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Abstract: Anthropic activity affects the hydrogeomorphological quality of fluvial systems. River
and valley classifications are fundamental preliminary steps in determining their ecological status,
and their prioritization is essential for the proper planning and management of soil and water
resources. Given the importance of the High Andean livestock micro-watershed (HAL-MWs)
ecosystems in Peru, an integrated methodological framework is presented for morphometric
prioritization that uses a Principal Component Analysis (PCA) and Weighted Sum Approach
(WSA), geomorphological fluvial classifications (channel, slope, and valley), and
hydrogeomorphological evaluations using the Hydrogeomorphological Index (IHG). Of six HAL-
MWs studied in Leimebamba and Molinopampa (Amazonas region), the PCWSA hybrid model
identified the San Antonio HAL-MW as a top priority, needing the rapid adoption of appropriate
conservation practices. Thirty-nine types of river course were identified, by combining 13 types of
valley and 11 types of riverbed. The total assessment of the IHG indicated that 7.6% (21.8 km), 14.5%
(41.6 km), 27.9% (80.0 km), and 50.0% (143.2 km) of the basin lengths have "Poor", "Moderate",
"Good", and "Very good" quality rankings, respectively. The increase in the artificial use of river
channels and flood plains is closely linked to the decrease in hydrogeomorphological quality.

Keywords: Amazonas; fluvial geomorphology; GIS; IHG; Leimebamba; Molinopampa;
morphometric parameters; river typology; PCWSA; remote sensing

1. Introduction

In 2011, 11% of Earth’s surface and 70% of water extracted from aquifers, rivers, and lakes were
purposed for agriculture [1]. By 2050, a world population of 9.1 billion [2] and a 70% increase in food
production, compared to 2009, is estimated, which will have a direct impact on land and water
resource availability [3]. Thirty-one percent of Earth’s 35 million km? fresh water resources, on which
aquatic and terrestrial ecosystems as well as mankind and diversity depend, are concentrated in Latin
America and the Caribbean [4]. In Peru, the average availability of renewable water sources was
65.726 m?¥/inhabitant/year in 2016, ranking 17t out of 180 countries [5]. However, this availability
does not correspond to the spatial distribution of the population, is non-uniform in time (mainly
because of variable precipitation) and has decreased due to population growth [5,6]. These
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circumstances have resulted in scarcity and water stress, thus generating social and productive
inequalities [5,7]. Moreover, socioeconomic changes and the accumulation of environmental
problems exceed the pace of institutional responses [5].

Socioeconomic activities impact fluvial systems [8]. These activities generate both point and
diffuse sources of contamination, morphological alterations, regulation, water extraction, the
occupation of floodplains, the retention and extraction of solid flows [8], the proliferation of invasive
species [9], and the modification and loss of the riverbank forest [10], among other consequences.
These impacts are a result of external elements, such as gabions, dams [11], bridges [12,13], and also
of disruptive activities including transfers [14], discharges, aggregate extraction, dredging,
channeling, channel diversions, and the use of the land for urbanization [15], mining [16], plantations,
landfills and dumps, transport routes [17], and grazing [18]. In summary, alteration is caused by (i)
hydrological denaturalization; (ii) reduced sediment transport; (iii) the functional reduction of
floodplains; (iv) direct action over the river channel, river bottom, and riverbank morphology; (v)
and the deterioration of the flow, width, structure, naturalness, and connectivity of the river corridor
[8].

Such impacts directly affect principal fluvial functions (the transport of water, sediment,
nutrients, and organisms) and natural hydrogeomorphological processes (erosion, transport, and
sedimentation) of the river system [19-21]. Land use also has important impacts on river systems, but
particularly on small river basins that have a steeper slope and channel coupling than the riverbeds
below [22]. In these micro-basins, cattle and sheep grazing tend to impact large geographical areas
and produce geomorphic repercussions through trampling, which leads to soil compaction,
accelerated runoff and gullying, riverbed vegetation disturbance, riverbed chiseling and detachment,
the disruption of protective soil crusts, and the formation of terraces [18]. There are various ecological
studies [23] of the deforestation of forests [24-27], weeds [28], the physicochemical properties of the
soil [29-31], macroinvertebrates, and the physicochemical and microbiological properties of water
[32-36], as evidence of the degradation of the high Andean livestock micro-basins in the Amazon
region (in northern Peru). However, the hydrogeomorphological approach has been scarcely studied
[37,38], as in all of Peru [39].

In this framework, hydrogeomorphology takes into account river channel processes and
characteristics for the purpose of river management and restoration [40,41]. In Europe, numerous
hydrogeomorphological methodologies have been developed, mainly after the launch of the
European Union Water Framework Directive (DMA; 2000/60/CE) [42]. One hundred and twenty-one
methods created in Europe, Africa, and the US have been created, tested, and revised from 1983 to
2013 [43]. For example, the Hydrogeomorphological Index (IHG) was developed in 2007 [19] and
successfully applied in Spanish river channels [44,45]. It was consequently modified [46] and applied
in other basins in Spain [47,48] and also adapted by South American countries such as Argentina [49],
Chile [50,51], and Peru [37,38]. In Peru, there is no framework for river system
hydrogeomorphological evaluation, but establishing such a framework is of primary importance due
to the rugged high Andean territory and high non-uniform rainfall, which promote highly dynamic
river behavior, in space and time.

Hydrogeomorphological evaluations, or any other fluvial studies, must begin with river channel
and valley classification [52]. This process has been traditionally carried out in accordance with
hydrological (ephemeral, intermittent, seasonal, permanent, etc.) and biological parameters, without
taking into account geomorphological parameters [53]. However, the latter is more applicable and
consistent with an hydro-morphological evaluation [52]. Internally and functionally homogenous
river sections are quickly and easily identified according to geomorphological parameters, with data
obtained by Remote Sensing (RS) and Geographic Information System (GIS) tools [53,54]. In the 21st
century, methodologies proposed by Ollero et al. [55], Diaz and Ollero [54], Horacio and Ollero [53],
Horacio et al. [56], and the most recent proposal by Horacio et al. [57], which uses lithological and
topographic units (Lithotopo), stand out.

As such, the rugged High Andean topography and high rainfall conditions favor erosion-
induced soil degradation [58]. In Peru, High Andean average erosion rates (162 tn/ha/year, from 1981
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to 2014) were estimated with the use of the Revised Universal Soil Loss Equation (RUSLE) model
[59]. In addition to the application of the RUSLE model, erosion-prone watersheds are evaluated and
prioritized worldwide based on the Sediment Yield Index (SYI) [60], land use, land cover,
morphometric variables, etc. The latter is more feasible, because it evaluates and prioritizes
watersheds even without the soil map or land cover/use map [61]. Based on morphometric variables
obtained from RS and GIS, several researchers have prioritized river basins by ordinary methods
such as: Fuzzy Analytical Hierarchy Process (FAHP) [62], Principal Component Analysis (PCA) [63],
and the Weighted Sum Approach (WSA) [64]. Nonetheless, a recent hybrid PCA and WSA
methodology (PCSWSA), has proven to be an optimal strategy for micro-basin prioritization [65].

In this study, an integrated methodological framework for morphometric prioritization,
geomorphological river classification, and the hydrogeomorphological evaluation of hydrographic
basins is presented. This methodology was applied on six High Andean livestock micro-basins (HAL-
MW) of high environmental and economic importance located in Leimebamba (Atuén, Cabildo,
Pomacochas and Timbambo) and Molinopampa (San Antonio and Ventilla) in Amazonas (northern
Peru). Consequently, (a) the land cover and uses of each HAL-MW were delimited and identified; (b)
the HAL-MWs were prioritized according to morphometric variables (linear, areal, and morphology)
and multivariate statistics; (c) the river network was classified based on geomorphological aspects
(riverbed geomorphology, slope, and valley geomorphology); and (d) an IHG Index was applied for
each river section that was classified as internally and functionally homogeneous. Ultimately, this
research seeks to provide decision-making tools for river system management and restoration.

2. Materials and Methods

2.1. Study Area

Our study area corresponding to Northern Peru’s Amazonas region has an approximate surface
area of 39.25 km?, much of it covered by unexplored tropical forests. It is geographically located
between parallels 3°0'15”, 7°2’0” south latitude and meridians 77°0"15” and 78°42'15” west longitude,
with an altitudinal gradient between 120 m.a.s.l. in the north, where humid lowland tropical forests
predominate, and 4900 m.a.s.l. to the south where humid highland Andean tropical forests, cloud
forests, and deforested grasslands predominate. Agriculture is the main economic activity in
Amazonas, occupying 24.9% of the territory and being responsible for 51.22% of the regional Gross
Domestic Product (GDP) [66]. There are four areas dedicated to livestock in the region [67]: (1)
Pomacochas-Jumbilla, (2) Molinopampa-Mendoza, (3) Leimebamba, and (4) Chiriaco. The first three
zones are located in areas of cold temperate climate, where dairy cattle predominate; while the last
zone, which has a warm and humid climate, is dedicated to raising Zebu cattle. In Leimebamba and
Molinopampa, situated in the province of Chachapoyas (Figure 1), open-field cattle raising (extensive
cattle farming) is executed alongside the Andean crop farming of potatoes, corn, and beans [68].
These areas include HAL-MW, belonging to the Utcubamba River level 5 Hydrographic Unit (HU
N5) [37], located on slopes and mountain tops with altitudes exceeding 2000 m.a.s.l. They cover large
areas of Andean grasslands and scrublands, used as natural pastures managed by anthropic burning
[67], which in some cases is complemented by the planting of small pasture areas and forages near
stables used for young bovine management. In that regard, Chachapoyas is noteworthy for being an
exceptionally suitable area for dairy and beef cattle farming, to such an extent that 42.22% of the
economically active population is dedicated to the aforementioned activities [68]. However, as a
result of poor agricultural practices, unsustainable logging, urban expansion, and the construction of
road infrastructure, these high Andean ecosystems are being degraded [23,24,25-32,33-38].

2.2. Methodological Design

This study constitutes the first integration of the three methodologies just described [19,53,65] to
prioritize and evaluate hydrogeomorphological quality in high Andean watersheds. Figure 2
illustrates the methodological process developed for the morphometric prioritization process using
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PCWSA, geomorphological fluvial classification, and hydrogeomorphological quality evaluation
through the use of the IHG in six HAL-MWs in northern Peru.
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Figure 1. Location of High Andean livestock micro-watershed (HAL-MWs) in Leimebamba and
Molinopampa, Chachapoyas—Amazonas, in northern Peru.
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Figure 2. Flowchart of the integrated morphometric prioritization methodology, geomorphological
fluvial classification, and hydrogeomorphological evaluation of hydrographic micro-watersheds.

2.3. Base Map and Satellite Framework

To construct the base map and satellite framework, we utilized the HU N5 of the Utcubamba
River, contained in the Peruvian hydrographic watershed vector layer, obtained from the National
Water Authority’s (ANA) Geo-hydro portal [69] . Populated centers and the hydrography from the
digitized 13h, 13i, and 14h quadrangles in the National Geographic Institute (IGN) topographical
map series (scale of 1:100,000) were downloaded from the Ministry of Education’s web portal [70].
Road and bridge infrastructure data were obtained from the Transport and Communication
Ministry’s website [71]. The Digital Elevation Model (DEM), generated by the Phased Array Type L-
band Synthetic Aperture Radar (PALSAR) of Advanced Land Observing Satellite (ALOS) [72] from
the Japan Aerospace Exploration Agency (JAXA), was also utilized. The data were downloaded from
the National Aeronautics and Space Administration’s (NASA) ASD Data Search Vertex web portal
[73], with a 12.5 meter spatial resolution. To generate the Coverage and Land Use (LC / LU) maps,
we used two images with a spatial resolution of 10 meters acquired on July 234, 2017 from the Sentinel
2A satellite, Path 17, and Row MRP and MRN. These were acquired from the European Space
Agency’s (ESA) Copernicus Services Data Hub platform, through QGIS’s Semi-Automatic
Classification Plugin (SCP) [74].

2.4. Micro-Watershed Delimitation

Delimitation of the HAL-MWs was done using the DEM and coded from the Utcubamba River
HU NB5. This process was based on the Pfafstetter method [75,76] while using PgHydro Tools, a QGIS
(version 2.18.10) plugin [77], to activate the PgHydro Extension functions for PostgreSQL/PostGIS.
The linear water network layer was imported from Google Earth Pro (version 7.3.2.5576) and SAS
Planet (version 190707) interfaces, and subsequently updated and complemented with manual
mapping [78,79]. This procedure was critical in obtaining the detailed geomorphology of the channel
at the micro-watershed level, because the base layer brought the smoothed and generalized rivers
(scale 1:100000).
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2.5. Micro-Watershed Priorization Model

HAL-MW prioritization was carried out based on linear, areal, and shape morphometric
variables using the PCWSA hybrid model proposed by Malik et al. [65]. The linear variables that were
measured were: maximum and minimum height (Hmax, Hmin), area (A), perimeter (P), basin length
(Lb), Strahler order (u), length (L), slope of the main stream (SI), stream length (Lu), stream length
mean (Lsm), and the Bifurcation ratio (Rb), which depends on Lu and the total number of streams of
order u (Nu) (Table 1). The areal variables were: the mean slope of the basin (Sb), drainage density
(Dd), stream frequency (Fs), texture ratio (Rt), and mean length of the overland flow (Lom) (Table 1).
The analyzed shape variables were: the form factor (Ff), Circularity ratio (Rc), Compactness
coefficient (Cc), and Elongation ratio (Re) (Table 1).

Table 1. Linear, areal, and shape morphometric variables and computation formulae with references.

Variables Symbology  Unit Formula References
Linear Variables

Maximum altitude of

Maximum altitude Hmax m.a.s.].
watershed
Minimum altitude Hmin m.a.s.]. Minimum altitude of
watershed
Basin perimeter p km Perimeter of watershed
Basin area A km? Plan area of watershed
Stream order u Hierarchical rank [80]
Total of flows of the Total number of streams
Nu [81]
order u of order u
Stream length Lu Km Total length of stream of [81]
order u
Mean stream length Lsm km Lu/Nu [81]
Length of the main L Km Length of the main [82]
channel channel
Slope of the main gl o (Hmax of the main channel [82]
channel ? —Hmin)/ L
Basin length Lb km 1.312 x A0-68 [83]
Bifurcation ratio Rb Nu/(Nu+1) [84]
Areal Variables
Mean sloPe of the Sh % AHx SL1/ A [82]
basin !
Drainage density Dd km/km? YLu/A [85]
Stream frequency Fs km? XINu/A [85]
Texture ratio Rt km-! XNu/P [81]
Mean length of
overland Flow Lom km 1/2Dd [81]
Shape Variables
Form factor Ff AL, Ff<1 [85]
Circularity ratio Rc 41tA/ P2, RC<1 [86]
Compactness Ce 0.2821P/ A%, Ce>1 [80]
coefficient
Elongation ratio Re 1.128A%5/ Lb, Re<1 [84]

! AH and LL! are the equidistance and the total length of the contour lines that pass through the basin,
respectively.

Preliminary Priority Ranks (PPR) were assigned to each HAL-MW, with the use of one linear
variable (Rb), four areal variables (Dd, Fs, Rt, Lom), and four shape variables (Ef, Rc, Cc, Re) [58,64,65].
Higher values of linear and area variables indicate a greater potential for soil erosion (direct
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relationship), while morphometric shape variables have an inverse relationship. Therefore, the
highest erosion potential of these variables was assigned rank 1 (highest priority), the next highest
potential value was assigned rank 2, and so forth for all HAL-MWs [58,61]. The correlation matrix,
the first Load Factor (FL), and the rotated FL of the nine morphometric variables were constructed
using PCA. This allowed us to identify the most significant morphometric variables. The PCA was
performed using the SPSS 22.0 software; the methodological background for this can be found in
Malik et al. [65]. The WSA was later applied to significant morphometric variables, and the value of
the Composite Factor (CF) was calculated for the final priority classification. CF is defined by the PPR
of the significant morphometric variable and its weight (Wi) (Equation (1)) [58,64,65]. Wi is obtained
by analyzing the cross-correlation matrix between the significant morphometric variables (one per
each component) and is calculated as the quotient between the vertical sum of the correlations for
each variable (ri) and the total sum of correlations of the matrix (rij) (Equation (2)):

CF =X (PPRi x Wi), (1)
Wi=Xri/Lrij, 2)

The final priority range for the six HAL-MWs was assigned based on the value of CF. The lowest
value was assigned priority rank 1, the next lowest value was assigned priority rank 2, and so forth
for all HAL-MWs [65].

2.6. Land Cover and Land Use (LC/LU) Classification

To generate LC/LU maps, we followed the methodological flowchart developed by Rojas et al.
[24]. All spectral bands were atmospherically and automatically calibrated by applying the Dark
Object Subtraction (DOS1) [87] correction in the QGIS” SCP [74], and then bands 2-8, 11, and 12 were
combined to construct multispectral images. These were adapted to the existing geographical
boundaries of the study area and georeferenced using a second order polynomial transformation
based on 33 Earth Control Points. Pixels were resampled to a new location by interpolation, with a
permissible Mean Square Error (MSE) <0.15 [88].

Based on the CORINE Land Cover methodology adapted for Peru [89] and prior knowledge of
the study area, five classes of LC/LU were identified: built Area (BA), Andean grassland/scrubs
(AG/S), grasses and crops (PC), water bodies (WB), and forest (Fo). Multispectral images were
classified using the Maximum Probability algorithm based on the spectral signature of 218 training
areas mapped in the field. Then, with the purpose of minimizing position and classification errors
[90], the images were visually interpreted taking into account morphological characteristics such as
shape, size, tone and color, patterns, texture, geographical position, and the association of the
different LC/LU types [91]. Only the polygons where classification errors occurred due to the spectral
similarity of the classes were modified [24].

The thematic accuracy of the maps was evaluated with the construction of a Confusion Matrix
based on 196 verification sites [88]. These were established through a systematic randomized non-
aligned stratified sampling on the final classified map [92] and verified in the field and in Google
Earth Pro and SAS Planet interface [24]. The Global Accuracy and the Kappa Index (k) [93] were
calculated.

2.7. Geomorphological Classification of Fluvial Systems

The classification of a territory’s fluvial system is an important step in determining its ecological
state [55]. The classification of fluvial systems is based on three geomorphological aspects: micro-
watershed geomorphology (river style), channel slope, and valley geomorphology (Table 2) [53,54].
The classification process was carried out in two stages allowing fluvial system characterization from
a geomorphological perspective: zoning and typification [53]. In regards to zoning, a sectorization of
the river system was made for each geomorphological parameter, while with the intersection of these
results, the typification stage was carried out. The latter stage involved categorizing, internally and
functionally, homogenous types of river channel depending upon geomorphological aspects.
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The linear channel layer (.shp) was interpolated with the DEM to acquire the altimetric data of
the channel and was divided into sections of 1 km, which is the ideal observation scale for the use of
IHG [44]. In the table of attributes, basic descriptors of each section were calculated (Figure 3a): length
(L), altitude, and the east and north coordinates of the initial node (Xi, Yi, Zi) and end (Xf, Yf, Zf).
Then, over the center of each section, cross sections were drawn with an offset of 750 m on both sides,
with the help of the QGIS’s RiverGIS Plugin [94]. These were interpolated with the DEM and the
length (Lcs) between the maximum altitude on the left (Z1) and right (Zr) of each cross section was
calculated, as well as Z1, Zr ,and the central altitude (Zc) corresponding to the channel axis (Figure
3b).

Table 2. Parameters and geomorphological aspects for river zoning and typification !.

Geomorphological Geomorphological Classification Range  Symbol
Aspects Parameters y
Single channel N1
Type of channel Multiple channels N2
Transition N3
Ch 1
eomoinﬁglo Straight <1,05 s1
geomorphology Sinosity Tndex Winding 105-1.3  S2
HOSTY Twisty 13-15 S3
Meandering >1.5 S4
Level <0.5% P1
Nearly level 0.5-2% P2
Channel slope Slope Gentle slope 2-10% P3
Steep >10% P4
Totally confined <3 El
Very confined 3-12 E2
Confinement Moderately 12-22 E3
confined
Gently confined 22-40 E4
fi 4 E
Valley geomorphology Unc;rlllﬁned 240 Vi)
Narrow <50 m V2
i -2 Vv
Valley bottom width Medium i(S) 0 ?(()) 58 3
Wide V4
m
Very Wide >1000 m V5
I Based on Horacio and Ollero [53], Pardo and Palomar [95].
Xf, YF, 2f tis
Zl-Ze i

T
(b)

Figure 3. Basic descriptors for each (a) section and (b) cross section.

All sections were classified as single channels (N1) (Table 2), due to the infrequency of other
channel variants (626 m of 286.50 km). Sinuosity index (S), slope (P), and valley confinement (E) were
estimated with the use of Equations (3), (4), and (5) respectively. To calculate valley bottom width (V)
through the use of Equation (6), the linear cross-sectional layer (.shp) was imported to the Google
Earth Pro interface, where the ruler tool was used to measure said horizontal distance in accordance
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with each section’s valley morphology as seen in Figure 3b. These data were manually registered to
the table of attributes.

§=L/[(Xf-Xi)>+ (Yf-Yi)4]*, 3)
P=1[(Zi-Zf)/ L] x 100, )

E=Lecs /{[(Zl - Zc) + (Zr - Zc)] ] 2} (5)
V=Lof ©6)

Each morphological parameter was reclassified according to established zoning criteria (Table
2). For the typification process, the fields S, P, E, and V were concatenated for each section. Moreover,
adjacent sections with the same classification were grouped. Each group, or Functional Sector (FS), is
an internally and functionally homogenous fluvial channel.

2.8. Hydrogeomorphological Quality Evaluation

The hydrogeomorphological quality of each FS of the HAL-MWs was evaluated with the use of
the IHG Index [19,46,96]. In the laboratory, hydrological and infrastructure documentation, satellite
images (recent and old to assess the change processes; Figure 4), and cartography (terrain
topography, land use and road network) were acquired to distinguish pressures and impacts on the
river system that may distance its functionality, continuity, naturalness, complexity, and dynamics
from a reference state [44]. A hydrogeomorphological process and impact cartographic base was
generated [47]. In the field, the channel margins of almost all evaluated kilometers were traveled,
during July and August 2017, to apply the final IHG through observations of the current state of the
river system. This stage allowed the confirmation of observations in the laboratory, resolving doubts,
looking for symptoms of impacts, finding others not visible in images or maps, and combining the
expected effects of the these. FSs with difficult access were evaluated only in the laboratory.
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Figure 4. Identification of processes and impacts in the river system using satellite imagery in the (a)
Pomacochas HAL-MW in Leimebamba and (b) Ventilla HAL-MW in Molinopampa (Amazonas,
Peru). The images show the loss of the floodplain due to intense agricultural activity and the presence

of anthropic infrastructures in the river systems.

The IHG was used to assess three sections of a fluvial system: (1) Functional Quality (FQ), (2)
Channel Quality (CQ), and (3) Riparian Quality (RQ), with three subsections each. A score of 10
points was assigned to each subsection. However, these points were subtracted when impacts and
damage were observed in accordance with every subsection criterion in the IHG Index. Final
hydromorphological quality is calculated according to each FS’ final score in conformity with Table

3 [46].

Table 3. Total and partial scores for each section (Functional Quality (FQ), Channel Quality (CQ), and

Riparian  Quality (RQ))
hydrogeomorphological quality classes.

of

Hydrogeomorphological

Index

(IHG) index

and

Functional Quality Channel Quality Riparian Quality

IHG Hydrogeomorphological

(FQ) (CQ) RQ) Index Quality

0-6 0-6 0-6 0-20 Very bad
7-13 7-13 7-13 2141 Poor
14-19 14-19 14-19 42-59 Moderate
20-24 20-24 20-24 60-74 Good
25-30 25-30 25-30 75-90 Very good
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3. Results and Discussion

3.1. Morphometry and Preliminary Priority Ranges (PPR) of the Micro-Watersheds

The HAL-MWs are located at 21984275 m.a.s.l in Leimebamba and 1954-3790 m.a.s.l. in
Molinopampa (Figure 5). According to Strahler [80], the maximum stream order is three (3).

Stream
order

Stream

order

—1 —1
2 2

B Lagoons BB Lagoons
4275 m.a.s.l. 0 masl
1
2198 m.a.s.l. 0 2 km 1954 mas.l

(a) (b)

Figure 5. DEM and Stream order (1) of the (a) four HAL-MWs in Leimebamba and (b) two HAL-MWs
in Molinopampa (Amazonas, Peru).

The morphometric characterizations of HAL-MWs, based on linear variables, area, and shape
are reported in Table 4. The results show Rb values ranging from 2.750 (Atuen HAL-WS) to 5.00
(Timbambo HAL-MW). Higher values of Rb indicate greater soil erosion [84]. Dd indicates the
closeness of spacing of channels [61], which varies between 0.387 (Cabildo HAL-MW) and 0.698
(Timbambo HAL-MW). Low Dd values occur in regions with dense vegetation, low relief, and highly
resistant and permeable subsoils, while high Dd are found in regions with sparse vegetation, high
relief, and weak and impermeable subsoils [80]. Melton [97] analyzed the direct relationship between
Dd, Fs, and the runoff processes. The high Fs value of the HAL-MW in Pomacochas (0.288) indicates
there is more runoff in comparison to other HAL-MWs. Rt is classified into five kinds of texture,
ranging from very thick (<2), thick (2-4), moderate (4-6), and good (6-8), to very fine (>8) [98]. All
evaluated HAL-MWs show Rt < 2. Lom is an important independent variable that affects the
hydrological and physiographic developments of the drainage basin [81]. The shortest Lom, in
Timbambo’s HAL-MW (0.716), indicates a faster runoff process than in other HAL-MWs. Ff values >
0.78 indicate circular basins, while lower values indicate elongated basins [99]. Every evaluated HAL-
MW has a Ff result of < 0.377. Rc values range between 0.2 and 0.8. Higher results (>0.5), indicate
circular basins and homogenous geological material, while lower results (<0.5) indicate elongated
basins [86]. Only Cabildo HAL-MW (0.503) and Pomacochas HAL-MW (0.560) have higher Rc values
(>0.5). In the case of Cc results, these range from 1.336 (Pomacochas HAL-MW) to 1.805 (Atuen-HAL-
MW). Low values of Cc indicate less erosion vulnerability, while higher Cc values indicate a greater
erosion risk or vulnerability and the need to implement conservation measures [81]. Regarding Re
results, these vary from 0.594 (Ventilla HAL-MW) to 0.693 (Timbambo HAL-MW). Re values close to
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1.0 indicate very low relief regions, while 0.4 to 0.8 values indicate very high relief regions and steep
slopes [61,65].

Table 4. Linear, areal, and shape variables of the four HAL-MWs in Leimebamba and two HAL-MWs
in Molinopampa (Amazonas, Peru).

Leimebamba Molinopampa
Variables . . San .
Atuen Cabildo Pomacochas Timbambo ) Ventilla
Antonio
Linear variables
Hmax 4165 4275 3793 4085 3715 3790
(m.a.s.l.)
Humin 2422 3205 2198 3022 1954 2015
(m.a.s.l.)
P (km) 44.669  32.753 34.159 28.350 76.506 87.367
A (km?) 48.745 42,967 52.034 23.943 149.785 232.267
Stream 1 5 7 11 5 9 26
d 2 1 2 3 1 2 6
orden it 5 o 0 1 0 1 3
Nu u 8 9 15 6 12 35
Lu (km) 26.792  16.623 36.165 16.715 58.238 131.967
Lsm (km) 3.349 1.847 2.411 2.786 4.853 3.770
L (km) 17.340 7.299 13.087 11.235 27.684 38.113
Sl (%) 4516 9.248 9.674 7.058 5.375 3.655
Lb (km) 11.931 11.106 12.382 7.967 22.574 28.961
Rb 2.750 3.500 3.333 5.000 3.250 3.167
Areal Variables
Sb (%) 56.298 44.476 41.281 39.391 30.097 31.017
Dd (km/km?)  0.550 0.387 0.695 0.698 0.389 0.568
Fs (km?) 0.164 0.209 0.288 0.251 0.080 0.151
Rt (km) 0.179 0.275 0.439 0.212 0.157 0.401
Lom (km) 0.910 1.292 0.719 0.716 1.286 0.880
Shape Variables
Ff 0.342 0.348 0.339 0.377 0.294 0.277
Re 0.307 0.503 0.560 0.374 0.322 0.382
Cc 1.805 1.410 1.336 1.634 1.763 1.617
Re 0.660 0.666 0.657 0.693 0.612 0.594

After morphometric analysis, PPRs were assigned to all six HAL-MWs (according to the concept
of direct and inverse relationships), as indicated in Table 5.

Table 5. Preliminary Priority Rank (PPR) based on linear, areal, and shape variables of the four HAL-
MWs in Leimebamba and two HAL-MWs in Molinopampa (Amazonas, Peru).

Leimebamba Molinopampa
Variables . . San .
Atuen Cabildo Pomacochas Timbambo . Ventilla
Antonio

Rb 6 2 3 1 4 5
Dd 4 6 2 1 5 3
Fs 4 3 1 2 6 5
Rt 5 3 1 4 6 2
Lom 3 1 5 6 2 4
Ff 4 5 3 6 2 1
Re 1 5 6 3 2 4
Cc 6 2 1 4 5 3
Re 4 5 3 6 2 1
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3.2. Micro-Watershed Prioritization using PCWSA

The positive correlations between the linear morphometric, areal, and shape variables are shown
in Table 6. A strong correlation (r > 0.9) is observed between Dd—Lom, Ff~Re, and Rc—Cc, and moderate
correlations (r > 0.60) exist between Rb—Ff, Fs—Dd, Fs—Lom, Fs—Ff, Fs—Rc, Fs—Cc, Fs—Re, Rt—Rc, and Rt—
Cc. Table 7 indicates that the top three components have values >1.5, and together, these represent
about 93.949% of the total variance. However, at this stage, it was too difficult to classify the variables
into components and add physical significance [65].

Table 6. Correlation matrix between linear, areal, and shape morphometric variables of the four HAL-
MWs in Leimebamba and two HAL-MWs in Molinopampa (Amazonas, Peru).

Variables Rb Dd Fs Rt Lom Ff Rc Cc Re

Rb 1.000 0.432 0.465 0 1_36 -0.338  0.603* 0.075 -0.144  0.587
Dd 1.000 0.718* 0.437 0 98_8*** 0397 0212 -0218  0.386
Fs 1.000 0515 -0.650* 0.708* 0.730* -0.732*  0.706*
Rt 1.000 -0439 -0.231 0.727* -0.742*  -0.232

Lom 1.000 -0.324 -0.133  0.139 -0.314
Ef 1.000 0252 -0.246  0.999***
Re 1.000 0,993+ 0.259
Cc 1.000 -0.250
Re 1.000

*** Strong correlation (r > 0.90); ** Good correlation (0.90 > r > 0.75); * Moderate correlation (0.75 > r > 0.60).

Table 7. Total variance shown for four HAL-MWs in Leimebamba and two HAL-MWs in

Molinopampa (Amazonas, Peru).

Extraction Sums of Rotation Sums of

Initial Eigen Value

Variabl Squared Loadings Squared Loadings
% of . % of . % of .
es . Cumulati Tot . Cumulati Tot . Cumulati
Total Varian Varian Varian
ve % al ve % al ve %
ce ce ce
Rb 4.538 50.424 50.424 4':3 50.424 50.424 3'24 33.817 33.817
Dd 2407  26.743 77.166 2';1 0 26.743 77.166 3'31 33.466 67.283
1.51 2.4
Fs 1.510 16.783 93.949 g 16.783 93.949 OO 26.666 93.949
Rt 517 5.742 99.691
Lom .028 .309 100.000
2.354E- 2.615E-
Ff 16 15 100.000
Re 1.559x '1'7?’15 100.000
1017 x10
-3.626  -4.029
Cc 1047 10116 100.000
-9.133  -1.015
Re 107 1015 100.000

Therefore, the first FL (not rotated) and the rotated FL were constructed using principal
component analysis (Table 8). Due to the fact that the third component (PC-3) of the first FL is
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moderately correlated with Dd and Lom, it is difficult to obtain a physically important component
[65]. However, after analyzing the rotated FL matrix, the most important morphometric variables
were Lom (PC-3), Ff (PC-2), and Rc (PC-1). This is in contrast to research done by Malik et al. [65],
who, while using the same nine morphometric variables, found that the most important variables for
nine sub basins in the Bino basin of India were Fs, Lom, and Ff.

Table 8. Unrotated and rotated factor-loading matrix of morphometric variables.

Principal C t—Rotated
Principal Component— Unrotated fincipal Homponen otate

Variables (VARIMAX)
1 2 3 1 2 3
Rb 0.549 0.534 0.033 -0.035 0.715% 0.275
Dd 0.762** 0.098 —-0.634* 0.148 0.272 0.947%**
Fs 0.993*** —-0.043 0.056 0.647* 0.576 0.490
Rt 0.499 -0.825** —0.232 0.794** -0.381 0.458
Lom —-0.690* -0.080 0.713* -0.087 -0.186 —0.974***
Ff 0.703* 0.607* 0.318 0.113 0.968*** 0.120
Re 0.688* -0.592 0.412 0.986*** 0.146 0.021
Cc -0.698* 0.585 —0.402 —0.983*** -0.153 —0.035
Re 0.699* 0.601* 0.329 0.120 0.966*** 0.108

*** Strong correlation (r > 0.90); ** Good correlation (0.90 > r > 0.75); * Moderate correlation (0.75 > r > 0.60).

Cross-correlation between the three significant morphometric variables (Lom, Ff, and Rc) is
shown in Table 9, while CF values and the final priority range are indicated in Table 10. From the six
evaluated HAL-MWs, the established priority for the San Antonio HAL-MW is 1 and the Pomacochas
HAL-MW has a priority of 6.

Table 9. Cross-correlation matrix of the Lom, Ff, and Rc variables of four HAL-MWs in Leimebamba
and two HAL-MWs in Molinopampa (Amazonas, Peru).

Variables Lom Ff Rc
Lom 1.000 -0.324 -0.133
Ff -0.324 1.000 0.252
Rc -0.133 0.252  1.000
Sum of correlation 0543 0928 1.119
Grand total 2590 2590 2590
Weight 0209 0.358 0.432

Table 10. Final priority rank based on the Composite Factor (CF) value of the four HAL-MWs in
Leimebamba and two HAL-MWs in Molinopampa (Amazonas, Peru).

Leimebamba Molinopampa
Atuen Cabildo Pomacochas Timbambo Ansté(l;io Ventilla
Comp(zsci;e) Factor 5401 4159 4711 4.698 1.998 2.922
Priority Rank 2 4 6 5 1 3

3.3. Land Cover/Land Use (LC/LU)

Figure 6 depicts the LC/LU spatial distribution pattern for the HAL-MWs in 2017. The general
accuracies of the classifications for the LC/LU maps for the Leimebamba and Molinopampa MWs
were 0.90 and 0.93. The calculated kappa coefficient (k) for Leimebamba (k = 0.84) and Molinopampa
(k = 0.90) indicates an “Almost Perfect” map-terrain agreement [100]. After a supervised
classification, visual interpretation allowed us to correct errors generated by the spectral similarity
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between the “GC” and “AG/S” types of grass. This is a direct consequence of the frequent transitions
and overlapping of the types of grass [24].

Natural land coverage (“Fo” plus “AG / S”) constitutes 62.3% to 84.4% of the territory of each
HAL-MW, as well as 75.2% and 69.0% of the territory evaluated in Leimebamba and Molinopampa,
respectively (Table 11). The largest areas of “BA” (0.77 km?) and “GC” (61.15 km?) are found in the
Ventilla HAL-MW. Agricultural and livestock activities are present throughout all HAL-MWs and
present the greatest anthropic pressure on soil and water. Oliva et al. [31] evaluated four different
productive systems in Molinopampa: forest (PS1), open field pasture (PS2), a silvopasture system
with Pinus patula (PS3), and another with Alnus acuminata (PS4). Of these, PS2 recorded the highest
soil compaction value (395 psi), apparent density (0.93 g/cm?), and EC (0.36 uS/cm), as well as the
lowest values of phosphorus (4.22 ppm), organic carbon (3.64%), organic matter (5.92%), and nitrogen
(0.31 ppm). According to both this research and another investigation [30], pH levels tend to decrease
in the high Andean Pinus patula plantations of Amazonas because they are closely linked to plantation
age and vegetation density. In the San Antonio HAL-WS, Oliva et al. [29] studied seven stages of
migratory agriculture and observed that this process generates significant changes in physiochemical
soil characteristics at different depths (greater impact at 0-15 cm than at 15-30 cm) due to forest-
cutting and burning practices.

Land Cover

Land Use Land Use

B Forest B Forest

@ Builtarea @ Built area

B Water bodies @ water bodics
Grass and Crops Grass and Crops

— .
B0 Anduean grassland/scrubs g ZThm

Land Cover

B0 Andean grassland/scrubs

@)

Figure 6. Land Cover/Land Use (LC/LU) of the (a) four HAL-MWs in Leimebamba and (b) two HAL-
MWs in Molinopampa (Amazonas, Peru), in 2017.
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Table 11. Land Cover/Land Use (LC/LU) of the four HAL-MWs in Leimebamba and two HAL-MWs
in Molinopampa (Amazonas, Peru).

LO/L Leimebamba Molinopampa
U Atuen Cabildo Pomacochas Timbambo Total San Antonio Ventilla Total
km? % km? % km? % km? % km? % km? % km? % km? %
Fo 2(;'6 424 210 49 136'5 261  0.50 2.1 3685 220 6974 466 7257 312 1412'3 37.2
AG/S 2%4 42.0 325'8 76.4 120 36.6 165'9 70.8  89.29 532 2354 157 9765 420 1291'1 31.7
19.3 117.1
GC 760 156 7.62 177 o 372 650 271  41.08 245 56.02 374 6115 263 ” 30.7
WB - - 0.40 0.9 - - - - 0.40 0.2 0.22 0.1 0.13 0.1 0.36 0.1
BA - - - - 0.07 0.1 - - 0.07 0.0 0.27 0.2 0.77 0.3 1.03 0.3
Total 487 100. 429 100. 520 100. 239 100. 167.6  100. 149.7 100. 2322  100. 382.0  100.
5 0 7 0 3 0 4 0 9 0 9 0 7 0 6 0

The “AG/S” type is the most representative (53.2%) amongst the HAL-MWs in Leimebamba,
followed by “GC” (24.5%) and “Fo” (22.0 %). Ramirez [67], Salas et al. [25], and Rojas et al. [24] report
that “AG/S ‘s” natural meadows in Amazonas are used as natural open field pastures and managed
by periodic anthropic burning. Furthermore, Vasquez et al. [28] recorded 129 weed species (out of
148 herbaceous plants) in these natural grasslands. The average abundance and the number of weed
species in PS2 and silvopastures (PS3, PS4, and others) were 41.32% and 22.07%, and 111 and 70,
respectively. Mendoza et al. [27] found that between 1989 and 2016, 32.02 km? of forest were lost in
Leimebamba, at a rate of 1.19 km?/year, attributed to agricultural and livestock pasture expansion
(“GC”). In the case of the Molinopampa HAL-MW, the “Fo” type is the most representative with
37.2%. In the specific case of the San Antonio HAL-MW, Garcia-Pérez et al. [23] characterized the
local homogeneous palm forest (genus Ceroxylon) and indicated that the low diversity of species (C.
peruvianum, C. quindiuense, C. vogelianum, and C. parvifrons) is due to interaction with activities such
as agriculture and livestock. However, Sanin [101] explains that a similar density of adult C.
quindiuense in deforested grasslands and in forests may be due to (i) adult palm trees being saved
from logging and (ii) regeneration through underground meristems after pasture installation.

Bacteriological parameters were analyzed in the most dynamic river areas of “GC” and “BC”
types of HAL-MW in Ventilla (Figure 4b) by Chavez et al. [33], and indicated that this area is
considerably contaminated by the presence of cattle near riverbanks and city wastewater discharge.
Studies of macroinvertebrates, and the physicochemical and microbiological properties of water in
other HAL-MWs of Amazonas, such as Alto Imaza [32], El Chido and Allpachaca-Lindapa [34],
Chinata, and Gocta [36] and Shocol [35], show that quality decreases as a consequence of anthropic
pressure in "GC", and "BA". Lastly, Ibisate et al. [47] indicate that the loss of hydrogeomorphological
quality is closely linked to the sociodemographic pressure caused by the proliferation of artificial
uses in the channel and the flood plain, but also by changes in basin land uses.

3.4. Fluvial Typology and Functional Sectors (FS)

Twenty-three types of river typology were identified in the Leimebamba HAL-MWs as a result
of the combination of nine types of valley and six types of riverbed characterized in the fluvial
typification stage (Figure 7a; Table 12). Twenty-eight river typologies were identified in
Molinopampa from 10 types of valley and nine types of riverbed (Figure 7b; Table 13). In sum, 39
river typologies were identified from a combination of 13 types of valley and 11 types of riverbed.
This figure reflects a very high landscape and river diversity.
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River typology
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Figure 7. River typology of the (a) four HAL-MWs in Leimebamba and (b) two HAL-MWs in
Molinopampa (Amazonas, Peru). The typology (or acronym) results from the concatenation of the
symbols of each class of the geomorphological parameters (Table 2).

Tables 12 and 13 indicate the occupancy percentages of each type of riverbed and valley. The
dominant river typology in Leimebamba is a high slope straight channel located in a very tight valley
and narrow river bottom (S1P4-E2V2) with 12.74%, followed by a moderately high sloped winding
channel located in a gently fitted valley with a medium width river bottom (S2P3-E4V3; 8.99%), and
finally by a high sloped winding channel located in a moderately fitted valley with a narrow width
river bottom (S2P4-E3V2; 8.74%). In conclusion, sinuous riverbends with moderately high slopes
(52P3; 32.54%) and fitted valleys with wide width river bottoms (E2V2; 23.55%) are predominant.

Table 12. Percentages (%) of occupancy of types of riverbed and valley of the four HAL-MWs in
Leimebamba (Amazonas, Peru).

Valley Geomorphology Total
E1V1 E2V2 E3V2 E3V3 E4V2 E2V1 E2V3 E4V3 E5V3
S1IP3 599 236 117 721 - - - - - 1673
S1P4 133 1274 370 6.63 107 - - - - 2547
Channel s2p2 - 105 - 439 - - - - - 5.44
Geomorphology S2P3 6.33 526 337 214 - 217 214 899 214 3254
S2P4 6.79 214 874 - - - - - - 17.68
S3P3 - - - 214 - - - - - 2.14
Total 20.44 2355 1698 2252 107 217 214 899 214 100.00

In Molinopampa, the dominant typology, with 17.81%, is rivers with sinuous high slopes located
in a very tight valley with a narrow river bottom (S2P4-E2V2), followed by winding channel rivers
with moderately high slopes in moderately fitted valleys and medium-width river bottoms (52P3-
E3V3;12.80%), and finally by straight channel rivers with moderately-high slopes in very tight valleys
with narrow river bottoms (S1P3-E2V2; 8.74%). In general, sinuous rivers with high slopes (52P4;
33.70%) located in very embedded valleys with narrow river bottoms are predominant (E2V2;
37.43%).
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Table 13. Percentages (%) of occupancy of types of riverbed and valley in the two HAL-MWs in
Molinopampa (Amazonas, Peru).

Valley Geomorphology
E2V E3V E3V E4V E3V E4V E5V E1V EIV E2V Total
2 1 3 3 2 4 4 1 2 1

SIP os3 - - - - - - - _ 053
2
1P
83 6.40 270 0.60 — — - — - - - 9.70
SIP 5e0 - - - -~ 38
4
Sip -2 ) )
SiP 2.18 - 516 1.08 - - - - - - 8.42
Channel sop
Geomorpholog 3 5.00 - 12.80 4.77 216 180 0.75 - - - 27.27
y SoP
4 17.81 - 439 0.56 - 0.55 - 059 1.66 8.14 33.70
SiP - - 33 - - - - - - - 334
S?;P 1.62 - 1.11 - - - 1.64 - - - 4.36
S‘;P - - - - - - 204 - - - 204
S 1 S N
2
100.0
Total 3743 270 2740 1224 216 234 533 059 1.66 8.14 0

Ollero [52] stated that river geodiversity is one of the planet’s richest natural heritage features
and therefore classifying channels and valleys is fundamental for any river study. Even though the
most recent geomorphological methodology [53-57] is based on lithological units at a 1:50,000 scale
and topographic units are generated with a 5 m spatial resolution DEM (Lithotopo) [57], this
approach was not applied for the present study. Regardless of the fact that topographic units
(altitude, slope, and roughness) can be generated from the most detailed DEM available in Peru
(ALOS PALSAR, 12.5 m), the National Geological Cuadrangle lithology is not yet available at a
1:50,000 scale for the entire Peruvian territory. In addition, this computing resource is not useful for
detailed local scale (micro-basins and stretches <1 km) work.

In Leimebamba and Molinopampa, 53 FS and 65 FS were assembled within 48.96 km and 65.80
km of total channel length, respectively (Table 14). These had variable lengths, from 0.30 km (FS4 in
Cabildo HAL-MW) to 8.02 km (FS25 in Ventilla HAL-MW). Ollero et al. [44] mention that the smaller
the FS (greater detailed work), the more accurate the resulting evaluation. However, they also state
that the level of detail is conditioned by the study objective, or even by the budget itself. For example,
Barboza et al. in the Utcubamba basin [37] and in the Leiva MW [38] considered eight FS and 17 FS
in 250 km and 56.48 km of the total channel, respectively.
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Table 14. Number of Functional Sectors (FS) of the four HAL-MWs in Leimebamba and two HAL-
MWs in Molinopampa (Amazonas, Peru).

Leimebamb Moli
eimebamba — olinopampa Grand
Atuen Cabildo Pomacochas Timbambo Total 4 . Ventilla Total total
Antonio
12 12 19 10 53 17 48 65 118

3.5. Hydromorphological Quality Determination using IHG

Figure 8 shows the hydrogeomorphological quality pattern of the channels in all six HAL-MWs.
In general, a deterioration in quality is observed as the altitude descends, from the high channels
(tributaries of order 1) to the medium and low channels, except in the Ventilla HAL-MW. This pattern
was found by Barboza et al. [37] in the Utcubamba basin.

L]

Hydrogeomorphological
quality

3 \\\ — Very bad

Hydrogeomorphologica I\\J_g\x??' K
L

quality

— Very bad -
Poor o
Moderate Maoderate
— Good i f‘\_ Croad
— Very good 0 2 km 3 — Very good

Figure 8. Hydrogeomorphological quality (IHG) of the (a) four HAL-MWs in Leimebamba and (b)
two HAL-MWs in Molinopampa (Amazonas, Peru,).

In Leimebamba, the total IHG assessment showed that 8.5%, 26.6%, 30.5%, and 34.4% of the
lengths of the channels are assessed as being of "Poor", "Moderate", "Good", and "Very good" quality,
respectively (Table 15). In Molinopampa, 7.2%, 8.4%, 26.6%, and 57.8% of the lengths of the channels
have “Poor”, “Moderate”, “Good”, and “Very good” quality assessments. None of the sections of the
six assessed HAL-MWs had a “Very bad” quality. Hence, sections that were assessed as “Good” and
“Very good” can be considered as reference sections for river restoration [47].
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Table 15. Hydrogeomorphological quality (IHG) assessments of the four HAL-MWs in Leimebamba

and two HAL-MWs in Molinopampa (Amazonas, Peru).

Leimebamba Molinopampa
Quali Atuen Cabildo Pomaco  Timbam Total San . Ventilla Total
ty Antonio
k 0/0 k O/o k O/o k O/o k O/o k O/o km 0/o km 0/o
m m m m m m
Functional quality
Very
bad B B B B B B B B B B B B B B B B
42 11. 4.2 13.  10. 13.
Poor - - - - 1 7 - - 1 44 - - 61 3 61 7.2
Mode 89 33. 1.1 8.8 24. 18. 19. 10. 17. 3.1 13.
rate 3 3 5 0 4 4 T T o 6 25 6 1 ** 3 70
Good 90 33. 76 45 56 15. 220 23 15, 26 25. 19. 41. 2L
6 8 1 8 4 6 31 2 64 9 99 7 63 9
Very 88 32. 78 47. 17. 48. 16. 10 50. 52. 32. 55 89. 67. 121 63.
good 1 9 7 3 48 3 72 00 8 8 34 5 26 6 61 9
Channel quality
Very
bad B B B B B B B B B B B B B B B B
Poor - - - - - - - - - - - - - - - -
Mode 10. 38. 2.0 12. 13. 36. B 2526, 16, 12, 16 8.8
rate 20 1 9 5 05 1 34 3 72 7 72 ’
Good 13. 48 98 5. 11 32. 34 3. 13 220 13 10. 26 14
01 6 4 2 60 1 45 8 33 9 34 1 67 0
Very 35 13. 47 28 11. 31. 16. 10 36. 37. 44. 77. 101 77. 146 77.
good 8 4 0 3 51 8 72 00 51 9 91 1 91 2 82 2
Riparian quality
Very
bad B B B B B B B B B B B B B B B B
4.0 11. 4.0 13.  10. 13.

Poor - - - - 3 1 - - 3 42 - - 61 3 61 7.2
Mode 1.2 48 59 35 42 11 11 11, 16, 28. 82 63 24, 13.
rate 7 7 9 1 7 45 9 57 5 8 86 1
Good 21. 81. 7.1 42. 17. 49. 88 52. 55. 57. 14. 25. 30. 22. 44. 23.

94 9 0 7 74 1 35 9 62 8 91 6 05 8 96 6
Very 35 13. 35 21. 10. 28. 78 47. 25. 26. 26. 45 80. 60. 106 56.
good 8 4 5 4 18 2 8 1 19 2 75 9 02 6 78 1
Hydrogeomorphological quality (IHG index)
Very
bad B B B B B B - B - B B B B B - B
8.1 22. 8.1 13.  10. 13.
Poor - - - - 4 5 - - 4 85 - - 61 3 61 7.2
Mode 15. 59. 48 29. 48 13. B 25, 26. 10. 17. 57 44 15. 8.4
rate 94 5 4 1 1 3 60 6 25 6 4 99
Good 72 27. 81 49. 12. 35. 09 58 29. 30. 17. 30. 32. 24. 50. 26.
7 1 8 2 99 9 7 41 5 8 7 69 8 57 6
Very 35 13. 35 21. 10. 28. 15. 94. 33. 34. 30. 51. 79. 60. 110 57.
good 8 4 9 6 22 3 75 2 14 4 11 7 92 6 .03 8
Total 26. 10 16. 10 36. 10 16. 10 96. 10 58. 10 131 10 190 10
79 00 62 00 17 00 72 00 29 00 24 00 97 00 .21 00
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In the high channels of Leimebamba and Molinopampa, the riverbank and floodplain
degradation is predominantly caused by pressure from livestock and agricultural activities, such as
grazing, migratory agriculture, clearing, fires, etc., that alter soil structure [18,22], induce shrubland
growth due to the disconnection with the phreatic zone [10], stimulate weed proliferation [28], and
produce longitudinal discontinuities [37]. The most important immediate impacts registered are
those derived from vehicular and pedestrian bridges, small weirs, channels, and longitudinal stone
defenses. Dams, canals, irrigation systems, and other hydraulic works cause deterioration in the river
current, which often has irreversible and sometimes unknown consequences [11,48]. One exception
is the Timbambo HAL-MW, where aggregate extraction is non-existent due to its road inaccessibility.
This particular activity (aggregate extraction), when done massively and indiscriminately, causes
lateral river incision and tends to affect riverbank and riverbed natural sediment accumulation areas
[8]. Furthermore, the extensive access roads to crop parcels and access trails to basins for cattle break
transversal riverbank connectivity are noteworthy [44]. The gravel surface of the Leimebamba-
Chuquibamba road that runs parallel to, and sometimes intersects, the Cabildo and Atuen HAL-
MWs, alters their hydromorphological processes causing overflows, floods, and flood flows [44]. The
same impacts on San Antonio and Ventilla HAL-MWs are caused by the asphalt-covered road that
connects Chachapoyas and Mendoza. Irrespective of the negative impacts just described, road
infrastructure favors livestock growth and small-scale agricultural migration [24]. The case of the
Pomacochas HAL-MW differs as it is located near the final road section and the district capital of
Leimebamba (Figure 4a). Along this urban section, the floodplain has disappeared, the margins have
been completely channeled, there are abundant obstacles, and the entire floodplain has been raised
or waterproofed. In the Timbambo HAL-MW, 5.8% and 94.2% of the lengths of the channels have
“Good” and “Very good” quality assessments, and this therefore has the largest number of sections
that can be considered as reference conditions for river restoration [47].

Finally, it can be concluded that hydrogeomorphological river alterations originate because of
socio-economical activities that consume water, sediments (“aggregates”), and territory (river space),
and also due to community preferences for living next to rivers in risky situations that require
infrastructural protection against floods and river dynamics [8].

3.6. Morphometric Prioritization, Fluvial Classification, and Hydrogeomorphological Quality

Watershed prioritization examines the intensity of each HAL-MW’s erosion problem so that the
range will be used to prioritize the treatment of each with soil and water conservation measures [65].
River and valley geomorphological classification is fundamental for any kind of fluvial study. Hence,
it must be used in any land planning project as an essential reference instrument for the
understanding, functioning, and enhancement of natural systems [53]. Hydrogeomorphological
dynamics guarantee the protection of each and every one of the elements of the river system, and it
is the key not only to its functioning but also to its ecological, landscape, and environmental value
[19]. Various studies of morphometric prioritization utilizing multivariate statistics [58,61-65],
geomorphological river classifications [53-57], and evaluations of hydrogeomorphological quality
using IHG have been carried out [37,38,44,45,47-49]. From the aforementioned, two did not integrate
fluvial classification prior to the use of the IHG [48,49]. However, the integration of the three different
methodologies used in this study [19,53,65] has not yet been reported.

This study evaluated the feasibility of an integrated approach to morphometric prioritization,
geomorphological river classification, and the hydrogeomorphological assessment of micro-
watersheds. The proposed methodology allows us to identify and prioritize micro-watersheds
susceptible to erosion and riverbed sections in need of conservation and/or restoration to inform and
improve the decision-making process in the selected study area. However, future research could
incorporate ecological, socioeconomic, and geospatial perspectives to further enhance this kind of
modeling.
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4. Conclusions

The PCWSA hybrid model reveals that the San Antonio HAL-MW and the Atuen HAL-MW are
located in areas very susceptible to erosion. Therefore, they were assigned top priorities, and rapid
soil adaptation and water conservation practices are recommended. Consequently, the priority order
is as follows: Ventilla HAL-MW, Cabildo HAL-MW, Timbambo HAL-MW, and Pomacochas HAL-
MW. Concerning geomorphological river classification, 39 types of river course were identified
within the six HAL-MWs, as the result of combining 13 types of valley and 11 types of riverbed,
thereby indicating very high landscape and river diversity. Total IHG assessment gave results of 7.6%
(21.8 km), 14.5% (41.6 km), 27.9% (80.0 km), and 50.0% (143.2 km) of the total channel lengths being
of a “Poor”, “Moderate”, “Good”, and “Very good” quality, respectively. None of the sections of the
six assessed HAL-MWs had a “Very bad” quality assessment, hence sections that were assessed as
“Good” and “Very good” can be considered as reference sections for river restoration. The loss of
hydrogeomorphological quality is closely linked to the sociodemographic pressures caused by the
rise in anthropic modifications of the basin and floodplain.

Given the importance of the HAL-MW ecosystems in Amazonas and in Peru, an integrated
methodological framework of morphometric prioritization, geomorphological river classification,
and hydrogeomorphological evaluation of hydrographic micro-watersheds is presented. Ergo, due
to its low complexity, this methodology can be replicated, with the use of necessary complements, in
all Peruvian ecosystems and will ultimately contribute to adequate territory, soil, and water planning
and management.
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