i land

Article

Hydrogeomorphology as a Tool in the Evolutionary Analysis of
the Dynamic Landscape—Application to Larrodrigo,
Salamanca, Spain

Lorena Lombana 1-*

check for

updates
Citation: Lombana, L.;
Martinez-Grafa, A.; Criado, M.;
Palacios, C. Hydrogeomorphology as
a Tool in the Evolutionary Analysis of
the Dynamic Landscape—
Application to Larrodrigo, Salamanca,
Spain. Land 2021, 10, 1407. https://
doi.org/10.3390/1and10121407

Academic Editor: Luis Carlos Loures

Received: 8 November 2021
Accepted: 17 December 2021
Published: 20 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Antonio Martinez-Grafia 1{©, Marco Criado 2

and Carlos Palacios 3

Department of Geology, Faculty of Sciences, University of Salamanca, Plaza de la Merced s/n,

37008 Salamanca, Spain; amgranna@usal.es

Department of Soil Sciences, Faculty of Agricultural and Environmental Sciences, University of Salamanca,
Avenue Filiberto Villalobos 119, 37007 Salamanca, Spain; marcocn@usal.es

Department of Construction and Agronomy, Faculty of Agricultural and Environmental Sciences,
University of Salamanca, Avenue Filiberto Villalobos 119, 37007 Salamanca, Spain; carlospalacios@usal.es

*  Correspondence: llombanag@usal.es

Abstract: Evolutionary analysis of the fluvial landscape provides relevant inputs for the environmen-
tal management of a territory, in such a way that the understanding of the dynamics of fluvial spaces
becomes a preponderant factor in the definition of protection and management strategies. Although
the development of geographic information systems is a step forward in the study of the landscape,
it is necessary to establish methodological frameworks that make remote sensing techniques avail-
able at multiple spatio-temporal scales, especially in basins with high levels of intervention. In the
present study, we develop a methodology for the analysis of the fluvial landscape development in
the last century of a highly modified water body, through the detailed study of hydrogeomorphic ele-
ments, using remote sensing techniques including high-density surface data (LiDAR) and historical
aerial imageries; when supported by fieldwork, these allow for the identification of the sequence
of sedimentation—erosion zones, differentiating in detail the zones denominated as areas of current
erosion, accretion zones, and historical erosion zones. An application of the methodology was carried
out in the Larrodrigo stream, located in Salamanca, Spain.

Keywords: fluvial landscape; hydrogeomorphology; aerial imagery; remote sensing

1. Introduction

Spatio-temporal analysis of the landscape makes it possible to understand some of
the physical phenomena that interact with and modify the surface of a given region. These
analyses provide information for the formulation of evaluation and management plans
for landscapes subject to degradation or anthropic intervention, including, for example,
abandoned mines [1], fluvial spaces [2], contaminated sites, or landscapes modified by soil
and vegetation involvement [3].

Thus, in recent decades, geomorphological analyses have become a very important
input when studying the development of the landscape [4]. This has made it possible to
understand the past and present of landscapes, and even to assess future trends based
on the analysis of the causes that generate erosive forms and deposits [5]. Therefore, the
geomorphological characterization of the territory has become an input for the definition
of homogeneous units that, integrated with various abiotic and biotic variables, improve
the environmental and sustainable management of the territory [6,7].

Fluvial landscapes cover most of the Earth’s surface and are, in fact, one of the systems
most affected by anthropogenic actions [8]. Therefore, they require significant attention so
that their future development can be carried out using appropriate methods. The analysis
of landscape evolution in watersheds provides additional information on the processes
that shape the surface of the fluvial system through the transfer of mass from one area
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to another. This makes it possible to interpret changes and quantify various hypotheses
regarding the fluvial dynamics of water bodies [4].

In this sense, the study of fluvial geomorphology allows us to understand both the
origin and the behavior of fluvial systems from the dynamics of the past. This focuses
on the analysis of the evolution of water flow through the processes of sedimentation,
transport, and erosion. Thus, it provides information on channel changes as a basis for the
interpretation of current conditions and future trends [9].

Geomorphic landscape studies have employed geographic information systems (GIS),
which have been developed extensively in recent decades. The tools for measuring the
topography of riverbeds and hillslopes have advanced exponentially, going from topo-
graphic maps, with high fieldwork requirements and low precision, to terrain models and
digital maps, which cover large portions of the territory with high resolution [3,4,10-12].

These studies have employed a combination of aerial and satellite imagery and digital
terrain models (DTMs), datasets that have allowed detailed extraction of geomorphic
parameters and their quantification for a wide range of purposes [3,5,12]. Consequently,
light detection and ranging (LiDAR) data have been used to carry out studies of landforms
that could not previously be analyzed [13,14]. Similarly, photogrammetry, as a well-
established technique, has been applied to investigate and monitor geomorphological
change and sediment transport, riverbank erosion, flood risk and river restoration [15,16].

However, due to the wide evolution of these mapping systems, geomorphologists face
the challenge of selecting the appropriate DTMs and techniques for landscape analysis [13].
Several studies have also determined the need to develop additional research focused on a
better evaluation of fluvial dynamics at different working scales, differentiating stretches
and segments in the fluvial courses according to typology, morphometry, and drivers
present [17,18]. Systems with high levels of intervention from human action should also be
considered [19]. Similarly, the need to associate parameters such as sediment characteristics,
the basin lithology, and the horizontal movement of geomorphic elements due to processes
such as escarpment retreat and tectonic displacement has become evident [4].

Considering the above, the aim of the present work is to develop a methodological
framework to carry out an evolutionary study of the fluvial landscape in an intermittent
water body on which agricultural activities have intervened. It is based on a detailed
hydro-geomorphological-historical analysis, where erosional and sedimentary geomorphic
elements are delineated to quantify morphological changes at a decadal scale in a floodplain.
The method integrates several remote sensing techniques, including LiDAR datasets and
analyses of available historical aerial and satellite imagery. The study was also supported
by fieldwork that allowed for the collection of ephemeral and topographic evidence of
water flow over the ground. Thus, the result is a practical method that can be applied
in different holistic environmental studies where the fluvial landscape is an element of
valuation. The formulated methodology was applied in the Larrodrigo stream, located
in the Duero River basin, Salamanca, Spain (Figure 1). This stream is categorized as a
Natural River waterbody and is part of the Tormes River sub-zone. It is an intermittent
waterbody, with a maximum flow of 0.6 m®/s and a minimum of 0.05 m3/s under normal
conditions, with surface runoff and infiltration rates of 2.26 mm/year and 27.13 mm/year,
respectively [20].

This sector is covered by the geological cartography elaborated by the Geological
and Mining Institute of Spain (IGME) at a scale of 1:50,000; however, there are no geo-
morphological maps of the study area. In this case, the most accurate geomorphological
information is available in the surface formation sheets contained in the geological report
at a scale of 1:100,000.
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Figure 1. Study area.

2. Methods

The methodology was developed under three main phases consisting of detailed
hydro-geomorphological mapping of the study area, physical characterization of the basin
at regional and local scales, and evolutionary analysis of the fluvial environment, which
are further detailed below.

The hydro-geomorphological mapping consisted of the cartographic delimitation
of the geomorphic elements generated by the water flow over the terrain at a scale of
1:1000. For this purpose, a terrain analysis was carried out using high-resolution LIDAR
data, which were obtained from the Spatial Data Infrastructure of the Junta de Castilla y
Leon (IDECyL), with a resolution of 1 m. From this, the DTM, profile, curvature, terrain
orientation, shading models, and reclassified slopes were generated by using the Spatial
Analyst tools available in ArcGIS 10.8 (Figure 2). Through the generated models, changes
in terrain such as flat areas, slopes, structural surfaces, and alluvial units were identified.
The discretized DTM and slope models were used to identify different features such as
height changes between structural surfaces and terraces, typical alluvial fan curvatures,
limits to floodplain extents, and major or degraded escarpments. Orientation models are
especially useful for identifying transverse floodplains, as well as flow directions. In this
way, the shaded raster allows us to visually reconfirm the boundaries of surface formations,
especially glacis, terraces, and structural surfaces.

Based on these models, geomorphic elements were classified into different groups,
differentiating the units associated with sedimentary and erosion processes. Erosion
geomorphic units were delimited under four categories: low-water channels, secondary
drainages, abandoned channels and historical channels. Depositional forms were set apart
into low terraces, colluviums, structural surfaces, alluvial cones, fans, bars and plains.
More details on the methodology can be found in Lombana and Martinez [12] (Figure 3).
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Figure 2. Diagrams of the generated raster models: (A) Discretized digital terrain model; (B) Reclas-
sified slope raster; (C) Shaded raster; (D) Terrain orientation model.

Subsequently, secondary, abandoned, and historical channels were categorized into
Type A, B and C flows [21]: (a) Type A flows are those channels that in recent years have
presented flows associated with low return periods (less than 5 years); (b) Type B drainages
are related to higher return periods, and although surface flow is not directly observed,
riparian vegetation can be found adjacent to its course; (c) Type C flows correspond to
channels that could eventually present a flow of water in high return periods (greater than
50 years) and are associated with fluvial escarpments. This classification was made consid-
ering current water flows, which can be identified using high-resolution aerial imagery. In
this case, the most up-to-date images were used; these were obtained from the National
Aerial Orthophotography Plan (PNOA), provided by the National Geographic Institute
(IGN) of Spain. In the photogram, it was possible to observe the sheets of water (out of
low-water channels), as well as the riparian vegetation and/or escarpments generated by
old streams.
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Figure 3. Diagram of the geomorphic elements identified on the slope model: (A) Colluvium;

Escarpment

——— Profile

(B) Alluvial cones; (C) Abandoned channel; (D) Current low-water channel.

The previously identified landforms were later verified in the field according to the
ephemeral and topographic evidence present, including floating deposits, exposed fluvial
sediments of poorly developed or absent soils and escarpments (Figure 4).

Subsequently, a morphometric analysis was carried out in order to describe some
terrain physical characteristics at both regional and local scales, which are directly related
to the fluvial dynamics of the system. Accordingly, the relief was initially characterized
by calculating the area, minimum and maximum height, slope and altitude distribution
(Figure 5). The DTM previously generated and the Surface Analyses Tools in ArcGIS were
implemented for this purpose. Altitude distribution analysis was carried out by using
the hypsometric curve. In this case, the hypsometric integral (HI) was calculated using
Equation (1) [22,23], and the cumulative height versus the cumulative area was plotted
considering 12 classes (Figure 5A). The mean slope of the study area was determined by
reclassifying the previously obtained slope raster into 10 classes (Figure 5B).

HI = (Emean — Emin)/(Emax — Emin) D
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Emean = Mean elevation (m)
Emin = Minimum elevation (m)
Emax = Maximum elevation (m)

R

Figure 4. Topographic evidence identified in the field: (A-C) Escarpments marking erosion margins;

(B) Escarpment of a low terrace; (D) Low-water channel escarpment (erosion zone).
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Figure 5. Reclassification of models: (A) Elevation reclassified; (B) Slopes reclassified; (C) Hypsomet-

ric curve.
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P (m/km) = (Maximum height of the section — Minimum height of the section)/Lr

In addition, relief characterization indices, such as the Relief Ratio (Rhl) [24], Relative
Relief Ratio (Rhp) [22], and Melton Ruggedness Number (MRn) [22], were calculated using
Equations (2)-(4), respectively.

Rhl = (Emax — Emin)/Basin Length (m) )
Rhp = (Emax — Emin) x100/Basin Perimeter (m) 3)
MRn = (Emax — Emin)/Basin Area (Km?) % 4)

The drainage network was characterized by calculating the stream order by Strahler
(N), the sinuosity index of the longest flow path (S) (Equation (5)), and the average slope
of the main channel (P) (Equation (6)) [25]. For this, the main channel layout was traced
over the slope and orientation models previously generated, following the line of greatest
slope and depth, considering the sheet of water visible in the most up-to-date image (the
2017 orthophoto).

S(m/m) = Lemax/Lr
Lecmax = Mid-channel length of the widest channel (m) 5)
Lr = Length of the section (m)

Lr = Length of the section (km) ©)

An evolutionary study of the fluvial landscape consists of recognizing the generalized
movement of the main channel during the most recent decades by analyzing historical
images [16]. To this end, photograms of the study area were used—in this case, from the
years 1902, 1957 and 2017, which are available in the IGN archive. These images were
preprocessed in ArcGIS for later use. In the case of the 1902 frame at a scale of 1:25,000, the
geographic projection was transformed to that used in the study (ETRS1989 Zone 30). The
1957 image was obtained from the so-called American Flight with an approximate scale of
1:32,000. This was georeferenced according to control points established near the area of
interest, in order to reduce georeferencing errors [26]. Areas that have not been modified
in the topography, such as buildings, road crossings, and water reservoirs, were selected,
having as a reference the 2017 orthophoto (Figure 6) [16].

Figure 6. Control points used in georeferencing: (A) American flight photo; (B) 2017 Orthophoto.

The main channel of the stream was plotted on the previously processed historical
images with a polygonal shape. For practical purposes, the study sector was divided into
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sections to analyze in detail the variations in length, width, and sinuosity indices over
time in the main channel (Equation (5)). In this case, four sections were defined (Figure 1).
Then, the differences in the width of the main channel in 1957 and 2017 were quantified by
applying a Symmetrical Difference analysis, available in the Overlay toolset of ArcGIS 10.8.

Abandoned and historical channel escarpments and fluvial bars were also identified
cartographically, following the sequence of sedimentation—erosion zones between 1957 and
2017 [15,27]. The topographic evidence was verified on the slope model, curvature, and
topographic evidence collected in the field, as previously performed (Figure 4).

Thus, the identified surfaces were classified according to sedimentary or erosional
processes where three categories were established: (a) accretion zones, (b) zones with
historical erosion, and (c) zones with current erosion. Accretion zones refer to areas where
the main channel was once located and which now belong to depositional zones. This
category also includes river bars and abandoned channels. The areas classified as current
erosion zones correspond to new surfaces covered in 2017 by the main channel as compared
to 1957. On the other hand, historic channels were classified as historical erosion zones, as
were areas of overlap between the historic main channel and the present channel.

3. Results

As a result of the methodology applied, it was possible to obtain a hydro-geomorphological
mapping at scale of 1:1,000, wherein erosion and sedimentary units were detailed and
delimited (Figure 7) (Supplementary Material: Video S1: Fluvial Geo-forms).

—=— Secundary channel Transversal alluvial plain
- Fluvial escarpment Alluvial plain

-~ Main escarpment I Historic channel

~ Intermediate escarpment [ Abandoned channel
I Regularized hillside I Low water channel

[ ] Glacis and Pediments [l Alluvial fan

[] Dejection cones [ colluvium
7] Fluvial bar 71 Low terrace

Figure 7. Geomorphological mapping of Section 2 of the stream studied.
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In accordance with the above, surface formations associated with the modeling of low
slopes were delimited in the study area and were called Regularized Hillsides. These are
characterized by the movement of material by diffuse surface streams that are only capable
of transporting fine sediments that increase the hillside deposits, maintaining slope values
between 3% and 5%.

Structural surfaces were delimited in the eastern zone, characterized by slopes of less
than 3% and heights of more than 921 meters above sea level. These correspond to the high
terraces of the Tormes River.

There are also accumulations of solids generated by ephemeral streams that deposit
their solid load when the slope changes, forming alluvial fans and cones. On the recatego-
rized DTM, it was possible to identify fan foot radii between 50 m and 650 m. These were
identified mainly on the right bank of the Larrodrigo stream (Figure 7).

In addition, asymmetric alluvial terraces were identified connected to the alluvial
plain. These have marked intermediate scarps and flat surfaces with slopes of less than
3% and heights between 2 and 3 m, with one level on the right bank and two levels on the
left side.

Through channel analyses, it was recognized that abandoned channels are mainly
located at the left bank of the current low-water channel, which were reclassified as Type C
flows, as can be seen in Figure 8.

E| Glacis and pediments ]I Historical channel - Colluvium Alluvial plain
I:] Dejection cone - Abandoned channel Low terrace

- Low water channel -Alluvialfan - Fluvial bar

Flow === Type A Type B ==Type C

Figure 8. Stream classification scheme according to flow type: (A) Geomorphological mapping;
(B) Categorized flows.
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The morphometric parameters estimated in the study sector and the main channel
according to current cartographic information are summarized in Table 1.

Table 1. Summary of the morphometric parameters calculated.

Parameter Unit Value Parameter Unit Value
Area km? 27 Length of main km 8.1
channel
M1n1m}1m 869.5 Strahler order Und 7.0
elevation
Maxunym 972.3 Main channel slope m/km 4.4
elevation m.a.s.l
Z Centroid 921.3 Sinuosity 2017 1.7
Mean . .
altitude 921.3 Relief Ratio (Rhl) } 0.02
Most . . .
frequent 917.0 Relatw‘zlgfh)ef Ratio 0.004
altitude p
Mean
frequency 795.4 M;e\l{;o;}l}e lig(gI\ZlCQlE?SS 21.56
altitude (1/2)
Mean slope Y% 6.0 Hypsometric integral 0.5

According to the low Rhl value, which represents a measure of the average decrease
in elevation per unit of axial length, and the main slope of 0.06, it can be concluded that the
study area has a low relief. This is also supported in the low values of Rr, which represents
the variation in altitude in a unit area with respect to its local base level, and the low Rhp of
0.004 [17]. Besides this, the low value calculated for MRn suggests that the basins are less
prone to erosion phenomena and have a structural configuration intrinsically associated
with relief and drainage density [28].

The hypsometric curve (Figure 5C) varies due to the tectonic and geological character-
istics of each analysis surface, so it can indicate that the study area presents an important
part of its surface in areas of relatively medium relief. Accordingly, the curve obtained
is representative of medium developed drainage areas that are in a mature state or with
equilibrium conditions [25], which can also be seen in the HI value obtained [17].

The current low-water channel is approximately 8 km long and is characterized by
a sinuous character, especially in Section 3, where it has a higher sinuosity index and the
widest lateral divagation area (Table 2).

Table 2. Variation in morphometric indices.

Parameter Stream Section 1 Section 2 Section 3 Section 4
Sinuosity 2017 1.70 1.40 1.60 1.77 1.34
Sinuosity 1957 1.67 1.36 1.51 1.76 1.30

Length 2017 (m) 8552 1182.73 2330.09 3546.51 1493.54
Length 1957 (m) 8363 1159.49 2203.63 3545.93 1454.30
Length Difference (m) 189 23.25 126.47 0.58 39.24

Thus, in contrast to the analyzed geomorphic units, the equilibrium stage in Larrodrigo
can be represented by the presence of denudation processes in the Regularized Hillsides,
the abandoned meanders formed in the alluvial plain, and the sinuosity index of the
low-water channel.

In comparison with the fluvial configuration of the water body in 1957, differences
were identified in the path and length of the main channel, presenting a smaller extension
than the current one with a difference of 189 m and a lower sinuosity index (Table 2).

Regarding the classification made according to sedimentary or erosional processes
present in the stream, Figure 9 shows the results obtained. Considering the area occupied
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by the low-water channel in 1957 and 2017 (Table 3), a total of 44,589.6 m? was maintained,
abandoning 22,349.2 m? of the area identified in the American flight. Thus, it can be
specified that the low-water channel increased its coverage by 22,746.6 m? in 2017.

Historial erosion 51,067.7

Current erosion 45,059.3
Accretion 130,168.3

Figure 9. Diagram of fluvial dynamics analysis: (A).American flight photo; (B).Study sections; (C).Orto-photo 2017.

Table 3. Changes present in the low-water channel, 1957-2017.

Zone Area 1957 (m?) Area 2017 (m?) HlS.tOI‘ICEllz Current lziroswn
Erosion (m?) (m?)
Low-water 66,938.7 89,685.3 44,589.6 22,746.6

channel
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The different processes of lateral riverbed divagation lead to the abandonment of
meanders by either gradual (chute cut-off) or abrupt (neck cut-off) mechanisms [29]. As
can be seen in Figure 10, in Section 3, the lateral displacement towards the right bank of the
river is prominent. It has left abandoned meanders in its path, evidencing the occurrence of
abrupt strangulations in the stream. These abandoned meanders are between 1.5 and 2 m
deep according to evidence collected in the field (Figure 2). Due to the curvature present
in some sectors and the search for the base level of the stream, the future strangulation of
other meanders is expected (strangulation zone in Figure 10).

@ rmnrnnnna

Figure 10. Comparison of the main channel, 1957-2017: (A) Mapping on orthophoto 2017; (B) Aerial photograph of the

current low-water channel.
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Thus, in general, the Larrodrigo stream flows towards its right bank, probably fol-
lowing the general displacement of neo-tectonic origin produced by the adjustment of
the Central System (Sierra de Béjar) where the stream is located, as described by other
authors [3].

However, the presence of fluvial fans modifies the trend of this movement, causing
the channel to move towards the left bank in some sectors. This dynamic is evident in
Section 2 of the channel, where an alluvial fan approximately 580 m wide has caused the
lateral displacement of the channel towards the left bank, leaving abandoned channels in
its path (Figure 7).

Taking into account the intermittent hydrological regime of the water body, it can
be said that the fluvial dynamics of the Larrodrigo are probably conditioned more by the
geological processes of the area than by the sedimentation and erosion processes generated
by the flow of the main channel, which, on average, does not exceed 0.05 m3/s. At the
same time, agricultural activities do not seem to have a great impact on the evolution of
the fluvial landscape, considering that the displacement of the main channel towards the
right bank is probably mainly conditioned by the tectonic displacement of the area.

4. Discussion

The methodological framework formulated in this study allowed the detailed geomor-
phological characterization of the current state of the alluvial plain of an intermittent water
body after intervention by anthropogenic activities. For this purpose, high-density LIDAR
points and different remote sensing techniques, such as aerial photogrammetry, were used.
This analysis also included morphometric variables that account for the fluvial dynamics
of the system, such as the distribution of heights and slopes, relief ratios, and the sinuosity
of the main stream [30-32].

It was possible to determine and characterize the generalized movement of the
main channel at a multitemporal level, using planimetries from the beginning of the
20th century and high-density aerial orthophotos from 2017. This followed the sequence
of sedimentation—erosion zones in the stream. Thus, the method allowed us to study the
horizontal movement of the geomorphic elements, differentiating in detail those zones
denominated as current erosion areas, accretion zones and historical erosion zones. It also
permitted us to identify different mechanisms of meander abandonment generated by the
lateral displacement of the water body, which, in turn, provided information regarding
future strangulations.

Thus, by relating morphometric parameters and geomorphic units present in the
terrain, as well as the movement of these units, it was possible to determine the main
drivers in the evolution of the fluvial landscape in an intermittent waterbody.

For further research, it is necessary to establish erosion—sedimentation volumes for
the formulation of possible models of landscape evolution [4]. Similarly, considering the
extensive intervention in river systems, as is the case of the water body studied, future
studies should consider the analysis of other environmental variables; these could include
biotic parameters such as the dynamics of the movement of livestock, considering their
direct influence on the physico-chemical composition of the soil and vegetation [1].

The results of this methodological approach provide input for decision making regard-
ing land use planning and the management of water bodies, making it possible to delimit
intervention actions in accordance with the zoning of the fluvial space.

5. Conclusions

The methodology implemented in this study allowed for evolutionary analysis of
the fluvial landscape of a highly modified water body through the study of the different
geo-forms of the terrain, using high-level surface data.

Planimetries and various photogrammetric resources were used to identify the gener-
alized movement of a river course. In this aspect, the process included a high level of field
work to verify the findings made in the office.
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For further studies, it is important to evaluate the inference of biotic variables in the
dynamics of the fluvial current, considering the high level of agricultural and livestock
intervention.

Therefore, for future intervention actions in the studied area, the results constitute a
reference input for the establishment of environmental management measures, both for the
conservation of water resources and for the appropriate management of soil.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1and 10121407 /s1, Video S1: Fluvial Geo-forms.

Author Contributions: Conceptualization, L.L. and A.M.-G.; methodology L.L. and A.M.-G; soft-
ware, L.L.; validation, L.L. and A.M.-G.; formal analysis, L.L.; investigation, L.L. and A.M.-G.;
resources, L.L., M.C. and A.M.-G.; data curation, L.L. and A.M.-G.; writing—original draft prepa-
ration, L.L.; writing—review and editing, L.L.; visualization, L.L.; supervision, L.L. and AM.-G.;
project administration, A.M.-G. and C.P; funding acquisition, C.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research was supported by the GEAPAGE research group (Environmental
Geomorphology) of the University of Salamanca.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hancock, G.R.; Verdon-Kidd, D.; Lowry, ].B.C. Soil erosion predictions from a landscape evolution model—An assessment of a
post-mining landform using spatial climate change analogues. Sci. Total Environ. 2017, 601-602, 109-121. [CrossRef] [PubMed]

2. Guerit, L.; Yuan, X.P,; Carretier, S.; Bonnet, S.; Rohais, S.; Braun, J.; Rouby, D. Fluvial landscape evolution controlled by the
sediment deposition coefficient: Estimation from experimental and natural landscapes. Geology 2019, 47, 853-856. [CrossRef]

3.  Goy, J.L.; Rodriguez Lopez, G.; Martinez-Grafia, A.M.; Cruz, R.; Valdés, V. Geomorphological Analysis Applied to the Evolution
of the Quaternary Landscape of the Tormes River (Salamanca, Spain). Sustainability 2019, 11, 7255. [CrossRef]

4. Nones, M. On the main components of landscape evolution modelling of river systems. Acta Geophys. 2020, 68, 459-475.
[CrossRef]

5. Martinez-Grafia, A.M.; Goy, ].L.; Zazo, C.; Silva, P.G.; Santos-Francés, F. Configuration and Evolution of the Landscape from the
Geomorphological Map in the Natural Parks Batuecas-Quilamas (Central System, SW Salamanca, Spain). Sustainability 2017,
9, 1458. [CrossRef]

6. Baartman, J.E.; Nunes, ]J.P.; Masselink, R.; Darboux, F; Bielders, C.; Degré, A.; Cantreul, V,; Cerdan, O.; Grangeon, T.;
Fiener, P; et al. What do models tell us about water and sediment connectivity? Geomorphology 2020, 367, 107300. [CrossRef]

7. Zanandrea, F,; Michel, G.P.; Kobiyama, M.; Censi, G.; Abatti, B.H. Spatial-temporal assessment of water and sediment connectivity
through a modified connectivity index in a subtropical mountainous catchment. CATENA 2021, 204, 105380. [CrossRef]

8. Van Looy, K.; Tonkin, ].D.; Floury, M.; Leigh, C.; Soininen, J.; Larsen, S.; Heino, J.; LeRoy Poff, N.; Delong, M.; Jahnig, S.C.; et al.
The three Rs of river ecosystem resilience: Resources, recruitment, and refugia. River Res. Appl. 2019, 35, 107-120. [CrossRef]

9. Nikolova, V,; Zlateva, P.; Dimitrov, I. Geological—Geomorphological Features of River Catchments in Flood Susceptibility
Assessment (on the Example of Middle Struma Valley, Bulgaria). IFIP Adv. Inf. Commun. Technol. 2019, 550, 76-96. [CrossRef]

10. Magliulo, P; Valente, N. GIS-Based Geomorphological Map of the Calore River Floodplain Near Benevento (Southern Italy)
Overflooded by the 15th October 2015 Event. Water 2020, 12, 148. [CrossRef]

11.  Zha, Y;; Gao, J.; Ni, S. Use of normalized difference built-up index in automatically mapping urban areas from TM imagery. Int. J.
Remote Sens. 2010, 24, 583-594. [CrossRef]

12.  Lombana, L.; Martinez-Grafia, A.M. Hydrogeomorphological analysis for hydraulic public domain definition: Case study in
Carrion River (Palencia, Spain). Environ. Earth Sci. 2021, 80, 193. [CrossRef]

13.  Boulton, S.J.; Stokes, M. Which DEM is best for analyzing fluvial landscape development in mountainous terrains? Geomorphology
2018, 310, 168-187. [CrossRef]

14. Lombana, L.; Martinez-Grafia, A.M. Multiscale Hydrogeomorphometric Analysis for Fluvial Risk Management. Application in
the Carrién River, Spain. Remote Sens. 2021, 13, 2955. [CrossRef]

15. Llena, M.; Vericat, D.; Martinez-Casasnovas, ].A. Application of structure from motion (SfM) algorithms for the historical analysis

of changes in fluvial geomorphology. Cuatern. Geomorfol. 2018, 32, 53-73. [CrossRef]


https://www.mdpi.com/article/10.3390/land10121407/s1
https://www.mdpi.com/article/10.3390/land10121407/s1
http://doi.org/10.1016/j.scitotenv.2017.04.038
http://www.ncbi.nlm.nih.gov/pubmed/28550724
http://doi.org/10.1130/G46356.1
http://doi.org/10.3390/su11247255
http://doi.org/10.1007/s11600-020-00401-8
http://doi.org/10.3390/su9081458
http://doi.org/10.1016/j.geomorph.2020.107300
http://doi.org/10.1016/j.catena.2021.105380
http://doi.org/10.1002/rra.3396
http://doi.org/10.1007/978-3-030-32169-7_7
http://doi.org/10.3390/w12010148
http://doi.org/10.1080/01431160304987
http://doi.org/10.1007/s12665-021-09480-2
http://doi.org/10.1016/j.geomorph.2018.03.002
http://doi.org/10.3390/rs13152955
http://doi.org/10.17735/cyg.v32i1-2.60410

Land 2021, 10, 1407 15 of 15

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

Bakker, M.; Lane, S.N. Archival photogrammetric analysis of river—floodplain systems using Structure from Motion (S5fM)
methods. Earth Surf. Process. Landf. 2017, 42, 1274-1286. [CrossRef]

Fryirs, K.A.; Brierley, G.]. Geomorphic Analysis of River Systems, 1st ed.; John Wiley & Sons Ltd: Chichester, UK, 2013.

Nardini, A.; Yépez, S.; Bejarano, M.D. A computer aided approach for river styles—Inspired characterization of large basins: A
structured procedure and support tools. Geosciences 2020, 10, 231. [CrossRef]

Piégay, H.; Arnaud, F.; Belletti, B.; Bertrand, M.; Bizzi, S.; Carbonneau, P.; Dufour, S.; Liébault, F.; Ruiz-Villanueva, V.; Slater, L.
Remotely sensed rivers in the Anthropocene: State of the art and prospects. Earth Surf. Process Landf. 2020, 45, 157-188. [CrossRef]
CHD-Confederaciéon Hidrografica del Duero. Plan Hidroldgico de la parte Espafiola de la Demarcacion Hidrogrdfica del Duero.
2015-2021; CHD: Valladolid, Spain, 2015.

MARM—Ministerio de Medio Ambiente Rural y Marino. Guia Metodolégica para el Desarrollo del Sistema Nacional de Cartografia de
Zonas Inundables; MARM: Madrid, Spain, 2011.

Melton, M. An Analysis of the Relations Among Elements of Climate, Surface Properties and Geomorphology; Department of Geology,
Columbia University: New York, NY, USA, 1957.

Matos, A.; Dilts, T. Hypsometric Integral Toolbox for ArcGIS. 2019. Available online: https://www.arcgis.com/home/item.htmI?
id=23a2dd9d12741c195628457187d4a54 (accessed on 20 November 2020).

Schumm, S. Evolution of drainage systems and slopes in badlands at Perth Amboy, New Jersey. Bull. Geol. Soc. Am. 1956, 56,
597-646. [CrossRef]

Leopold, L.B.; Wolman, M.G.; Miller, J.P. Fluvial Processes in Geomorphology; Dover Publications, Inc.: New York, NY, USA, 1964;
p. 522.

Hughes, M.L.; McDowell, PF.; Marcus, W.A. Accuracy assessment of georectified aerial photographs: Implications for measuring
lateral channel movement in a GIS. Geomorphology 2006, 74, 1-16. [CrossRef]

Ghimire, E.; Sharma, S. Flood Damage Assessment in HAZUS Using Various Resolution of Data and One-Dimensional and
Two-Dimensional HEC-RAS Depth Grids. Nat. Hazards Rev. 2021, 22, 04020054. [CrossRef]

Rai, PK.; Chaubey, PK.; Mohan, K; Singh, P. Geoinformatics for assessing the inferences of quantitative drainage morphometry
of the Narmada Basin in India. Appl. Geomat. 2017, 9, 167-189. [CrossRef]

Pedraza, J. Procesos fluviales. In Geomorfologia: Principios, Métodos y Aplicaciones; Rueda: Madrid, Spain, 1996; p. 414.
Buffin-Bélanger, T.; Demers, S.; Montané, A. Hydrogeomorphology: Recognition and evolution of the flood phenomenon. Floods
2017, 1, 167-191. [CrossRef]

Choudhari, PP.; Nigam, G.K,; Singh, S.K.; Thakur, S. Morphometric based prioritization of watershed for groundwater potential
of Mula river basin, Maharashtra, India. Geol. Ecol. Landsc. 2018, 2, 256-267. [CrossRef]

Piégay, H.; Cottet, M.; Lamouroux, N. Innovative approaches in river management and restoration. River Res. Appl. 2020, 36,
875-879. [CrossRef]


http://doi.org/10.1002/esp.4085
http://doi.org/10.3390/geosciences10060231
http://doi.org/10.1002/esp.4787
https://www.arcgis.com/home/item.html?id=23a2dd9d127f41c195628457187d4a54
https://www.arcgis.com/home/item.html?id=23a2dd9d127f41c195628457187d4a54
http://doi.org/10.1130/0016-7606(1956)67[597:EODSAS]2.0.CO;2
http://doi.org/10.1016/j.geomorph.2005.07.001
http://doi.org/10.1061/(ASCE)NH.1527-6996.0000430
http://doi.org/10.1007/s12518-017-0191-1
http://doi.org/10.1016/B978-1-78548-268-7.50010-9
http://doi.org/10.1080/24749508.2018.1452482
http://doi.org/10.1002/rra.3667

	Introduction 
	Methods 
	Results 
	Discussion 
	Conclusions 
	References

