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Abstract: The sustainable management of fluvial systems requires reliable knowledge of the mecha-
nisms that control the basins and their drainages, which in turn must be prioritized for the application
of measures for flood-risk reduction. Thus, given the need to develop methodological frameworks
capable of integrating remote sensing technologies at different scales, as well as traditional metrics
and anthropic variables, in this study, a multiscale method is proposed for the characterization and
prioritization of river stretches for fluvial risk management. This methodology involves the study of
drivers at the watershed level, and a detailed morphometric and hydrogeomorphological analysis
of the main channel for fluvial landscape classification, segmentation, and aggregation into units,
considering also anthropic variables. Therefore, it includes the use of LIDAR data and exploration
GIS tools, whose results are corroborated through fieldwork, where ephemeral and topographic
evidence of fluvial dynamics are collected. The procedure is validated in the Carrién river basin,
Palencia, Spain, where a high degree of maturity and geomorphological development are determined.
Hence, the main channel can be classified into eight geomorphic units and divided into homogeneous
segments, which, according to categorical elements such as urban interventions, are prioritized,
obtaining, as a result, six stretches of main interest for river risk management.

Keywords: fluvial geomorphometry; fluvial risk management; GIS toolbox; multiscale procedure;
remote sensing; LIDAR

1. Introduction

Fluvial systems, recognized as a space for the natural development of water bodies,
have been altered anthropically in an accelerated manner during the last century, not only
reducing their surface area, but also deteriorating their quality and associated ecosystems
and increasing the number of elements exposed to risk [1]. These systems are influenced by
factors such as urban occupation, industries, agricultural fields, establishment of storage
and flow control structures, and precipitation and temperature regimes already altered by
climate change [2]. Therefore, the management of the fluvial areas requires the integration
of multiple disciplines that combine physical aspects and biological, socioeconomic, and
cultural approaches [3]. Thus, it is necessary to work on highly modified river systems
and not only with natural configurations, with the aim of understanding their physical
processes and improving their functioning [4]. For this purpose, regulations have been
implemented in recent decades, such as the Water Framework Directive in Europe [5],
which seeks to improve the surface water status.

The appropriate river basin management requires the development of studies that
make it possible to understand their nature, their evolution over time, and the phys-
ical mechanisms that affect them, so that future behaviors can be inferred, leading to
the development of protection, recovery, and reduction of potential risk measures [6].
This requires sufficiently robust and reliable baseline information related to the structure,
function, health, and trajectory of water bodies, considering geomorphological variables,
hydrological regimes, hydraulic characteristics, and terrain configurations [7].
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Geomorphological studies provide insight into the channel evolution as a basis for in-
terpreting the current stream conditions and its trends, making it an essential factor for the
understanding and managing of hydroclimatological hazards [8]. In this sense, such analy-
ses have been strengthening in the last two decades in different basins worldwide [9-12],
developing methodological frameworks based on hydromorphometric analysis at different
scales and differentiating sections and channel segments according to typology, geomorphic
units, and drivers present [13,14].

The relevance in the analysis of units consists in the establishment of methods that
allow objective delimitations of stretches, with relatively homogeneous biophysical char-
acteristics along a river course to understand its behavior [13,15-17]. The typologies
identification permit us to carry out a categorization and prioritization of stretches, where it
would be necessary to develop more detailed studies and implement multipurpose actions
for the protection and preservation of fluvial systems [11,12,18,19]. These studies must also
include other variables, such as the anthropogenic interventions impact, which is one of
the greatest challenges nowadays [19].

In this context, it is necessary to carry out analyses at different geographical levels—for
example, at regional scales for drivers” definition at basin level, and at local scale, focused
on the behavior of river course segments. Then, remote sensing techniques appear as a prac-
tical tool, whose development has revolutionized the ability to map and analyze the spatial
variability of fluvial elements, including the light detection and ranging—LiDAR [20,21].
Multiple studies have been developed in different catchments [7,22,23].

However, given the availability and volume of current information, and the multiple
techniques and tools developed, there is a need to establish methodological frameworks
that can integrate different sensors, spatial and temporal approaches, as well as traditional
metrics and transversal anthropic factors [19,24].

Considering the above, this study proposes a detailed practical methodology for the
characterization and multivariate prioritization of reaches along a river course. This work
consists of three phases where a series of steps are developed to: (a) study drivers and
hydromorphometric characteristics, covering a regional scale at a river basin level; (b) an-
alyze the main channel at a detailed scale, generating the segmentation and aggregation
of sections along the river course, based on the study of hydromorphometric variables,
fluvial geomorphology, and anthropic interventions, and (c) the final characterization and
prioritization of sections of interest for the subsequent development of detailed studies and
fluvial risk management measures.

The method developed in this study was validated in the basin and main channel of
the Carrion river, a Duero basin tributary, located in the northwest of the Iberian Peninsula
(Palencia, Spain) (Figure 1a). This river course is categorized as a highly modified surface
water body, due to the anthropic intervention such as rectifications, storage, and flow
regulation structures, occupations, and agricultural and urban land uses. This fluvial body,
originating in the Fuentes Carrionas massif in the Velilla del Rio Carrién municipality, has
a 197 km channel length until it flows into the Pisuerga River, with a drainage area of
3368 km? approximately.

According to the hydrographic zoning, the Carrion river is part of zone A-subzone
5 of the Duero basin, which includes a total of 31 surface water bodies [25]. The study
analyzed a river stretch, from the Compuerto reservoir to its mouth, with a total length of
180.7 km, and its tributary basin with a surface of 3000 km? (Figure 1b).
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Figure 1. Study area. (a) General localization of the analyzed river basin. (b) Carrion watershed and sub-basins delimited.

2. Methods

As a preliminary stage, the study included the collection and processing of the most
up to date information of the area of interest, from official sources such as the National
Geographic Institute (IGN), the Geological and Mining Institute of Spain (IGME), the
Duero Hydrographic Confederation (CHD), and the Spatial Data Infrastructure of the
Junta de Castilla y Leén (JCyL). The data were compiled into a cartographic database,
including surface water bodies, geological maps, quaternary surface datasheets, channel
maps, orthophotos, historic flight photos, remote data, and basic topography. As shown in
Figure 2, the study contemplated three macro phases, composed of two general processes.
The procedure involved the use of remote sensing techniques, starting from the use of
high-resolution LiDAR data, as well as the combined application of different GIS tool
packages on the ArcGIS 10.8 platform, on which the step-by-step execution is further
described. These practical tools converged with the fieldwork, which made it possible to
define the quality of the adjustment of the theoretical work in contrast with the evidence
collected in the field [26].
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Figure 2. Methodology developed in the study.

2.1. Characterization of the Physical Conditions and Controlling Factors of the Spatial Units

The study of the physical characteristics and drivers of the basin included the deter-
mination of morphometric parameters; for this purpose, the first step was the definition of
analysis areas and then the determination of hydromorphometric indexes.

2.1.1. Multiscale Watershed Delineation

The multiscale delineation includes the definition of representative sub-basins of the
watershed studied, based on the water body subdivisions established by the management
authorities—in this case, for the Carrion river, the one developed by the CHD [25], which
considers 24 sub-watersheds.

Over this delimited area, a 5 m resolution DTM was generated from LIDAR data,
keeping only the ground height values. Subsequently, the ArcHydro toolset in ArcGIS 10.8
was applied, so once the data were processed under the Terrain Preprocessing tool, the
delimitation of the basin and sub-basins was carried out using the Watershed Processing
sequence (Figure 3). With this input, and selecting the main tributary drainages, the
affluent areas were grouped, maintaining surfaces above a threshold according to the scale
of analysis. Thus, considering that the segment of interest comprises the Carrion River
stretch from the Compuerto reservoir to its mouth at the Pisuerga river, subareas of no less
than 70 km? were defined in a total of 3000 km? approximately (Figure 1b).
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Figure 3. Model developed in ArcHydro.

2.1.2. Hydromorphometric Characterization and Controlling Factors of the Basin and
Sub-Basins

The morphometric analysis of each delimited sub-basin involved the characterization
of the drainage network, relief, basin geometry, and the drainage texture, using ArcGIS
toolbox packages, as shown in Table 1.
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Table 1. Morphometric parameters.

Morphometric Parameters Formula Reference
Stream order (N) River ordte}iraessigﬂfifbg;lt(r;l;ﬂer with a [27]
Stream number (Ny) Ny, Ny, N3 ... Ny [28]
Stream length (Ly) by order (km) Li,LpLs3... Ly
Mean stream length (Lym) (km) Lum =Lu/Ny
Stream length ratio (Lyr) Lur = Ly /(Ly1) [29]
Drainage Mean stream length (Lymr) (km) Lumr = Mean (Lyr)
Network Bifurcation ratio (Rb) Rb = Ny /Ny+1
Mean bifurcation ratio (Rbm) Rbm = Mean (Rb)
Mid-channel length of the widest L L L
channel (Lcmax) (m) cmax1s “emax2 - -+ Lemaxn 20
Length of the reach (L;) (m) Li,Lip... Lin [30]
Sinuosity of longest flow path (S) S = Lemax /Ly
Slope longest flow path (m/m) Previously defined in the model.
Rho coefficient (p) p=Lur/Rb [28]
Bgzlsrilnp lee ﬁ;itﬁiél;)(lil:nn;) Parameters previously obtained from [31]
Basin area (A) (km?) the DTM
Form factor ratio (Kf) (km) Kf = A/Lb? [32]
Basin Elongation ratio (Re) Re = (1.129A0%) /L [31]
Geometry Shape factor ratio (Sf) Sf=Lb%/A [28]
Circularity ratio (Rc) Rc=12.57 x (A/P?) [33]
Circularity ration (Ren) Ren=A/P [29]
Relative perimeter (Pr) Pr=A/P [31]
Gravelius 121;1eef>f<i;)ire fl(t)mpactness Kc = 028 P/(y/A) [34]
Dd=Lu/A
Drainage Drainage density (Dd) (km/km?)  The line den.sity was .defined using the [32]
Texture Line Density tool
Analysis Stream frequency (Fs) Fs =Nu/A
Drainage intensity (Di) Di =Fs/Dd [35]
Length of overland flow (Lo) Lo=1/2Dd [28]
Maximum basin height (Z) (m) Parameters previously obtained from _
Minimum basin height (z) (m) the DTM
Total basin relief (H) (m) H=Z=z [36]
. Relief ratio (Rhl) Rhl=H/Lb [31]
Reh?f . Relative relief ratio (Rhp) Rhp =H x 100/P [37]
Characterization Rugged ber (Rn) Rn = Dd x (H/1000) [38]
ggedness numbe
Melton rug(ilegﬁsess number MRn = H/A0.5 [37]
1 km2—net was used. Zonal statistics
Relative relief (Rr) were defined as well as IDW [31]
interpolation.
Dissection index (Dis) Dis = Rr/Absolute Relief [39]

In addition, the elevation profiles of the longest flow-paths per sub-watershed were
generated and analyzed. In order to compare the profiles, normalized profile curves were
drawn using the R-Profiler add-in; thus, values of concavity index (CI) (Equation (1)),
distance (Equation (2)), and height ratios (Equation (3)) were calculated [40]. Similarly,
inflection points were identified according to the slope cuts (Knickzones) [40,41], which
were analyzed according to the previously generated geomorphological cartography, lithol-
ogy, presence of geological structures, influence of hydraulic structures, anthropic fills, and
different evidence collected in the field.

IC = 2H, /Hj,

)
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where H, = difference in altitude between the middle profile and a straight line joining the
two ends of the profile and Hy, = difference in height between the channel head and the outlet.

Distance ratio =L, /Lo 2)

where L, = stream distance from the river mouth at the point of measurement and L, = stream
distance from the river mouth at the drainage divide.

Height ratio = Hy, /H, 3)

where Hp, = stream altitude at the point of measurement and H,, = stream altitude from the
river mouth at the headwaters.

For altitude distribution analysis, the hypsometric curve was plotted, using the
DTM previously generated, where the hypsometric integral (HI) was calculated too
(Equation (4)) [38,42]. HI:

Mean elevation (Emean) — Minimum elevation (Emin)
Maximum elevation (Emax) — Minimum elevation (Emin)

(4)

2.2. Hydrogeomorphic Analyses of the Fluvial System and Segmentation into Units of Study

Once the analysis at the sub-basin level was completed, the main channel was char-
acterized, defining units with geomorphic criteria on which different attributes were
calculated, as detailed in the following sections.

2.2.1. Delimitation of Hydrogeomorphic Units—Classification of the Fluvial Landscape

The delimitation of the main channel and hydrogeomorphic elements was made,
obtaining floodplain-phase and channel-phase geomorphic patches [12].

Over the floodplain, geomorphic units were classified into four types: unvegetated or
sparsely vegetated point bars, alluvial plains, oxbows, and river terraces.

The geomorphic elements identified in the channel were classified into the low channel,
high channel, mid-channel bars (having no or sparse vegetation), and islands (mid-channel
islands having dense vegetation). Once the units were defined, the so-called active channel
was delimited, comprising the high channel and the alluvial bars (Figure 4) [14].

The delimitation of the geomorphic units was carried out using a 1 m resolution DTM
generated from the LiDAR data, as well as derived raster (slope maps, hillshades, and
curvatures), orthophotographs (from PNOA 2017), historical aerial photo analysis (from
the American flight of series B), and ephemeral and topographic evidence data collected
in the field, which allowed us to define the specific fluvial dynamics and to delimit with
a high level of detail the geomorphic units generated by the passage of water over the
terrain, as can be seen in Figure 4. For further methodology details, refer to Lombana and
Martinez [26].
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Geomorphic units
== Carrion river —— Longitudinal obstruction [ Historic channel [l Active channel
[ Urban Sectors B Transversal obstruction [77] Bars [ Alluvial plain

Figure 4. Hydrogeomorphic delimitation over different raster and photos. (a) Historical aerial photo. (b) Slope raster.
(c) Filtered shaded relief. (d) Orthophoto PNOA 2017.

2.2.2. Main Drainage System Segmentation and Characterization

In order to aggregate the relatively homogeneous spatial characteristics, a structured set
of segments of the fluvial axis and the alluvial plain were defined. Then, statistical analyses
were performed using the Fluvial Corridor tool package [17]. Although the tool allows the
definition of inflection points in the route of the channel main axis, in the present study;,
a modification of the method was carried out based on the filtering of inflection points of
principal interest and the definition of arcs for the metric analysis of sinuosity, half-amplitude,
and bend-length changes, as shown in Figure 5. Additionally, using the Confinement tool
package, the confinement analysis was performed for the main channel of the Carrién river, as
an indicator of river lateral mobility potential [13]. The classification of the values obtained
was performed according to the categories presented in O’'Brien et al. [43].
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2.3. Multivariable Integrated Analysis to Definition and Prioritization of River Reaches

Once metrics of sinuosity, half-amplitude, bend-length, and slope were determined,
sets of segments with similar values were identified based on statistical tests, for which
the Hubert test was applied. The test is based on the concept of standard deviation,
assigning a confidence level of 95% that ensures a strong significance [44]. Subsequently,
the intersect of the variables was performed, jointly analyzing the confinement values,
the geomorphic units, the presence of hydraulic structures (transverse and longitudinal
obstructions) (Figure 4), urban centers, and afferent drainages (surface water bodies).

3. Results

The results of indexes and parameters calculated are shown in detail in Supplementary
Material.

3.1. Characterization of the Physical Conditions and Controlling Factors of the Spatial Units
3.1.1. Drainage Network of the Carrion River

The Carrion river basin has a total length of drainages of 4300 km, classified as seventh-
order, finding the maximum value in the Valdeginate river, being sixth-order, which corre-
sponds with the maximum stream number (Nu) of 475 calculated for first-order drainages.

In general, as the stream order increases, its length decreases [45], showing an expo-
nential trend according to the correlation coefficients determined (Figure 6a). On the other
hand, the stream length ratio (Lur) varies in the range of 0.2 to 2.1 throughout the study
area, accounting for the degree of geomorphological development of each sub-basin [46],
which conserve values around 0.6, being differentially higher only than that of the Grande
river located in the upper basin of the studied area.

Lu (km)

350\

Sub-basins R? ——3 Carrién
Carrién  680.75x10">°°%* 0.66 = —ftave
Cueza  566.92x10°%% 094 | T4 | Villalob6n

Villalobon ~ 86.35x10°62'% 0,90 | T — Yeicagihain

Valdeginate  1338x10°7%% 0,95 | 5 7\3/2'("'5"0
Velilla 25.49x10°797% 092 | @ ¢ -\ iz
Sequillo  1152.6x10 %% 092 L Grande
Ucieza  95067x10°72% 099 | 3 — Carrion total
Grande  45.143x10°%"™ 025 | ®o.4 1

i
0.2

Stream Order

(a)

05
Relative Area (a/A)

(b)

Figure 6. (a) Stream length (Lu) vs. stream order. Data show exponential tendencies. (b) Hypsometric curves by sub-basin.

The mean bifurcation ratio (Rbm) moves between values of 1.6 and 2.4, where lower
values reveal basins that present less structural changes, whose drainage patterns have
not been distorted by geological or structural drivers [13,46]. On the contrary, a larger
bifurcation ratio indicates structural influences, as occur in the sub-basins of analysis,
where the bifurcation ratio (Rb) varies from one order to another by an average of 50%.

The Rho coefficient (p) is a parameter that is related to the drainage density and
physiographic development of a basin, allowing storage capacity evaluation [46]. For the
case of the study, the coefficient maintains values close to 0.4.
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Regarding the sinuosity index of the longest flow-path per sub-watershed, values
between 1.3 and 1.68 were determined, which, in any case, indicate that the drainages are
of a sinuous type [30,47].

3.1.2. Basin Geometry Analysis of the Carrion River

With respect to the shape factors (Kf) obtained, the sub-basins with lower values are
less susceptible to flooding (as is the case of the Carrion river sub-basin with a factor of
0.05) than those with higher values (e.g., the Valdeginate river).

On the other hand, the elongation ratio (Re) presents values between 0.26 and 0.82,
with a value for the total basin of 0.51, representative of elongated watersheds [31].

One of the highest values was recorded for the Valdeginate river, which implies greater
vulnerability to sudden floods in comparison to the other sub-basins [31], considering
furthermore that it does not have regulation systems.

The shape factor ratio (Sf) allows analysis of the drainage irregularity [18]. For
the study, the greatest irregularity was calculated in the Carrion river sub-basin, with a
maximum of 38.17. The minimum value corresponds to the Velilla reservoir, the smallest
sub-basin, which is influenced by the hydraulic structure mentioned.

The circularity ratio (Rc) represents the similarity of the basin shape with a circular
geometry, where low values indicate relatively elongated watersheds controlled mainly by
geological structures; basins with little structural influence present ratios close to 1 [13]. In
the case of the study area, the lowest Rc value was obtained for the Carrién river sub-basin
(0.03) and the highest for the Grande river (0.2), so it can be indicated that all the analysis
units are elongated with mainly geological control, as can be seen by the values of the
compactness coefficient (Kc) far from the unit and the circularity ration (Ren).

3.1.3. Relief Characterization

Total basin relief (H) defines the difference between the elevation of the mouth and
the highest point of the basin (Figure 7a,b); on the other hand, the relief ratio (Rhl) provides
a measure of the average drop in elevation per unit of axial length [13]. For the Carrién
river, the ratios maintain values between 0.009 and 0.004, except for the sub-basins in the
upper basin, corresponding to the Grande river and Velilla reservoir. In general, an average
slope of 0.014 is calculated for the watershed, meaning that it has low relief (Figure 7c),
which can also be concluded from the relative relief (Rr), which represents the variation in
altitude in a unit area with respect to its local base level (Figure 7d) and the low relative
relief ratio values obtained (Rhp) within 0.16 and 0.18, except for the upper basin, which
corresponds to mountainous areas, which present Rhp greater than 2.

In relation to the ruggedness number (Rn) and Melton ruggedness number (MRn), it
can be indicated that the low values calculated suggest that the sub-watersheds are less
prone to erosion phenomena and have a structural configuration intrinsically associated
with relief and drainage density [46].

The hypsometric curves vary according to the tectonic and geological configuration of
each analysis surface [13]. At the sub-basin level, the upper hypsometric line in Figure 6b
typifies a drainage area that has a significant portion of its surface in areas of relatively
high relief, being the case of the Villalobén stream, where more than 50% of the area has a
relative height of 0.62, presenting deep and narrow valleys in its configuration. On the other
hand, the lower curves reflect terrains of low relative height where the sub-basins have a
significant surface proportion in smoothed foothills and valley bottom plains; the case of
the Ucieza river is representative, where 50% of the area is located at relative heights lower
than 0.23—that is, elevations less than 836 m above sea level. However, it is important
to indicate that, in general, the curve obtained for the basin is characteristic of highly
developed drainage areas, which have steep peaks (as is the case of the Grande river, where
50% of the area exceeds 1409 m.a.s.l.) and extensive valleys (as is observed in the Carrién
river sub-basin, where 50% of the area is located at relative heights of 0.6, i.e., less than
876 m.a.s.l.). This is also represented in the HI values obtained for the catchment, which
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represent the state of development and erosion; high values of the hypsometric integral
indicate young stages of maturation or less eroded areas, while lower values reflect areas
with greater denudation and more advanced stages of maturation (old stages) [48]. In the
case of the Carrion river, the sub-basins are mostly categorized as old stages, i.e., stabilized
states characterized by the presence of abandoned meanders and highly sinuous paths
(case of the Carrion river sub-basin), and as mature stages or with equilibrium conditions
(Villalob6n and Cueza river sub-basins).

wm H: 24213 m° v H 2421 .3m g > 0-3%
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Figure 7. Raster obtained in drainage and relief characterization. (a) DTM; (b) DTM reclassified in 20 classes; (c) Slopes;
(d) Relative relief; (e) Dissection index; (f) Drainage density.



Remote Sens. 2021, 13, 2955

13 of 22

The dissection index (Di) is a factor that indicates the degree of vertical erosion present
in the analysis catchment and suggests the stage of geomorphological development in a
physiographic region; values close to 0 indicate an absence of vertical erosion and values
close to 1 indicate high slopes with high erosion rates [45]. In this sense, the average value
obtained in the sub-basin was 0.08, with the maximum value of 0.2 obtained in the upper
basin and the lowest value of 0.01 present in the middle basin, so it can be indicated that
the highest vertical erosion rates are found in the Grande river (Figure 7e).

3.1.4. Drainage Texture Analysis

Information about terrain dissection degree can be provided by the drainage density
(Dd), which has a significant influence on the transfer of liquid and solid flow through
the drainage area [13]. This parameter is directly influenced by vegetation cover and land
use. Dd values are in the range of 1.02-1.96, with an average of 1.4, indicating moderately
drained areas whose density is largely conditioned by flat reliefs and moderately perme-
able soils [45]. The lowest density occurs in the upper watershed, where more resistant
lithologies and greater slopes are identified (Figure 7f).

With respect to the stream frequency (Fs), values around 1.1 were obtained, indicating
moderate permeabilities along the basin [18]. On the other hand, the drainage intensity
(Di) shows an average value of 0.82, being the maximum of 1.1, indicating a low Di; in
this way, it can be indicated that the Fs and Dd have little influence on the terrain as the
surface has been modeled by denudation agents. In this sense, runoff waters can remain
for a long time in the area, making the basin susceptible to flooding, erosion, and mass
removal phenomena [18,46].

The length of overland flow (Lo) refers to the distance that a raindrop can travel before
being channeled into a defined drainage or channel. For the specific case, Lo values are
around 0.37, with a maximum of 0.49 and a minimum of 0.25; low values are indicative of
maturity states in the watershed [18,45,46].

3.1.5. Analysis of Longitudinal Longest Flow-Paths

The sub-basins analyzed present longitudinal profiles with concavity values between
0.11 and 0.67 (Figure 8); thus, in sub-watersheds with values close to 0, the profile tends to
conform to a straight line, as is the case of the Villalobon stream and the Cueza river, which
present concavity values of 0.11 and 0.17, respectively. On the other hand, although low
concavity is identified in the Cueza river, the average slope of the flow-path does not vary
substantially along the course, remaining around 0.004.

At the same time, the profiles with the greatest concavity are found in the Grande,
the Valdeginate, and the Carrion river sub-watersheds, with values of 0.5626, 0.5282, and
0.3167, respectively. This is a typical configuration of rivers that present more advanced
maturation stages, being considered old streams, which agrees with the results obtained
from the hypsometric curves previously analyzed [40,41].

Regarding the knickpoints, profiles such as those of the Sequillo river show marked
inflection points that are directly related to the geomorphology; in the specific case, the
changes in slope are due to the passage through the different levels of alluvial terraces
of the Carrion river. In the case of the Villalobdn stream, it is important to highlight the
section of connected profile that occurs at distances from 0 to 4700 m, which is due to the
slope cut between the structural surface of Paramo limestones and the incised transverse
valley dissected by the same stream. Similarly, in this profile, the last knickpoint occurs
near the Palencia center, located on alluvial terraces of the Carrion river.

On the other hand, knickzones can also be associated with the presence of anthropic
elements such as ponds and reservoirs, dams, roads, and diversion channels. In the case of
the Grande river, the main slope break is located in the area where the Besandino reservoir
is located, at an elevation of 1242 m.a.s.l. For the Carrion river sub-watershed, due to the
presence of transversal roads and hydraulic infrastructure, slope changes are identified.
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Figure 8. Normalized Longitudinal Profiles.

3.2. Hydrogeomorphic Analysis and Fluvial System Segmentation
3.2.1. Hydrogeomorphic Units and Landscape Classification

The Carrion river has a variable configuration along the study section, characterized
by a rectilinear main channel at its upper basin, whose course becomes more sinuous as
it moves southward, with varied typologies, whether rectilinear with the formation of
marginal bars, low sinuosity braided, or meandering with point bars. The river moves
laterally on the alluvial plain in a west—east direction and vice versa, leaving networks of
active and abandoned channels. This river movement has triggered the basal undercutting
of the contacted hillsides, causing rotational landslides, which give way to the river course’s
continuous migration.
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At the upper basin, the fluvial course presents a narrow alluvial plain, which widens
towards the middle and lower basin, presenting an extensive network of secondary drains that
feed the main channel, until reaching a wide floodplain at the mouth in the Pisuerga River.

Among the formations of fluvial origin, the system of inset and stepped terraces
developed mainly towards the right bank of the Carrion river stands out, whose extension,
height, and number of levels increase as one descends towards the south.

3.2.2. Segmentation and Characterization of the Fluvial System

Segments were defined to study the metric changes in sinuosity, half-amplitude, and
bend-length along the main channel. In this sense, the sections defined with this criterion
retain average lengths of 520 m, in some cases reaching values close to 1000 m in the flatter
areas, where the arcs near the mouth must be analyzed.

Regarding sinuosity, 63% of the sections studied are classified as sinuous, 17% as
meandering, and 20% as straight (Figure 9a). The straight sections are located mainly in
the upper basin near the Velilla reservoir. On the other hand, the sinuous segments are
in the middle and lower basin, increasing as the river’s course progresses; likewise, the
meandering sections are located after 42 km, increasing in frequency in the middle-lower
basin. Concerning half-amplitude, as expected, as the sinuosity increases with the average
amplitude of the arcs (Figure 9d).

When the confinement analysis was performed (Figure 9b), it was determined that
approximately 55% of the study section is not laterally confined, so that 84 km of the river’s
length presents a greater probability of migration; on the other hand, 30% of the sections
studied are partially confined, either by channel margin control (10%) or by alluvial plain
margin control (20%); approximately 15% of the sections were considered to be confined
on some of their margins (Figure 9e).

After applying the Hubert test, seven homogeneous sections were identified consider-
ing sinuosity, five according to bend-length, and four for curvature radius and slope.
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Figure 9. Segments and characterization of fluvial system. (a). Sinuosity indexes calculated; (b) Confinement segments
defined; (c) Reaches; (d) Half-amplitude and correlation with sinuosity index; (e) Confinement values’ variation; (f) Charac-

terization of reaches.

3.3. Multivariable Integrated Analysis to Definition and Prioritization of River Reaches

The homogeneous segments by variable were intersected to obtain 15 reaches, which,
once analyzed according to the values of confinement, fluvial landscape classification, and
anthropic intervention, resulted in a total of 28 sections of interest (Figure 9c), which could
be characterized according to the presence or absence of the following categorical elements
(Figure 9f):

e Impacts generated by anthropic infrastructure on the water body: refers to the location
of transverse (e.g., weir) and longitudinal (e.g., levees) hydraulic infrastructure, road
crossings, and diversion canals such as the Canal de Castilla.

e  Existence of urban centers: considers the exposure of urban centers on the banks of

the Carrién river.
e  Presence of tributaries: implies the existence of tributaries categorized as a body of water.
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e Lateral migration and presence of hydrogeomorphic elements (bars and secondary
channels): considers those sections that show marked lateral migration and the pres-
ence of bar points, mid-channel bars, and secondary channels.

e  Marked confinement and the possible presence of slope landslides: includes those
sections that are confined on some of their margins by hillsides, which may present
landslides due to the destabilization generated by the main channel.

As is shown in Figure 9c, the categorical elements converge in Section 26, which is
the segment located near the Palencia capital, the largest urban conglomeration in the
basin (Figure 9f). In this zone, there is partial confinement to the left bank, where the
urban area is located; likewise, there are alternate or secondary channels that border two
islands (including Dos Aguas Island), on which urban, sports, and leisure infrastructure
is developed. In addition, the Valdeginate river and the Villalobon stream flow in the
segment, which is also influenced by the southern sector of the Canal de Castilla, factors
that condition the hydrological regime and geomorphology of the sector.

The following sections are also highlighted:

e  Section 5: It passes near the urban core of Villalba del Guardo (which presents longitu-
dinal obstructions implemented for bank stabilization).

e Section 7 (Figure 10a): Characterized by the presence of point and central bars
(Figure 10c), secondary channels (Figure 10e), and a marked right-to-left migration, lo-
cated near the town of Pino del Rio, where lateral infrastructure for bank stabilization
is identified (Figure 10g).

e  Section 9: Shows left lateral confinement and slope destabilization due to fluvial action,
marked by rotational landslides, crossing near the Celadilla del Rio municipality,
where bank protection structures have been implemented.

e Section 17 (Figure 10b): The sector of the Carrion river as it passes through the
municipality of Carrién de Los Condes, it presents a high lateral migration, with
the formation of point bars (Figure 10d) and multiple secondary channels that left
ephemeral evidence (Figure 10f). This reach presents an impact on its fluvial course
due to the influence of the A-231 highway (Figure 10h).

e  Section 24: This section is of interest due to the river direction change at a 90° angle
produced by changes in the geology (encounter with Paramo structural surfaces),
where the Ucieza river also flows, near the town of Husillos.
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Figure 10. Some prioritized reaches and hydrogeomorphological evidence taken in the field. (a) Reach 7; (b) Reach 17;
(c) Central bar located in the point 1 of reach 7; (d) Point bar seen in point 4 of reach 17; (e) Secondary channel in point 3 of
reach 7; (f) Floating deposits located in reach 17 point 6; (g) Longitudinal obstruction built in point 2 of reach 7; (h) A-231
road and lateral obstruction located in reach 17 point 5.
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4. Discussion

The methodology applied in this study permitted us to analyze at a regional scale the
drivers that control the dynamics of water bodies in a basin with an advanced stage of
maturation, through the study of hydromorphometric variables [13,18,45]. These previous
results were transferred to a river reach level at a highly detailed scale, where it was possible
to define hydrogeomorphological units for the classification of the fluvial landscape and its
segmentation based on metrics [15,16].

Thus, the integration of different scales of study of hydromorphometric and geomor-
phological variables in a basin, involving traditional metrics and anthropogenic interven-
tions impact, made it possible to establish and prioritize zones in a highly modified water
body, where further multipurpose studies should be carried out, including fluvial risk anal-
yses, and sustainable management measures must be applied. These works may include,
for example, studies of flood hazard, exposure, vulnerability, and risk; multitemporal
analyses for the evaluation of fluvial dynamics; studies of the impact generated by and
on the establishment of urban centers and structural measures along the channel, and, in
general, those where it is necessary to consider historical, morphometric, hydrological,
hydraulic, and geomorphological approaches, for the appropriate fluvial management.

The methodological framework could integrate, at a multiscale level, different re-
mote sensing techniques and GIS exploration tools, whose outputs and results are in any
case verified by expert criteria and supported by fieldwork. Therefore, in our study, the
high-resolution DTM generated from LIDAR data generated a high level of detail and
accuracy of the terrain configuration. It allowed the identification of changes in topography
and the delineation of geomorphic units at scales of 1:5000 or even 1:1000 in prioritized
areas, obtaining detailed fluvial landscape classification maps, supported by historical
aerial photographs, current orthophotos, and evidence taken in the field. Moreover, the
delimitation of sub-basins was more accurate than the drainage division obtained from the
25 m DTM used by the CHD [25].

Due to the advanced state of anthropogenic alteration of the river system, further
studies should assess the impact of other variables such as agricultural land use at multi-
temporal sceneries. On the other hand, considering that the Carridn river is regulated by
the Camporredondo and Compuerto reservoirs in its upper basin, by the Velilla del Guardo
reservoir near the Grande River, and by the Fuentearriba and Cueza 1 and 2 reservoirs on
the river of the same name, for further research, the analysis of flood tendency by param-
eters of area, shape, and drainage system must be performed considering the regulating
effect of the hydraulic infrastructure. In this way, regarding the hillside destabilization
generated by streams and identified in the basin, subsequent analyses must carry out mass
removal process assessment, particularly in segments that present lateral confinement.

5. Conclusions

The methodological framework developed in this study made it possible to analyze
the hydromorphometric and geomorphological variables of a basin at regional and detailed
scales, integrating transversal anthropic factors in a highly modified river system.

Thus, the method made it possible to establish and prioritize zones in the basin
where further multipurpose studies should be carried out and where fluvial management
measures should be applied.

In this regard, the process involved, in a practical way, the use of remote sensing
techniques and GIS exploration tools, whose outputs and results were supported by
evidence taken in the field.

Although the study included the confluence of multiple hydrogeomorphometric
and land configuration criteria, subsequent studies must evaluate specific interventions
generated by agricultural activities at a multitemporal level.

For further research, it is important to include in the methodology the mass removal
process assessment, especially in segments that present lateral confinement, due to the
hillside destabilization generated by streams.
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