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Abstract: The protection of natural areas is considered an essential strategy for environment con-
servation. The objective of this work was to determine the level of vulnerability, considering the
characterization and identification of the risk zones and ecological protection of the Pagaibamba
Protection Forest (PPF, Peru). To determine the vulnerable areas, Landsat ETM satellite images,
topographic, geological, ecological, and vegetation cover maps were used. Geological, physiographic,
edaphological, vegetation cover, and land use potential characteristics, were analyzed. Three Ecologi-
cal Protection and Risk Zones were identified, with the largest extension of the PPF corresponding to
lands of very high and high vulnerability and high ecological risk, which include >85% of Protected
Natural Areas (PNA) and 54% of the Buffer Zone (BZ). Moderate risk areas represent 30% of the
Buffer Zone (BZ) and 13% of the PNA, and the low-risk areas (represent 15% of the BZ and 2% of the
PNA). Biogeographically, the PPF was related to the Cloudy Montane Forests Ecoregion of the Andes
Mountains, standing out the Tropical Montane Cloud Forest (TMCF) and the Tropical Lower Montane
Cloud Forest (TLMCF). These forests are a global conservation priority due to their great biodiversity,
high level of endemicity of flora and fauna, and the crucial hydrological function they fulfill.

Keywords: protected natural areas; land use capability classification; tropical montane cloud
forest; physiographic units; conservation measures; ecological value; flora and fauna endemism;
endemic species

1. Introduction

Soil loss due to erosion is tolerable when the rate of soil renewal is not exceeded. Most
of the degradation and loss of soil is due to deforestation, overgrazing, and agricultural ac-
tivities. However, depending on the erosive agent, soil degradation occurs mainly by water
erosion [1,2], followed by wind, chemical, and physical factors [3]. The vegetation protects
the soil from damage against erosion and reduces the disaggregation and transport capacity
of the edaphic material, intervening at the beginning of a rain event and intercepting part
of the water that falls on the leaves and branches of the plant [4]. It has been claimed
that any land use that modifies the type and density of the original plant populations and
exposes the soil leads to its degradation [5]. This risk situation has developed the need to
protect natural areas in many countries as a strategy, to save habitats or landscapes from
the destruction that receive the social and legal consideration of natural heritage [6,7].
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Despite the great complexity in the identification of risk areas and ecological protection
within PNAs and BZ, the use or remote sensing and Geographic Information Systems
(GIS) [8] has facilitated and improved the analysis and characterization of the physical
environment, types, and classes of plant cover, soil, etc. Using sophisticated means of spatial
analysis, improving the evaluation and efficiency of large volumes of available information,
associated above all with land use planning studies [9,10]. Thus, the combination of remote
sensing, GIS, and the Global Positioning System (GPS), allow incorporating and associating
field information, digital cartography, and remote sensors, which facilitates the spatial and
integrated treatment of existing information [11].

Protected natural spaces (PNS) in Europe or Protected Natural Areas (PNA) in Latin
America, are environmental policy instruments that support environmental conservation
strategies [12]. PNAs are the cornerstone of the strategy for the conservation of biological
diversity, by maintaining the integrity of the ecosystems of a region, therefore they play
a central role in the greater objective of achieving a sustainable society [13]. These PNAs
and their BZs (buffer zones) are not isolated units, but rather linked to their geographic
environment by ecological, economic, political, and cultural factors, with the possibility
of reconciling the integrity of the ecosystems [14,15]. Within them, the Protection Forests
are natural areas established to protect the upper or collecting basins, the riverbanks, and
other watercourses, against the erosion [13,16,17].

In Peru, the PNAs together form the National System of Natural Protected Areas by
the State (SINANPE), under the jurisdiction of the Ministry of Agriculture through the
National Service of Natural Protected Areas (SERNANP) by the State. The PNAs with
definitive status (SINANPE) are classified into nine categories: National Reserves, National
Parks, Protection Forests, Game Preserves, Community Reserves, Landscape Reserves,
Wildlife Refuges, National Sanctuaries, and Historic Sanctuaries [18–20]. In addition, the
Reserved Zone is considered ANP with transitory status [21,22].

Due to its structure and composition, each protected area will have specific degrees of
ecological vulnerability that must be identified and analyzed, since they will have different
levels of resilience to these threats [23]. The climate, the life zones, the lithology, the
physiography, the soils, the vegetation, and the current use serve as the basis for carrying
out the analysis of the soil erosion risks [24]. Furthermore, reducing vulnerability means
reducing risk, thereby decreasing the possibility of future disasters [25,26]. Sustainable
development is not possible if there is no effective risk prevention and reduction strategy
from the planning perspective [26]. For this reason, it is essential to identify and reduce
the vulnerability of areas at risk, as an explicit and unavoidable purpose in development
planning and in the management of these territories. Therefore, the main objective was to
determine the level of vulnerability, considering the characterization and identification of
the risk zones and ecological protection of the Pagaibamba Protection Forest in Peru.

2. Materials and Methods
2.1. Site Description

An evaluation and identification study of risk areas was carried out in the Pagaibamba
Protection Forest, located in the district of Querocoto, Province of Chota, department of
Cajamarca, at an altitude of 2200 to 3800 m. This forest is part of the Andean ecosystems
in northern Peru. It was established as PNA for hosting a great diversity of important
natural resources for the population of the districts of Querocoto, Llama, and Huambos, by
R. S. No. 0222-1987-AG/DGFF on 19 June 1987. This PNA has a surface area of 2078.38 ha
(shaded area in red), Figure 1. For cartographic purposes, 2023.20 ha were considered
(1:25,000 scale map). The BZ has 4165.71 ha (shaded area in green).

The climatological parameters vary from the warm temperate semi-arid climate with
an annual average temperature of 14 to 16 ◦C and average annual rainfall of 600 to 700 mm
to the semi-cold temperate humid climate with temperatures ranging between 7.3 and
13 ◦C and rainfall of 500 to 1150 mm generating regimes of temperature and humidity,
isomesic and ustic, respectively [27].
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Figure 1. The geographical location of the study area. PNA and BZ areas are indicated in red and
green, respectively.

The ecological characteristics were valued according to the Life Zone Classification
System proposed by Holdridge [28,29]. The following zones were inferred: The Tropical
Montane Cloud Forest (TMCF) (2700–3800 masl), steep in relief, is located at the top of the
slopes that frame the inter-Andean valleys. The annual average temperature is 10.4 ◦C
and the total precipitation per year is 600 to 1000 mm. The Tropical Low Montane Cloud
Forest (TLMCF) (2300–2700 masl) is a rugged area with slopes of 50–75% and steep slopes.
The mean annual temperature is 14.5 ◦C and the total annual precipitation is 1400 mm.
The Tropical Low Montane Dry Forest (TLMDF) (below 2300 masl), rugged area, steeply
sloping mountain slopes. The annual average temperature is 14.0 to 16.0 ◦C and the total
precipitation per year is 600 to 700 mm.

Concerning geological characteristics, the area is formed by lithological formations
belonging to the Mesozoic and Cenozoic eras with volcanic and sedimentary materials
(sandstones). It is characterized by the following formations: Huambo Volcanic Formation
and Llama Volcanic Formation belongs to the Upper and Middle Tertiary, respectively
within the Cenozoic, and Pulluicana Formation belongs to the Upper Cretaceous within
the Mesozoic.

2.2. Cartographic Materials

The chief sources of information were the following: National Charter sheet 13e II SE,
and sheet 13e II NE, as a cartographic base, at 1:25,000 scale, PSAD56, Zone 17 UTM, for the
determination and delimitation of protection zones. The ecological map scale 1:1,000,000,
with an explanatory guide. The departmental physical-political map, prepared by the
National Geographic Institute of Peru (IGN). Geological map scale 1:25,000, developed
based on the information registered by INGEMMET, in the respective geological quadrangle.
The National Charter of the department of Cajamarca, Peru, scale 1:100,000 (IGN). The
Rural Cadastre Sheets 1:25,000 (Rural Cadastre Office of the Ministry of Agriculture) Datum
PSAD 56.
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2.3. Remote Sensing Cartographic Materials

The main sources were the following: Landsat ETM 8 satellite images, 20 m resolution,
on-base cartography at scale 1:25,000, PSAD 56, Zone 17UTM, corresponding to sheets
13e II SE and sheet 13e II NE. Digital base cartography, IGN source, scale 1:100,000, with
digital National Charts at scale 1:100,000 (IGN-INRENA)—Datum WGS 84. Landsat TM
and Landsat ETM satellite images, which includes the study area, as well as SPOT XS
satellite images. Digital thematic cartography at a scale of 1:250,000 (MINAGRI). These
materials can be found at [30–37].

2.4. Design

The multidisciplinary method developed by our research group consists of a series of
sequential phases. In Phase 1, all available digital thematic and cartographic information
was collected and selected for further processing [7]. The base information was taken
as criteria regarding the base cartography (rivers, roads, lakes, contour lines, populated
centers, etc.,) and the territorial delimitation with the analysis and demarcation of forest
covers, uses, etc.

In Phase 2, all the information applied to the physiography, soils, and potential land
use of the study area was generated at a semi-detailed level. For this, the physiographic
units were identified and delimited. In this phase, an ETM satellite image and a topographic
map at the same scale were used as cartographic material. A map of slopes was made to
know the possible risks of erosion present and to determine the possible limitations that
these lands present. Following the physiographic analysis method described by Villota in
1992 [38], the satellite images were analyzed and interpreted, specifying the various forms
of relief that the soil presented, as well as the different geological formations, slopes, and the
climate of the study area. A hierarchical land classification system was established, placing
these physiographic units (Large Landscape, Landscape, Sub-landscape and Landscape
Elements) in different categories related to the scale of available satellite images and the
level of detail required, which was represented in a physiographic map at a scale of 1:25,000,
which served for the constitution of the following maps [32,33,39].

In Phase 3 the soil units were identified and delimited (semi-detailed soil study),
fieldwork was carried out to compare the information collected in the physiographic
units delimited in the preliminary map. Soil samples were taken, which were located in
landscapes of the high, medium, and low terraces, classified by their height concerning
a local base level, generally a river. A careful evaluation and examination of the soils
were carried out through wells (57 sampling points) that allowed a description of the soil
horizons with depths of 2.00 m or as far as the soil conditions allowed. The horizons were
characterized following the guidelines proposed by Soil Survey Staff (2017) [40].

The basic characteristics of the field study were thickness, color, structure, texture,
rock fragments, consistency, pH, porosity, internal drainage, permeability, presence of roots,
and organic debris. The samples were analyzed using the standard procedures used by
the Soil, Water, Plant and Fertilizer Analysis Laboratory, of the Soil Department of the La
Molina National Agrarian University, Lima-Peru. Below with the field information and the
data obtained in the laboratory, the existing soils were identified, following the definitions
and nomenclatures established in the Keys to Soil Taxonomy [41], which considers six
categories: order, suborder, great -group, subgroup, family, and series. In the present study,
the taxonomic unit considered was the subgroup [40,41]. With the information obtained and
processed in the previous stages, and with the help of maps and auxiliary geomorphological
and geological information (lithological formations), the soil map was generated.

In Phase 4, with the purpose of identifying and delimiting the land units, the Na-
tional Land Use Capability Classification System (LUCC) was established according to DS
No. 017-2009-AG, of 2 September 2009, was used [42], whose main objective is to determine
the appropriate use for agricultural, livestock, forestry, and protection purposes, as well
as defining the most appropriate management and conservation practices to avoid its
degradation. This system, based on a multidisciplinary methodology that mainly combines
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attributes/components of the land (relief, climate -life zones-, geomorphology, and soil
types), establishes three categories: group, class, and subclass. In the present study, the
subclass was considered as an identifier of the land units, established in function of the
limiting factors and risks that restrict the use of the land for a long time (Table S1).

In Phase 5, the treatment of the SIG-PNA Information was carried out. In this phase,
we use the GIS, which works as a database that handles geographic information. The GIS
separates and stores information in different layers or thematic layers, which allows differ-
ent maps to be viewed quickly and easily at the same time. New information is produced
by merging the original sources, facilitating the establishment of relationships between the
different coverages, through the use of spatial analysis or the simple superimposition of
information [43–45].

In Phase 6, risk zoning and ecological protection criteria are established and the ecolog-
ical value, productive aptitude, and vulnerability of the lands were taken into consideration.
For the ecological value the methodology established in the Guide Evaluation of the State
of Dry Forest Ecosystems, approved by Ministerial Resolution No. 183-2016-MINAM, was
followed [46]. The productive aptitude, which considers the potential or natural aptitude
of the lands, indicating their limitations, is derived from the information obtained from the
soil maps and the Land Use Capacity map, following the LUCC system (Table S1) [42].

The vulnerability of the lands is established in reference to the instability of the
landscapes, caused by the processes of natural erosion and those that can be induced and
accelerated by the activities of the local population, cultivation work in areas of steep
slopes, overgrazing, etc. It is obtained using the methodology and criteria of the Physical
Vulnerability Map of Peru [26]. Next, the different georeferenced thematic layers were
superimposed, previously worked on in the GIS (Figure 2), are superimposed, obtaining at
a 1:25,000 scale the maps of ecological value (Figure 3), productive aptitude (Figure 4), and
vulnerability (Figure 5).
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In Phase 7, the Risk Zoning and Ecological Protection Map are generated (Figure 6),
which were achieved with the digital integration of the aforementioned thematic and spatial
information, and with the interaction of the Ecological Value, Productive Aptitude, and
Vulnerability (Figure 2). Finally, the map obtained was generated at a scale of 1:25,000
(Figure 6).

2.5. Analysis

The analysis comprised several stages. First, elaboration of maps, through the thematic
and cartographic information obtained using the Arc Giss 10.3 software, which allows the
superposition of maps in layers. Second, verification in the study area of the delimited
areas. Third, statistical analysis of percentages of the study of the soils, classification of
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the lands according to their capacity for greater use, and preparation of preliminary maps.
Finally, the delimitation on the maps of the areas considered vulnerable and at risk.
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3. Results

The method used in our research allowed us to identify the physiographic units and
the soil units, carry out the proper checks in the field, and carry out the respective analyses,
taxonomically classifying the soils that develop within the PPF.
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3.1. Delimitation and Identification of Physiographic Units

The physiographic units and the surface of the PPF are reported in Table S2, where the
extensions of the land are specified for each range of slope, both for the ANP and for the BZ.
The mountainous physiographic category, with heights greater than 300 m, are the ones that
predominate in the department of Cajamarca, where our study area is located (landscape
category: “volcanic-sedimentary mountain”). Where it can be seen that 75% of the PNA is
characterized by presenting a steep to very steep relief, with slopes from 25 to 75%, unlike
the BZ where these only represent 42%.

3.2. Identification and Delimitation of the Soils Units

Table S3 shows the characteristics of the soil profiles that establish the potential of the
PPF lands. Three soil units and a miscellaneous area, a lithic outcrop, have been found.

Soil 1 (Table S3), is moderately deep soils, formed from sedimentary sandstone deposits
located on mountain slopes with slopes of 8 to 75% (Table S4). AC-type profile, with
dark brown ochric epipedon, granular structure, and sandy-loam texture, which rests on
yellowish-brown strata, with a sandy-loamy to a sandy texture. The presence of certain
distinctive characteristics has allowed us to classify this soil as Typical Ustorthents [41],
calling this soil “Cachipampa Soil”.

The Soils 2 and 3 are soils developed on residual materials of sandstones (Soil 2) and of
a volcanic nature (Soil 3) located on mountain slopes with slopes of 8 to 75% (Table S4). Both
soils rest on a rocky stratum of decaying sandstone. Soil 2 represents deeper soils (120 cm)
than Soils 1 and 3. Soil 3 is shallower (75 cm) than Soils 1 and 2 (Table S3). Both soils have
an AbwC type profile, with a dark brown and brown ochric epipedon respectively, and
a loamy texture, which rests on a cambic horizon. Taxonomically, the presence of certain
characteristics has identified these soils as Typic Dystrudepts, identifying these soils as
“Los Molinos” and “El Tendal” soils (Tables S3 and S4) [41].

3.3. Identification and Delimitation of the Land Units

The Land Units were classified at the level of “Major Use Subclass”, according to the
LUCC System (MINAG, 2009), see Table S1. This allowed us to establish 7 subclasses in
our study area, whose characteristics are indicated in Table S5. Within the PNA there are
no suitable lands for clean cultivation (group A), but there are in the BZ. The lands suitable
for permanent crops (Class C, subclass C3se) cover a minimum extension of 1.8% of the
PNA and 14.6% of the BZ. Land suitable for pasture and temporary pasture (P3, subclasses
P3se and P3se (t)), represents 13 and 30% of the PNA and BZ, respectively. About 85% and
54.4% of these lands were identified as lands for forest production (F3, subclasses F3sc and
F3sec) and protection lands (X, subclass Xse), respectively.

3.4. Risk Zoning Criteria and Ecological Protection

To establish these criteria, the ecological value, productive aptitude, and vulnerability
of the land in our study area are taken into account. Tables S1 and S5 show the identification
and delimitation of the Land Units. Table S6 and Figure 3 show the ecological value of PPF.
They show that 91% of the PNAs and 45% of the BZs are of high ecological value. Table S7
and Figure 4 show the productive aptitude of the PPF. In general terms, the largest amount
of land is suitable for forest production and for protection and conservation (Figure 4),
since both categories cover about 85% of the area of the PNA compared to 54.4% of the
ZB (Table S7). We found that the natural, edaphic, climatic, and topographic conditions
suitable for the development of intensive crops or permanent crops are only found in a
greater proportion in the BZ (15.4%). Moreover, conditions suitable for pastures (30%) are
also found in this area compared to the PNA, which is only 13%. The levels of vulnerability
of the lands of the PNA and the BZ of the PPF are indicated in Figure 5 and in Tables 1 and 2.
The following levels of vulnerability have been generated, very high, high, moderate, low,
and very low.
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Table 1. The vulnerability levels of the lands of the Protected Natural Areas of the Pagaibamba
Protection Forest.

Vulnerability
Levels

Variables Used Protected
Natural Areas

Physiographic
—Geological

Topographic Edaphic

Relief Slope
(%) Soil Name Depth

(cm) Texture Rock Fragments ha %

Low

Volcanic-
sedimentary

mountain
slope

SI 8–15 Cachipampa 80–90 Sl/S gravelly 15–35% 35.87 1.77

Moderated

MS 15–25 Cachipampa 80–90 Sl/S gravelly 15–35% gravel

265.16 13.10
SI 8–15 El Tendal 90–100 L/Scl slightly

gravelly <15% gravel

High

S 25–50 Cachipampa 80–90 Sl/S gravelly 15–35% gravel

621.06 30.70
MS—S 15–50 El Tendal 90–100 L/Scl slightly

gravelly <15% gravel

Very high

VS 50–75 Cachipampa 80–90 Sl/S gravelly 15–35% gravel

1101.11 54.43VS 50–75 El Tendal 90–100 L/Scl slightly
gravelly <15% gravel

S—VS 25–75 Rocky
outcrop <15 very

stony 35–60% stones

Total 2023.20 100.00

SI: steeply inclined, MS: moderately steep, S: steep, VS: very steep, L: loam, C: clay, S: sandy, Sl: sandy loam,
Scl: sandy clay loam, Cl: clay loam.

Table 2. The vulnerability levels of the lands in the Buffer Zone of the Pagaibamba Protection Forest.

Vulnerability
Levels

Variables Used Protected
Natural Areas

Physiographic
—Geological

Topographic Edaphic

Relief Slope
(%) Soil Name Depth

(cm) Texture Rock Fragments ha %

Very Low

Volcanic-
sedimentary

mountain
slope

SI 8–15 Los Molinos 120–150 L/Cl slightly
gravelly <15% gravel 34.04 0.82

Low SI 8–15 Cachipampa 80–90 Sl/S gravelly 15–35% gravel 608.25 14.61

Moderated
MS 15–25

Cachipampa 80–90 Sl/S gravelly 15–35% gravel

1257.97 30.19Los Molinos 120–150 L/Cl slightly
gravelly <15% gravel

SI 8–15 El Tendal 90–100 L/Scl slightly
gravelly <15% gravel

High

S 25–50 Cachipampa 80–90 Sl/S gravelly 15–35% gravel

1284.97 30.84S 25–50 Los Molinos 120–150 L/Cl slightly
gravelly <15% gravel

MS—S 15–50 El Tendal 90–100 L/Scl slightly
gravelly <15% gravel

Very high

VS 50–75 Cachipampa 80–90 Sl/S gravelly 15–35% gravel

980.48 23.54

VS 50–75 Los Molinos 120–150 L/Sc slightly
gravelly <15% gravel

VS 50–75 El Tendal 90–100 L/Scl slightly
gravelly <15% gravel

S—VS 25–75 Rocky
outcrop <15 very

stony 35–60% stones

Total 4165.71 100.00

SI: steeply inclined, MS: moderately steep, S: steep, VS: very steep, loam, C: clay, S: sandy, Sl: sandy loam,
Scl: sandy clay loam, Cl: clay loam.
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3.5. Determination of Risk Zones and Ecological Protection

The ecological risk and protection zones of the PNA and the BZ of the PPF are
indicated in Table 3 and in Figure 6. Where it is observed that the lands of high and
very high vulnerability dominate the agroecological scenario, grouping mostly lands of
high agrological quality (Table S6, Figure 3). They are located on steep or very steep
mountain slopes, with slopes of 25–75%; which represent 85% of the PNA compared to
54.4% of the BZ (Tables 1 and 2). As can be seen in Table 3, 85% and 54.4% of the total
PNA and BZ are considered high risk, respectively, and therefore classified as high and
very high vulnerability (Figure 6), 13% of the PNA and 30% of the BZ are considered to
be of moderate-risk and therefore of medium vulnerability, and 2% of the PNA and 15.4%
of the BZ of low risk and therefore of low vulnerability (Table 3). Their qualification has
focused on the agrological quality of the lands involved, their ecological value, as well as
their vulnerability (Tables 1 and 2).

Table 3. Risk zoning and ecological protection of the Pagaibamba Protection Forest.

Ecological Risk Zonning
Criteria Used Protected

Natural Area Buffer Zone

Ecological Value Productive Aptitude Vulnerability ha % ha %

High Ecological Risk High

Protection
Conservation Xse High and Very high

1722.18 85.13 2265.45 54.38
Forest F3se, F3sec High

Moderate Ecological Risk Medium Livestock P3se, P3se (t) Medium, Low 265.16 13.10 1257.97 30.19

Low Ecological Risk Low Agricultural A3sec, C3se Low and Very low 35.87 1.77 642.29 15.43

Total 2023.20 100.00 4165.71 100.00

4. Discussion

This research contributes to the existing literature in several ways. To our knowledge,
this is the first study that presents a multidisciplinary method that combines field measure-
ments and observations, remote sensing, and geographic information systems to determine
the level of vulnerability, considering the characterization and identification of risk zones
and ecological protection of the Pagaibamba Protected Forest in Peru. The results confirm
a greater susceptibility of the ANP compared to the BZ due to their intense exposure to
climatic and topographic factors.

The role of PNAs in maintaining biodiversity and territorial balance acquires impor-
tance in the current global context of climate change. The PNAs are not isolated spaces in
the territory that can be planned and managed as a particular and limited case, but natural
spaces closely linked to their environment [13–15]. Most of these PNAs protect ecosystems
of biological, social, and economic importance. The size, location, and continuity of these
appear to be insufficient from the perspective of the protection of many of these ecosys-
tems [47,48], being essential to maintaining the intangibility of the PNAs. To identify these
areas, the study of the climate, life zones, lithology, physiography, soil, the capacity for
using land, etc., have been taken into account. As far as possible, some more appropriate
management practices are proposed to prevent deterioration [42], which is a priority.

4.1. Main Risk Zones Identified and Categorized in Pagaibamba Protection Forest

Our study identified three main ecological risk and protection zones within the PPF,
characterized based on their ecological value, productive aptitude, and vulnerability. The
zone of high risk and ecological protection covers the largest extension of the PPF, repre-
senting 85% of the PNA and 54% of the BZ (Table 3, Figure 6) and includes the lands of
very high and high vulnerability (Tables 1 and 2).

In the PNA and the BZ, Soil 1 and Soil 3 are characteristic, respectively, which generate
a high susceptibility to erosion in both areas, with the formation of frequent gullies in clay
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and loamy materials [49]. The problem increases in the PNA, as these soils are spread over
steep slopes with slopes of 50–75% [50].

They are areas with very rugged topography, subject to a very high potential for water
erosion, and of high agrological quality (Table S6, Figure 3). They are covered by scrub and
humid mountain forest, still in its natural state of conservation, due to which they fulfill the
role of protecting the soil from the direct impact of raindrops, reducing the disaggregation
and transport capacity of runoff [51]. They also exert a process of holding the soil by the
roots of the plants [52] and constitute an adequate refuge for wild fauna [29,53].

This zone comprises two units. The first unit is protection and conservation. Although
it has a natural vegetation cover, it is unsuitable for agricultural purposes, as it presents
very severe limitations, such as rocky outcrops, high hills with steep slopes, etc. Its use
would correspond to the protection of watersheds and wildlife, recreational purposes, and
others that imply some collective benefit or social interest [54]. The second unit is forest
production. It is the group land that is not suitable for any agricultural activity, being
relegated to forestry exploitation and production.

Regarding the zone of moderate-risk and ecological protection (Table 3 and Figure 6),
this unit is considered as a livestock exploitation zone. The use of these lands should be
oriented toward the conservation and protection of natural resources, with emphasis on the
preservation of the vegetation cover, essential to controlling natural erosion processes, as
well as for the promotion of the regeneration of the natural vegetation of the area. Finally,
the low-risk and ecological protection areas (Table 3, Figure 6), due to their characteristics,
can be used for agricultural activities, also for other uses following social interest policies,
under the principles of sustainable use [54,55].

4.2. Activities for the Conservation and Protection of PPF Buffer Zone

Since the main objective of the BZs is to minimize the negative impact of human
activities within the PNA, the activities and uses of these areas must be subject to strict
regulations that avoid putting them in danger. In this way, the conservation of natural
resources is ensured, and the protection of many ecosystems is safeguarded. In addition to
the water resources provided by these areas. We must emphasize that the need to carry
out conservation and protection agricultural practices is focused only on the Buffer Zone,
not on the Protected Natural Area of the Pagaibamba Protection Forest. Considering that
it is essential to maintaining the intangibility of these natural areas, which due to their
conditions, deserve extraordinary respect and cannot and should not be used or modified
in any case.

From the point of view of environmental conservation (Figure 7), in the areas where
it is possible to install crops (0.82% of the BZ; Tables S5 and S7), importance should be
given to native or introduced species adapted to the ecological zone (Table S8) [55,56].
These are essential to establishing socio-economically and environmentally sustainable
agriculture [42,57], on land suitable for permanent crops that are not suitable for periodic
and continuous soil removal (15% of the BZ; Tables S5 and S7). It would be convenient
to install permanent crops (herbaceous, shrubby, or arboreal) as well as forages, under
economically accessible techniques for local farmers without deterioration of the productive
capacity of the soil or alteration of the hydrological regime of the basin (Table S9) [54,55].

In the areas of livestock use, 30% of the BZ (P3se, P3se(t)) (Tables S5 and S7), it would
be convenient to produce natural pastures or cultivated with direct sowing, correcting
the low fertility with the use of organic matter, which allows continuous or temporary
grazing without deterioration of the soil resource, taking advantage of the residues of
the agricultural exploitation. It is also convenient to use controlled or rotational grazing
practices to avoid soil compaction (especially in the rainy season), in this way, the soil
is left to rest, and the regrowth of the meadows is improved. Another appropriate prac-
tice would be the silvopastoral systems implementation and others that we suggest in
Table S9 [54,56,58,59].
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The forestry production areas, 31% of the BZ (Tables S5 and S7), due to the fragility of
the soils (steep slope, texture, weak structure, low content of organic matter), group together
those lands that, due to their severe limitations, are not suitable for any type of agricultural
activity, by fundamentally relegating to forest use and production. They require complex
conservation practices, such as the planting of tree and shrub species (following the contour
lines), and the planting of live barriers to control soil erosion. These living barriers will
protect the soil from climatic phenomena and help retain the sediments from being washed
away by rains, favoring the protection and conservation of biological diversity, without
forgetting the revegetation of slopes to maintain soil stability and geological structure, and
other practices that we indicate in soil and geological structure (Table S9), seeking, as far as
possible, a better use and management of these resources under the physical reality of the
environment, avoiding deforestation [54–56,60]. The conservation of its biodiversity and
the mitigation of the negative impact of climate change will depend on the protection of
forests. Native species plantations should be preferred to exotic plantations, due to their
inherent capacity to host biodiversity [17,22,61,62]. Planting native species ensures that
they do not disappear, their study being necessary for optimal use of resources [17,48].

Considering this problem and for preserving these areas, we propose some native
species that can serve to conserve these forests (Table S8).

The protection and conservation zones (24% of the BZ; Tables S5 and S7) group the
lands that are characterized by their very severe to extreme limitations (climatic, edaphic,
topographic, etc.), which are inappropriate for agricultural purposes and even for forestry
purposes, and their use is not economic and they should be managed for the protection of
hydrographic basins, wildlife, research, etc. On Hillsides and areas with steep slopes, it is
important to implement the installation of live barriers at contour lines using native forest
species [3,54,56,60,63].

4.3. Why Is It Important to Maintain the Montane Forest Ecosystem in the PPF

The Tropical Montane Forests (TMF), particularly the humid ones (Tropical Montane
Cloud Forest), are home to the highest concentration of species with restricted distribution
areas in South America [64,65]. This characteristic is manifested in the high number of flora
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and fauna endemism [29,66,67]. The conservation of the montane forests of the tropical An-
des is a priority, due to their great biodiversity and high level of endemicity [48,67,68]. How-
ever, they are one of the least known and most threatened ecosystems in the tropics [62,69],
because of high rates of deforestation and degradation. The ecological research works on
these forests are fewer at the national level [62] and scarce at the regional level [70].

Within the PPF, we have the Tropical Montane Cloud Forest (TMCF) (Figure 8)
and the Tropical Lower Montane Cloud Forest (TLMCF). They are unique ecosystems
that host a wide variety of highly specialized organisms, often adapted to foggy condi-
tions [48,64,65,67,71–73]. These forests comprise a complex of physiognomically different
biological forms. It is dominated by trees between 6 and more than 35 m tall and under-
growth with an abundance of lichens, mosses, and herbaceous plants [29]. The main water
inlet is the precipitation, but also receives additional inputs by interception of fog and wind-
borne rain. Vegetation is key in this process, with evergreen tree species (Table S8) helping
accomplish this task [17,29,64,65,71]. Zones are considered of utmost importance for pro-
viding hydrological services, which gives it a connotation of hydrological hierarchy [72,74].
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4.4. Endemic Flora and Fauna Species That Protect the Montane Forests of the PPF

Of the 5509 plants species endemic to Peru, 948 are typical of the Department of Caja-
marca, of which 296 endemic species are exclusive to this region and are the montane cloud
forests, jalcas, and páramos of the PPF, which contain these unique genetic resources [29,48].
In addition, the PPF provides refuge to a total of 110 species of birds [29]. Of these species,
29 are registered as CITES II type species. An endemic species of the Andes has been
found in a very vulnerable situation, the “bearded turkey” Penelope barbata, both for
the IUCN (2017) [75], and for the Wild Fauna and Flora Protection laws (Supreme Decree
004-2014—MINAGRI) [76]. Among the species of mammals in danger of extinction to
consider, are the “puma” Puma concolor, the “Andean tapir” Tapirus pinchaque, the “tiger”
Leopardus pardalis, the “spectacled bear” Tremarctos ornatus among others.

4.5. Changes in Land Use Natural and Man-Made Threat

In addition to the danger of climate change, there are serious natural and anthropic
threats that are affecting the ecosystems of the cloud forests ((TMCF and TLMCF), as well
as the dry forest (TLMDF) of the PPF, such as the loss of habitats due to the illegal logging,
burning, opening of bridle paths, itinerant agriculture, overgrazing (Figure 9), lack of
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good forest management and conservation, excessive hunting, and illegal trafficking of
wild species.
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Figure 9. Changes in land use, without considering their capacity for use, the opening of roads,
overgrazing, logging, burning, etc., are promoting and accelerating the degradation of soils, triggering
complex processes erosive. Good management of conservation and protection of the vegetation cover
is necessary at the PPF.

At this point, we must consider some highlights by establishing the criteria for zoning
the study area, considering its ecological value, productive aptitude, and levels of vul-
nerability. Our study confirms that the largest extension of the Pagaibamba Protection
Forest corresponds to lands of very high and high vulnerability (>85% of the PNA and
54% of the BZ), and of high ecological risk. Areas located for the most part on mountain
slopes, which present severe edaphic and topographic limitations, are not suitable for
agricultural activities.

We must also highlight the fundamental need to maintain the intangibility of the PNA,
which must be protected and not used under any circumstances. It is recommended that
54% of the BZ be used for conservation or forest production, following the guidelines
recommended in Table S9. In zones of moderate ecological risk (30% of the BZ), we
recommend the application of systems of controlled grazing and pasture rotation, to favor
their regeneration by improving soil cover, avoiding compaction, and overgrazing. For
low-risk areas (15% of the BZ) it would be convenient to adapt them to agrosilvopastoral
systems, due to their enormous potential to improve soil fertility.

Our findings have important implications when determining the areas of high vulner-
ability where intervention is a priority. It should be noted that, although the level of threats
varies in different areas, livestock, deforestation for agriculture, timber extraction and
fragmentation, are the main threats that loom over the PPF and especially in the ecosystems
of cloud forests, considered the most vulnerable. Furthermore, climate change could hurt
the water balance of the forests TMCF, TLMCF, TLMDF, of the PPF. Changes in temperature
and in precipitation patterns could negatively affect the cycle and availability of water
and would be harmful to both plant and animal communities since many of them have
limited adaptation. It is a priority within regional development programs, the educational
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aspect of the inhabitants (awareness, training) on the conservation and protection of these
areas, to identify threats and avoid future disasters, considering an effective strategy in
development planning, and in the management of these vulnerable zones, Table S9.

5. Conclusions

In the Pagaibamba Protection Forest, 54% of the lands of the Protected Natural Area
are considered very high vulnerability, while in the Buffer Zone only 23% are very high
vulnerability lands. Eighty-five per cent of the lands in the Protected Natural Area and
54% of the lands in the Buffer Area are within the High Risk and Ecological Protection
Zone. The lands located within the Low Risk and Ecological Protection Zone represent
2% of the lands in the Protected Natural Area and 15% in the Buffer Area. The use of GIS
was of great importance for the spatial analysis of the cartography generated during the
process of establishing the Hazard Zoning and Ecological Protection map, especially due to
the large amount of information that overlap implies cartographic variables.

The Pagaibamba Protected Forest is home to a high biological diversity and a large pro-
portion of endemic species; many species in danger of extinction and many still unknowns
to science, in terms of their properties and potential uses. The hydrological function of
these tropical Montane Forests, especially in the Tropical Montane Cloud Forest, is very
important due to their role in the stable supply of water to their surroundings, therefore soil
conservation and protection of slopes against erosion are fundamental. Potential threats
such as climate change can negatively affect the cycle and availability of water since many
sources originate in the PPF, which make its protection urgent to guarantee the supply of
water to the communities that use water as a resource.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13030436/s1, Table S1: Categories of the National System of Land
Use Capability Classification (LUCC); Table S2. Physiographic and Surface Units of the Pagaibamba
Protection Forest; Table S3. Soil Classification in the Pagaibamba Protection Forest; Table S4. Soil
units of the Pagaibamba Protection Forest; Table S5. The National System of Land Use Capability
Classification of the Pagaibamba Protection Forest; Table S6. The ecological value of the lands of
the Pagaibamba Protection Forest; Table S7. The productive aptitude of the Pagaibamba Protection
Forest; Table S8. Native tree species in the Pagaibamba Protection Forest. Important in reforestation
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