past stages of landscape evolution [9–11]. Dam construction
and/or removal is one of the human-induced perturbations of the fluvial net with a stronger impact
on the geomorphic system [12–14]. Many works have been focused on the analysis of the effects of
this kind of disturbance on the fluvial network and sediment flux, highlighting a typical response
that is strongly controlled by the post-dam river longitudinal profile. In fact, upstream knickpoint
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retreat generally promoted incision of both upland areas and reservoir infill, but several works have
demonstrated that local factors such as rates of knickpoint migration [15,16], bedrock erodibility [17,18],
grain-size and texture of reservoir sediment [19] and width of the reservoir [17,19] can drive a
complex response of river processes and promote a high spatial and temporal variability of erosion
and deposition. Most of these studies are based on field and remote sensing data at limited spatial
and temporal scales [17,19,20] or on the application of 1-D models [21,22]. For example, extensive
geomorphic analyses of dam removal scenarios have been conducted in the USA through: (i) the
direct measurements of the post-dam modification of morpho-sedimentary features supported by
one-dimensional hydrodynamic modeling [17]; or (ii) the application of channel evolution models
such as CONCEPTS and DREAM [21,22]. Such models have a significant limitation that they are not
able to fully capture the spatial (i.e., lateral) distribution of river processes, channel modification, and
sediment flux.

In the last years, landscape evolution models (LEMs) have been extensively used to simulate
short- and long-term geomorphic scenarios of sediment flux and topographic modification in different
natural environments [23–27]. These studies have demonstrated that LEMs represent a powerful tool
to predict morpho-sedimentary adjustments related to changes in land use, climate setting, and base
levels [24,28–31]. Recently, the Caesar–Lisflood LEM was used to investigate the short-term (i.e., at a
decadal scale) pattern and rates of geomorphic changes and associated sediment flux induced by
removal of multiple dams in the middle reach of Kaja River, Austria [32]. The authors demonstrated
the usefulness of the LEM to predict the 2-D geomorphological and sedimentary effect of the abrupt
base-level fall related to dam removal. This kind of investigation overcomes the clear limitation of 1-D
or empirical models and can provide a significant opportunity to modify different controlling factors
such as climate setting, land use, vegetation growth, and sediment features. The main limitation of the
application of such models is that a reliable calibration of a LEM is really complicated and several
well-known reasons such as the difficulty of both the selection of model parameters and the absence
of extensive validation of the prediction ability of the model results in natural environments could
represent a significant limitation in its application in complex natural landscapes [25,33]. Thus, a test
area where a LEM is already calibrated can provide a reliable opportunity to simulate the impact
of dam removal on the morpho-sedimentary processes and rates. In this paper, we exploited this
opportunity and investigated the geomorphic changes induced by dam removal in a small artificial
reservoir of southern Italy (Figure 1), where the prediction ability of the Caesar–Lisflood LEM has
been already tested [34]. More specifically, the calibration of the model has been recently carried out
through the comparison between the simulation results and a direct estimation of sedimentation rates
in the reservoir, demonstrating a good prediction ability of the model [34]. Application of the dam
removal scenario in the catchment allowed us to investigate the short-term (i.e., at a decadal scale)
response of the geomorphic system to the abrupt change in base level as well as the role of several
local factors (i.e., infill thickness and geometry, the sediment and bedrock features) on the changes in
sediment flux and channel pattern.

2. Study Area

The study area is located in an upland area of the Ofanto basin, a Pliocene-Quaternary tectonic
depression of the southern Apennines, Italy (Figure 1). It includes the catchment of the Ficocchia
Torrente stream, a dextral tributary of low hierarchical order of the Ofanto River. The Ficocchia
stream is dammed in its lower reach by an earth dam (i.e., the Saetta dam), which was constructed by
EIPLI (Agency for the Development of the Irrigation and Agricultural Transformation, Ministry of
Agricultural, Food and Forestry Policies) between 1988 and 1989.

The Ofanto River cuts a large E-W-trending intermontane tectonic depression, Pliocene to
Quaternary in age. The infill of the basin is intensively deformed by Pliocene-Pleistocene folding and
faulting related to the younger stages of evolution of the southern Apennines chain [35] and covers a
wide (i.e., about 350 kmq) and elongated area along the Ofanto River valley [36,37]. Pliocene-Pleistocene
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deposits of the Ofanto basin are composed of clay, sandstones and conglomerates, which unconformably
overlay poly-deformed units of limestone, shale and sandstone that belong to the Irpinian and Lagonegro
tectonic units of Cretaceous to Miocene ages [36].Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 19 
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Figure 1. Geological map of the study area (modified from [36]). Legend: (1) Clay of lacustrine
environment (lac, Holocene) (2) Landslide deposits (lan, Holocene) (3) Holistolits made by decametric
blocks of limestone (pa, Upper Miocene); (4) Silt and marly clay (CVT2, Upper Miocene); (5) Coarse- to
medium-grained sandstone with rare intercalation of lens of polygenic conglomerate (CVT1, Upper
Miocene); (6) Calcareous breccia and grey shale (FYRa, Lower Cretaceous-Oligocene); (7) Alternance of
chert, marly clay, calcarenites and calcareous breccia (FYR1, Lower Cretaceous-Oligocene); (8) Light-grey
and greenish shale with intercalation of marls and limestone (FYG, Lower Cretaceous); (9) Alternance
of calcarenite, calcilutite and varicoloured clay (FMS, Upper Cretaceous-Eocene); (10) Varicoloured clay
(AVF, Lower Cretaceous); (11) High-angle fault (dashed if uncertain); (12) Thrust (dashed if uncertain);
(13) Stratigraphic contact. (A) Geographical location of the study area.

The reservoir catchment is carved in a Cretaceous to Miocene bedrock made by tectonic domains
belonging to Lagonegro units, Sicilide calcareous-clay succession and flysch deposits of Miocene
syntectonic basins (Figure 1, see also [36]). The study area also features widespread outcroppings of
upper Miocene deposits belonging to Castelvetere Formation. These deposits are composed of light
brown sandstone with intercalation of conglomerate (CVT1, Figure 1) passing upward to silt and marly
clay (CVT2, Figure 1) containing large blocks of olistoliths (pa, Figure 1). These deposits mainly crop
out in the south-western sector of the study area and unconformably overlies the Lagonegro tectonic
units, which form an elongated belt in the north-eastern sectors of the study area. The outcropping
deposits of the Lagonegro units are mainly constituted by lower–middle Cretaceous marls and grey
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shales with calcarenites and calcirudites and calcareous breccia (Flysch Rosso Formation, FYRa and
FYR1 in Figure 1). Lower Cretaceous varicoloured clay (AVF) with thin intercalations of calcirudites
and calcarenites (FMS) crops out in the northern sector of the studied area (Figure 1).

Heterogeneous landslide deposits and fine-grained reservoir sediments are the youngest
lithological units of the study area.

The geomorphological pattern of the study area is strongly influenced by the Pliocene-Quaternary
tectonic evolution and relief growth of this sector of the chain, which have also controlled the lithological
features and spatial distribution of deposits. The landscape is located at an altitude ranging from 942
to 1242 m a.s.l. and is dominated by E–W trending ridges and thrust sheets, which are mainly carved
in Cretaceous-to-Miocene pelagic deposits. These structural landforms are deeply cut by the drainage
network of the Ficocchia stream (Figure 2).
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Figure 2. (A) DEM of the pre-dam removal landscape and drainage network of the study area.
Hierarchization follows the Strahler’s scheme. Numbering of the catchments is shown in the frame to
the left. (B) Land-use map. Legend: (1) Anthropic surfaces and roads; (2) Arable lands; (3) Sclerophyllous
vegetation; (4) Broad-leaved and mixed forests; (5) Natural grasslands; (6) Water courses and water
bodies. (C) Isopachs of soil thickness derived by a GIS-based interpolation of the results of a field-survey
analysis. Modified after [34].

The drainage basin of the artificial reservoir is formed by three small catchments of low hierarchical
order showing a well-organized drainage network with a sub-dendritic pattern. The watershed of the
southern sector of the reservoir catchment is featured by a sub-circular shape and runs on low-relief
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erosional land-surfaces [34,37]. In this sector, headwater channels exhibit a higher gradient than the
channels located in lower reaches (Figure 2). The main geomorphological processes of the study
area are channel incision and fluvial erosion, which also represent the main influence factor of the
sediment yield and flux. Slope processes and landsliding phenomena related to minor shallow mass
movement processes and small earth-flows are located in the eastern sector of the studied catchment,
where clay-rich deposits crop out.

Regional climate data of the study area was derived from the statistical analysis of a weather
station located about 20 km to the west of the study area (daily rainfall record of the Pescopagano
weather station, period: 1951–2015, [38]). Mean annual rainfall of the study area in the last half-century
is slightly higher than 1000 mm year−1. The climate setting is featured by dry summers and cold
winters with a maximum of rainfall in autumn. In the last decades, a general trend of decrease in total
annual rainfall was observed. This trend is associated with a decrease in rainy days and an increase of
multi-day extreme rainfall events, mainly in autumn and spring. Shorter-term rainfall record (period:
1994–2016) of the hydro-meteorological station of the study area highlights a similar climate trend:
mean annual precipitation is about 900 mm and rainfall peaks are mainly observed in the autumn and
winter seasons, with rainfall maxima of 150–160 mm [34].

According to the classification of the III level of the Corine Land Cover project [39], a land-use
map of the catchment was prepared from a revision of literature data and original investigation based
on photointerpretation of aerial and satellite images. The landscape is dominated by semi-natural
areas with natural grasslands and sclerophyllous vegetation that cover about 85% of the total area.
Other sectors of the study area are classified as agricultural and urban areas.

3. Materials and Methods

3.1. Caesar–Lisflood LEM: Model Description and Calibration

Caesar–Lisflood is a second-generation LEM that can be used to model short- and long-term
topographic changes and sediment flux of complex natural landscapes. In the last decade, the model
was extensively used for the analysis at different temporal and spatial scales of issues of applied
geomorphology and hydrology. As a matter of fact, there are at least 60 published papers dealing with
model applications [40]. A rigorous and complete description is beyond the scope of this paper and is
reported in [41].

The Caesar–Lisflood LEM uses a hydrological model to generate spatially distributed runoff,
which is generated on a DEM to estimate flow depths and velocities [41]. Such data are used to model
topographic changes and to assess topographic modification (i.e., erosion and deposition) within an
active layer with a pre-defined grain-size of deposits. The modified DEM becomes the starting point
for the next time step of the simulation. The user can select a catchment mode with no internal influxes
other than rainfall or a reach mode, where the flow enters through the main river. Input data of the
model are: DEM, grain-size features, rainfall, depth of bedrock and Manning coefficient values [24,41].

Rainfall precipitation represents the input to derivate catchment runoff, which in turn drives
topographic changes (i.e., erosion and deposition) and controls fluvial and slope processes for the
modeled time step [28]. Depths and velocities of the flow are estimated from flow discharges between
raster cells using the Manning’s equation and are then used to model both the sediment transport
and erosion/deposition processes. Caesar–Lisflood estimates sediment transport in relation to nine
grain-size fractions, which are selected by use. Sediment can be transported as bed load or as suspended
load. Soil creep and landslide processes can be also included in the simulation [41,42] using a critical
slope angle threshold. This condition allows the re-distribution of landslide and soil creep deposits
from slopes to the fluvial system. Elevations and grain size features of the cells are updated according
to the estimation of erosion/deposition and slope process. Model outputs are: (i) elevation changes;
(ii) flow discharges; (iii) sediment fluxes at the outlet over time [24,28,41–43]. The model is able to
reconstruct topographic changes at a sub-metric scale. Input data and model parameters represent the
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key to derive a robust predictive model, although a recent work by [44] demonstrated that results of
the Caesar–Lisflood LEM are influenced only by a limited number of parameters. More specifically,
the authors suggest that spatial distribution of Manning coefficient and the selection of the sediment
transport formula are the main sensitive parameters of the model results. For this reason, we have
carefully selected these parameters: for example, Einstein’s sediment transport formula [45] was
reconstructed using laboratory tests on (predominantly) sand-based channels and we have here chosen
this equation according to the prevalent grain-size deposits of the study area. A 5-m DEM was used
for the simulation. Moreover, the other input parameters were accurately derived from lithological,
climate, and land-use features of the study area. To introduce a representative framework of the study
area, we have preliminarily reconstructed the bedrock depth through a field-based analysis of the
lithological units. To this aim, a detailed lithological map has been drawn by review of previous works
and new geological surveys. Moreover, field surveys of the soil depth have been performed for the
different lithological units of the study area (Figure 2, [34]). This approach allowed us to infer the soil
thickness and bedrock depth for each lithological. This kind of information was summarized in a map
showing the isopachs of the mean soil thickness (Figure 2c). The map has been converted in a raster
grid and was introduced in the model in order to set the depth of bedrock and grain-size distribution
within the active layer where erosion and deposition processes are estimated by LEM. The layer of
the bedrock has been derived in a GIS environment using a map algebra tool based on a subtraction
between the soil thickness map and the DEM.

Hourly rainfall dataset was derived from a weather station located near the catchment outlet.
Rainfall record covers a time interval of about 22 years, and it was used also for the dam-
removal scenario.

Input data and model parameters are summarized in Table 1 (see also [34]). It is worthy of note
that the estimation of the sedimentary budget base on the LEM simulation was already tested through
a comparison between the total amount of eroded sediment volumes coming from the model results
and direct measurement of the short-term (i.e., about 20 years) sediment storage within the artificial
reservoir. The good accordance between the model results and direct measurements [34] suggests that
the model can be used to simulate the dam removal scenario in a consistent way.

Table 1. Model parameters.

Number Caesar–Lisflood Parameter Value

1 Grain-size features (m) 0.0005, 0.001, 0.002, 0.004, 0.008, 0.016, 0.032, 0.064, 0.128
2 Grain-size distribution (total 1) 0.20, 0.18, 0.12, 0.06, 0.03, 0.03, 0.1, 0.25
3 Type of rainfall record Hourly
4 Sediment transport equation Einstein
5 Max erode limit (m) 0.01
6 Active layer thickness (m) 0.1
7 Lateral edge smoothing passes 40
8 Manning coefficient 0.015–0.1 (derived by land-use map)
9 Soil creep/diffusion value 0.0025
10 Slope failure threshold 40
11 Vegetation critical stress 100

Manning coefficient values were assigned (Table 2) according to a revision of the values proposed
in previous works (see for example [46,47]) whereas the spatial distribution of the Manning coefficient
follows the boundaries of the land use map of the study area (Figure 2b).
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Table 2. Values of the Manning coefficient.

Number Land-Use Cover Manning Coefficient

1 Building and road 0.015
2 Agricultural areas 0.035
3 Sclerophyllous vegetation 0.05
4 Broad-leaved and mixed forests 0.1
5 Natural grasslands 0.03
6 Streams and water bodies 0.04

3.2. Dam-Removal Scenario

Two different scenarios were simulated in the study area (Table 3): the first one is the pre-dam
removal scenario, where the modification of the initial topography (PreDR-T0, Table 3) has been
simulated over a time interval of 20 years (Pre-DR-T20, Table 3). Such a scenario represents the
present-day landscape and the simulation provided a reconstruction of the sediment flux in the
reservoir and the short-term topographic changes of the fluvial and slope systems. Input parameters
and boundary conditions are summarized in Table 1.

Table 3. Description of the simulation scenarios: the first scenario refers to the present-day
geomorphological setting whereas scenario 2 infers the geomorphic changes induced by the
dam removal.

Scenario Period Initial DEM Final DEM Description

1—Pre-dam removal 0–20 yr Pre-DR-T0 Pre-Dr-T20
Present-day landscape, analysis of
erosion and sedimentation in the

closed drainage system

2—Post-dam removal 0–20 yr Post-DR-T0 Post-Dr-T20 Removal of dam and related
geomorphic response to base-level fall

The post-dam removal scenario has been developed removing the dam body to the initial DEM.
More specifically, the DEM was created by subtracting to the original topography the dam height
(PostDR-T0, Table 3). Post-dam removal simulation was run for a period of 20 years (PostDR-T20)
using the same hourly rainfall data and input parameters of the Pre-DR scenario.

Output DEMs and raster of the topographic changes were analysed in a GIS environment to
assess the pattern and rates of sediment flux and channel profile adjustments. Spatial distribution of
the erosion/deposition processes, multi-temporal analysis of river longitudinal profiles, and valley
topographic changes represent the key data to infer the geomorphic response of the study area to the
simulated fall of the base-level.

4. Results

4.1. Scenario 1, Pre-Dam Removal

Outputs of the Caesar–Lisflood LEM are analysed in a GIS environment in order to investigate the
geomorphic changes of the fluvial system and the spatial and temporal distribution of sediment erosion
and deposition and their relationships with lithology, land use, and geomorphological processes.
Figure 3 shows the hillshades representing the initial DEMs used for the modeling of the two
simulation scenarios. Dam removal promoted an increase of the catchment area of about 0.6 kmq.
The post-dam removal catchment includes the steeper reach of the Ficocchia stream, which flows in a
deep V-shape valley.

As already described in the previous section, a recent work provided a comparison between
LEM-based estimation of sediment flux of the Ficocchia catchment and direct measurements of reservoir
sedimentation volumes [34]. This estimation covers a period (i.e., 18 years) similar to the simulation
period of this work and highlights good accordance between model results and field-based data.
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More specifically, LEM-based erosion volumes tend to underestimate the reservoir sedimentation of
about 20%.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 19 
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Simulation results of the pre-dam removal scenario are summarized in a DEM of difference
(Figure 4), which shows the topographic changes at a sub-metric scale and sediment flux in the study
area after 20 years. Visual inspection of the map allowed us to infer the short-term morpho-sedimentary
evolution of mountain catchments and the influence of fluvial and hillslope processes on the
geomorphological evolution and sediment delivery. The map highlights that erosion processes
occurred along the main channels of the fluvial net whereas deposition is located in the artificial
reservoir as a result of the flattening of longitudinal profiles in the lower reaches of the channels
(Figure 4).
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Model results seem to suggest a minor impact of slope processes on the sediment yield of the
studied catchment, although landslide processes and high levels of the reservoir water table have
been invoked as possible factors of slight differences between LEM-based erosion volumes and direct
estimation of reservoir sedimentation [34]. In any case, modelling results fit well with the spatial
distribution of landforms and deposits deriving by field-based geomorphological analysis. In fact,
several geomorphological evidences such as V-shape valleys of the main channels and the absence of
slope and alluvial deposits along the thalwegs is in accordance with the LEM results and suggest that
channel incision upstream of the artificial reservoir is the main geomorphological processes controlling
the morpho-sedimentary evolution of the Ficocchia catchment. As a matter of fact, sediment delivery
ratio of the artificial reservoir is slightly higher than 0.9, testifying a high level of sediment connectivity
of the study area.

Histogram of Figure 5 shows the results of the elevation changes caused by erosion and deposition
after a time interval of 20 years. The total amount of erosion deriving by Caesar–Lisflood LEM
simulation for the entire period is 84,070 m3, which corresponds to a mean annual erosion volume of
4203 m3/year (Figure 5). Stable areas represent 97.7% of the total area whereas the most representative
erosion class has a value ranging from 0.1 to 0.5 m (Figure 5). Analysis of the contribution of each
sub-basin to the sediment yield highlights that about 83% of the total amount of erosion volumes
comes from catchment n.2 and n.4 (Figure 5).
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Figure 5. Erosion/deposition classes in the catchment deriving from the analysis of the altitude
difference map of Figure 4. In the frame: distribution of the eroded volumes from the three sub-basins
of the study area (numbering is shown in Figure 4).

4.2. Scenario 2–Dam Removal

Post-dam removal scenario (Post-DR, Table 3) was carried out over a 20-year period to perform
a direct comparison with the sediment budget related to Scenario 1. Decadal-scale modelling of the
geomorphic response to dam-removal predicts a strong modification of the fluvial system, with a
general increase of topographic changes than the pre-dam removal scenario (Cfr. Figures 4 and 6).
Altitude difference map (Figure 6) clearly highlights a significant increase of erosion processes in
both the headwaters and mid sectors of the drainage net, which are mainly related to the higher
incision ability of the main channels. In fact, a comparison between the results of the two simulations
shows that lateral migration of channels appears to be limited (cf. Figures 4 and 6). LEM predicts the
development of a wide floodplain in the flat area of the reservoir with a well-defined incision of the
infill by the three main channels of the study area. In addition, analysis of the spatial pattern of erosion
and deposition shows the occurrence of small sedimentation areas upstream to the reservoir infill
(Figure 6), which contributed to a slight decrease of the sediment connectivity of the entire catchment.
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The frequency distribution of the altitude difference map (Figure 7) illustrates a higher erosional
ability of the geomorphic system after the lowering of the base level.
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In fact, the model predicts an increase of the total eroded volumes by a factor of 4.4 for the
post-dam removal scenario whereas the mean annual erosion volumes increase from 4203 m3/year
to 18465 (Figure 7). Caesar–Lisflood simulation infers topographic modifications for a percentage
of the total area of about 7.1% (corresponding to an area of 0.74 kmq). In this scenario, erosion
classes with a value ranging from 0.1 to 0.5 m represent the maximum of the altitude difference map
but the comparison with Scenario 1 shows a relative increase of the erosion classes with a higher
value. Analysis of the spatial pattern of erosion for the different sectors of the study area shows that
sub-basin 4 and 3 contribute to 45.7% and 18.7% of the total amount of eroded volumes yielded in the
upland sectors.

Then, approximately 81.3% of the total amount of sediment eroded comes from sub-basin n.3 and
n.4 (i.e., the easternmost and the central one), highlighting a higher erosion ability of these catchments
for the dam removal scenario.

4.3. River Profile Analysis and Channel/Valley Modifications

Multitemporal analysis of longitudinal river profiles has been performed using the elevation
data derived from the output DEMs for each scenario. The perturbation induced by the dam removal
promoted a significant modification of the river profiles (Figure 8), with a complex spatial and temporal
pattern of geomorphic adjustments. Moreover, our simulation also highlights the occurrence of 2-D
channel modifications, which are mainly related to a lateral shift of the main channels in the higher
altitude sectors surrounding the reservoir infill (Figure 8).

After the dam removal, the longitudinal profile evolution is mainly featured by a pronounced
channel incision, which mainly occurred upward the flat area of the reservoir (Figure 8). In fact, the fast
response of main channels to the base-level lowering is a lengthening of the longitudinal profiles,
which promoted incision upstream of the former reservoir area (Figure 8, see the yellow curves and the
black ones). Channel 2 adjusts its longitudinal profiles forming a major convex knickzone downstream
of the removed dam, which retreats of about 180–200 m during the 20-year simulation period. A minor
knickpoint can be observed in the three channels at an altitude of about 955–960 m, showing a lower
rate of retreat (i.e., about 1 m/yr).

Cross profiles of Figure 9 furnished additional information about the landscape modification
resulting from our simulation. Spatial and temporal evolution of valley/channel modification is
complex, with alternating stages of incision and aggradation. Profiles located in the higher altitude
sectors of the catchment are featured by meter-scale incision (see for example profile a-a’, d-d’ and
e-e’); in this sector, the highest amount of deepening (i.e., about 3 m) can be observed at profile a-a’.
Topographic profiles crossing the reservoir deposits shows a more complex response to dam removal
due to a general tendency of channels to cut the infill in the southernmost sectors (Figure 9, see profile
b-b’ and f-f’) and the occurrence of aggradation upward the removed dam (see for example the profile
g-g’, Figure 9). Pronounced incision phenomena occurred downstream of the dam, with a progressive
deepening of the main channels of about 3 m over the 20-year simulation period (Figure 9, profile i-i’
and l-l’).
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Figure 8. Map showing the planimetric changes of the main channels from the present-day landscape
(initial DEM, Pre-DR-T0 in Table 3) to the final stage of the post-dam removal scenario. To the bottom:
comparison of longitudinal river profiles of the three main channels (channel 1, 2 and 3 in the map)
deriving from the simulation scenarios. River profile analysis highlights the amount of incision related
to the base-level fall as well as the development of pronounced knickpoints in the upper and lower
reaches of the main channels. Higher rates of knickpoint retreat are associated with the lower reach of
the channel 2.
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Figure 9. Topographic profiles for the different simulation scenarios (location of the profile is reported
in the map) showing the landscape modification resulting from the simulation. Higher rates of fluvial
incision occurred in the upper and lower reaches of the catchment (about 3 m over the 20-year simulation
period, see for example profile a-a’ and i-i’). A deep incision of the reservoir top can be also observed.

5. Discussion

LEM-based simulation of the geomorphic response of an upland catchment of southern Italian
Apennine to dam removal suggests a complex spatial and temporal modification of channels and
sediment flux. Model calibration and selection of the appropriate input parameters and boundary
conditions are a critical issue for the LEM application in complex landscapes. (Skinner et al., 2018) [44]
provided a detailed sensitivity analysis of the Caesar–Lisflood LEM, demonstrating that only some
parameters such as sediment transport formula, Manning coefficient, and sediment grain sizes have a
significant influence on model results.

Our approach based on a calibration of the model using direct measurements of sedimentation
volumes in the artificial reservoir overcomes the issue of the complex selection of an excessive number
of input and model parameters of the Caesar–Lisflood LEM, which are frequently ascribed as the main
factor of its rare application [33,34,44].
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In the study area, these parameters have been here derived by detailed field measurements and
calibrated by the evaluation of an independent dataset. The preliminary validation of the short-term
prediction ability of the Caesar–Lisflood LEM deriving from a direct comparison between model
results and direct measurements of reservoir sedimentation volumes is a strong point of the proposed
approach, which suggests the robustness of the model settings and parameterization. In fact, the limited
difference between source-sink data confirms the robustness of the model and allowed us to consider
our simulation as a robust estimation of topographic changes, geomorphological processes, and
sediment flux at a short-term scale (i.e., 20 years) induced by base-level lowering. Such an approach
can be effectively integrated with short-term analysis of geomorphic processes based on multitemporal
comparison of high-resolution DEMs [48,49] and/or quantitative geomorphological analyses [8,50–52].

Our investigation demonstrated that Caesar–Lisflood LEM has a high potential to explore scenarios
of morpho-sedimentary changes in response to different perturbing factors such as base-level fall or
climate/land-use changes. The main advantage of the use of the LEM is its ability to reconstruct 2-D
topographic modification and sediment flux, which can be investigated through advanced GIS-tools of
map algebra and spatial statistics.

The geomorphic response to dam-removal scenario of the Ficocchia catchment mainly consists of
a higher erosion ability of the channels in the upper reaches of the fluvial systems and a deep incision
in the lowermost sectors of the post-dam removal catchment. As a matter of fact, quantitative analysis
of the sediment dynamics resulting from the dam-removal scenario highlights a significant increase
of the total eroded volumes in the post dam scenario of a factor higher than four. This significant
increase of sediment yield is a common response of the fluvial system to base-level lowering, although
our predicted erosion rates of the study area after the dam removal are significantly higher than the
estimation coming from previous works (see for example [32]). For example, a recent analysis of the
impact of multiple dam removal using Caesar–Lisflood LEM [32] reported a lower amount of sediment
delivery induced by such a dam removal scenario.

This kind of response of the fluvial system to base-level lowering is in accordance with
reconstruction made by other studies since it is mainly represented by upstream widespread incision
associated to knickpoint retreat [17,19,21,32].

Predicted rates of knickpoint retreat reached values lower than those predicted by other
researchers [32,53]. For example, a recent LEM-based analysis of multiple removals of narrow
dams in Austria predicted annual knickpoint retreat rates ranging from 150 to 300 m [32], which is
an order of magnitude higher than our results. As a matter of fact, our analysis highlights a peak of
knickpoint retreat for the main channels of about 10 m/yr, see Figure 9).

The presence of a wide flat landscape coinciding with the former reservoir could represent the
external factor that drives the complex and peculiar response of the study area. This sector can promote
the dysconnectivity between the two steeper segments of the longitudinal profiles located upward and
downward the removed dam, which could inhibit a faster retreat of the major knickpoint related to
dam removal and promoted the formation of a wide floodplain in the mid sectors of the catchment.
This observation confirms the relevant role of local parameters and physiographic setting (i.e., geometry
and sedimentary features of the reservoir infill, bedrock and sediment erodibility, channel profile
slope, etc.) in controlling the spatial distribution of erosion/deposition processes and the response of
the fluvial system to severe perturbations induced by a fast base-level lowering, thus emphasizing
the crucial role of landscape evolution models in the reconstruction of complex spatial and temporal
changes of erosion and deposition induced by human disturbances.

6. Concluding Remarks

Simulation scenarios of sediment flux variation and topographic changes due to dam removal
have been investigated in a reservoir catchment of southern Italy through the application of a landscape
evolution model (i.e.: the Caesar–Lisflood LEM). LEM simulation highlights that the abrupt change
in base-level due to dam removal induces a significant increase in erosion ability of main channels
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and a strong incision of the reservoir infill. Analysis of the sediment dynamics resulting from the
dam-removal highlights a significant increase of the total eroded volumes in the post dam scenario of a
factor higher than four. Model results also predict a strong modification of the longitudinal profile of
main channels induced by dam removal, which promoted deep fluvial incision in their upper and
lower reaches.

Results are in agreement with previous analysis of the short-term response of the fluvial system,
thus demonstrating the reliability of LEM-based analysis for solving open problems of short-term
topographic changes and sedimentary budget induced by natural or human perturbations. The general
good accordance between the model results and independent analysis based on field data ([34], see also
paragraph 4.1) demonstrated both the general usefulness of the approach for the investigation of
human-induced geomorphic disturbance of a landscape and the usefulness of the proposed approach
than the application of 1-D simplified models. The main advantage of the use of the Caesar–Lisflood
LEM in reconstructing the 2-D spatial and temporal pattern of topographic changes and related
geomorphological processes is that the simulation scenarios can be easily compared with field data
and historical maps, which can be also useful to explore the source of uncertainties, simplifications,
and assumptions of the model.
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