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Abstract: The high-Andean vegetation ecosystems of the Bomboén Plateau in Peru face increasing
degradation due to aggressive anthropogenic land use and the climate change scenario. The lack of
historical degradation evolution information makes implementing adaptive monitoring plans in these
vulnerable ecosystems difficult. Remote sensor technology emerges as a fundamental resource to fill
this gap. The objective of this article was to analyze the degradation of vegetation in the Bomboén
Plateau over almost four decades (1985-2022), using high spatiotemporal resolution data from the
Landsat 5, 7, and 8 sensors. The methodology considers: (i) the use of the atmosphere resistant
vegetation index (ARVI), (ii) the implementation of non-parametric Mann—-Kendall trend analysis
per pixel, and (iii) the affected vegetation covers were determined by supervised classification. This
article’s results show that approximately 13.4% of the total vegetation cover was degraded. According
to vegetation cover types, bulrush was degraded by 21%, tall grass by 18%, cattails by 16%, wetlands
by 14%, and puna grass by 13%. The Spearman correlation (p < 0.01) determined that degraded
covers are replaced by puna grass and change factors linked with human activities. Finally, this
article concludes that part of the vegetation degradation is related to anthropogenic activities such
as agriculture, overgrazing, urbanization, and mining. However, the possibility that environmental
factors have influenced these events is recognized.

Keywords: degradation; high-Andean vegetation; ARVI; Mann-Kendall; Landsat 5, 7 and §;
remote sensing

1. Introduction

The vegetation in high-Andean ecosystems mainly comprises plant communities such
as tall grass, puna grass, wetlands, bulrush, and cattails, among others. They occupy a
large part of the territory of the Andes and constitute a valuable resource for the popula-
tion’s survival and biodiversity. These make up complex, fragile, and essential spaces in
regulating the climate, the water cycle, carbon capture, productivity, the conservation of
biodiversity, and other ecosystem services [1]. The Bombon Plateau, in the Junin region in
Peru, is home to high biodiversity and a large number of species of high-Andean flora and
fauna that are endemic and adapted to the humid puna climate. It is home to Lake Junin,
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the second-largest lake in Peru. It is in this place where the Mantaro River basin originates,
one of the most significant water contributors to the Amazon basin [2,3]. Likewise, in this
place, agricultural, livestock, urban expansion, and mining activities are carried out that
constantly contribute to the degradation of vegetation and, consequently, to the alteration
of these ecosystems. Similarly, nearby anthropogenic activities such as open-pit mining
and metallurgy generate atmospheric pollution by heavy metals [4] in combination with
anomalies of environmental factors such as temperature, precipitation, and evapotran-
spiration, altering plant dynamics over time [5,6]. Although the importance and fragility
of these ecosystems are recognized, the degradation of high-Andean vegetation and its
environmental, economic, and social consequences have not received adequate attention
for formulating adaptive monitoring plans [7].

Precisely, it is possible to identify changes in coverage over time through remote
sensors, automatic classification algorithms, and field validation data. Few studies have
evaluated land-cover or land-use changes using remote sensing in the central Andes of
Peru [8-10]. Likewise, remote sensors are being used worldwide to evaluate vegetation
degradation through indices. These evaluations are limited to short analysis periods with
uninterrupted and low spatial resolution sensors (e.g., MODIS and GIMMS). Currently, the
analysis of pixel-by-pixel degradation through the evaluation of the trend of vegetation
indices to determine the deterioration or improvement of vegetation for considerable
periods is made possible through the Google Earth Engine platform (GEE) [11,12]. Thanks
to this platform, it is possible to use large amounts of data and complement products such
as those of the Landsat remote sensor series (Landsat 5, 7, and 8). This fact makes it possible
to access high-quality spatial and temporal resolution images, for land-use change analysis
and vegetation degradation analysis [13,14].

The atmosphere resistant vegetation index (ARVI) is characterized by minimizing
aerosol’s effect due to the blue band’s influence [15]. This type of inconvenience when
monitoring vegetation is widely observed in arid and semi-arid areas such as Andean
ecosystems. Likewise, this index shows advantages in its application by providing informa-
tion on the photosynthetic pigment of the plant, specifically on chlorophyll and carotenoids;
it shows sensitivity when the plant canopy is variable by reducing the influence of the
leaf surface and its internal structure. In addition, it has demonstrated good performance
in determining the development, productivity, biomass, growth, and vegetation in arid
areas [16,17]. Precisely, these advantages allow for the evaluation of the trend of vegetation
indices in terms of space and length of time and reflect the evolution and direction of
vegetation, and change, whether negative or positive, providing essential, spatial, and
temporal information on vegetation degradation [18,19].

The absence of research that spatially and temporally analyzes the state and dynamics
of high-Andean vegetation raises the need to deepen its understanding through the use
of remote sensors. Furthermore, the importance of using tools to generate essential infor-
mation that supports the formulation of adaptive management plans to improve adequate
care in these spaces leads us to raise the following questions:

(i) What is the extent and location of degraded plant areas on the Bombén Plateau, Junin,
Peru, during the period 1985-20227?

(i) What are the patterns and trends of degradation, how have they evolved, and what
are the factors and processes of substitution of the affected vegetation cover types?

(iii) How has human activity influenced changes in vegetation and what are the implica-
tions of these degradation patterns for vegetation management and conservation?

Therefore, the central objective of this study is to evaluate the magnitude of plant
degradation in the Bombon Plateau, Junin, Peru, over an extended period of almost four
decades (1985-2022), taking advantage of the high spatial and temporal resolution data
provided by Landsat sensors 5, 7, and 8. By applying the ARVI, non-parametric Mann—
Kendall trend analysis, and an annual supervised classification, this study seeks to:

(i) Delineate and quantify the extent of degraded plant areas during the period studied.
(ii) Decipher the dynamics and replacement patterns of the affected vegetation covers.
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(iii) Examine land-use changes resulting from anthropogenic activities such as agriculture,
mining, and urban expansion.

With these objectives, we seek to provide a comprehensive understanding of the
patterns of vegetation degradation, the extent of vegetation cover type in the study area,
and how human activities have influenced these changes over time. The work represents
a vital tool in adaptive management in the identification of priority conservation and
management areas based on interactions with both extension cover types and vegetation
degradations. The findings have notable implications for understanding the changing
dynamics of vegetal degraded communities in high-Andean areas.

2. Materials and Methods
2.1. Study Zone

The Bomboén Plateau is in the Peruvian Central Andes, on the eastern slope of the
Andes Mountain range, between the region of Pasco and Junin. It is found at latitudes from
11°18'2" S t0 10°34’6” S and longitudes from 76°39'14” W to 75°52/40" (Datum WGS 84). It
is home to the Meseta del Bombon, a gently sloping plateau, with an area of 3017 km? and
an altitude ranging from 4070 to 4734 masl. Within it are the protected natural areas of Lake
Junin, Huallay, and Chacamarca and the second-largest lake in Peru, Lake Chinchaycocha
(Figure 1).
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Figure 1. Study area generated from DEM from the Upamayo Dam monitoring station.

The temperature ranges between 0 °C and 14 °C. Precipitation varies between 670 and
1022 mm annually, with two distinct seasons, the rainy season (October—April) and the
dry season (May—-September). The predominant ecosystem in this area is Puna Himeda,
dominated by high-Andean grasslands such as Calamagrostis rigida, Calamagrostis recta,
Festuca dolychophylla, Stipa ichu, and Stipa obtusa, mainly used in livestock production of
sheep, cattle, and alpacas [20,21]. Likewise, in a large part of the territory, wetlands can
be found on the shores of Lake Junin with predominant vegetation of Plantago tubulosa,
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Limosella australis, [uncus arcticus, Eleocharis albibracteata, Deyeuxia recta Kunth, Schoenoplectus
californicus, also used in cattle feed and “Champeo” as fuel [22,23].

The delimitation was carried out from the mouth of the tributaries of Lake Chinchay-
cocha and other small tributaries that converge in the area called “Presa Upamayo” (Lat.
10°55'25" S; Long. 76°16'43” W). For this, the procedures for delimiting hydrographic
basins were used, using the tools present in the QGIS 3.18.3 software of “Hydrology Terrain
Analysis”. Inputs for delimitation were used as a basis for the exact location of the mouth
and the digital elevation model (DEM) of 30 m resolution, from the ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer) of the GDEM 003 (Global Dig-
ital Elevation Model version 3). Available at: https:/ /asterweb.jpl.nasa.gov/gdem.asp
(accessed 28 March 2023).

2.2. Data Collection

Surface reflectance images with a resolution of 30 m, generated every 16 days by the
Landsat 5 TM, 7 ETM, and 8 OLI satellites, were used. Through the median of each pixel,
the visual quality of the annual images was improved between 1985 and 2022, during
the dry season (April-October), as these are the months with the slightest presence of
clouds. All the mentioned filters were executed within the Google Earth Engine (GEE)
platform [24].

2.3. Spatial Coverage Analysis

To analyze land-cover change, the collection of Landsat images was harmonized
using coefficients calculated by Roy et al. [25], with the OLI reflectance transform method
proposed by Vogeler et al. [26]. Supervised classification was applied using the random
forest (RF) algorithm combined with a field land-cover data set, using a validated model
for high-Andean vegetation developed by Pizarro et al. [8] based on multispectral Landsat
data and ALOS PALSAR DEM [27] topographic-derived indices.

To generate training data sets for land-cover classes, we used primary data for veg-
etation land-cover types and completed with other reference sources such as the 2015
national vegetation map [28] (geliturbated areas, glaciers, water, and bare soil classes),
Google Earth imagery (pan-sharpened QuickBird, GeoEye, and WorldView-2 imagery), and
visual interpretation.

Training samples were generated from a total of 11,057 pixels (1000 for each class,
except glacier with 57 pixels) available (85% from field data, and 15% from Google Earth
imagery and the 2015 national vegetation map) and the samples were split into a validation
data set in 30/70% proportion by a stratified random sampling method for each cover class
to ensure independence between the training and validation data.

The accuracy of the classifier was evaluated with the overall accuracy (OA), kappa
coefficient (K), producer accuracy (PA), and user accuracy (UA), where K indicates the
degree of agreement between the ground-truth data and the predicted values, while the
PA measures how well a pixel has been classified and includes the error of omission (the
proportion of observed features on the ground that are erroneously excluded from a class).
The UA measures the reliability of the map, informing how well the map represents what
is on the ground and it includes the error of commission which refers to pixels erroneously
included in a class [29]. The RF classifier generated allowed us to generate past land-
cover layers for the defined period, based on the annual historical stacked imagery, for the
study area.

The characteristics of each cover type are described in Table 1. They were considered
separately for the analysis by types of plant covers and covers considered as a change
factor (f). Plant covers are mainly constituted by plant communities of different species that
coexist in association with a specific habitat with its particularities (e.g., presence of water
and different slopes, among others). While the coverage considered as a change factor
(f) is coverage that was altered by anthropogenic activities. In other coverages, spaces
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that are not part of the analysis of this study were considered, such as lakes, glaciers, and
periglaciers.

Table 1. Characteristics of the coverage found in the study area [30].

Classes

Coverage Features

Wetland

Hydrophytic wetland grasses are found in places where there is water upwelling and maintain plant
communities composed of cushion-shaped grasses and sedges, with botanical families dominated by
Cyperaceae and Juncaceae, e.g., Oxychloe andina, Distichia muscoids.

Cattail

Swampy areas are composed mainly of species of the Juncaceae family represented by Scirpus
californicus var, cattails, and Juncus articus var. Andicola, in very dense formations, over
seasonal waters.

Bulrush

It is considered a species of the Juncaceae family and cattail intermediate growing like Typha spp. and
Scirpus spp. They are found in the presence of permanent water.

Tall grass

Areas composed of tall perennial grasses up to 1 m high, such as the species Festuca, Poa, Stipa, and
Calamagrostis, with a herbaceous stratum of the genera Werneria, Hypochaeris (Asteraceae), and
Geranium (Geraniaceae).

Puna grass

Areas dominated by dwarf herbaceous, pink, and cushion plants, growing in areas of moderate water
content, with botanical genera of Cinnagrostis, Aciachne (Poaceae), Baccharis, Werneria, Perezia
(Asteraceae), and Opuntia (Cactaceae).

Geliturbated areas

Consisting mainly of protruding rocks and remnants of vegetation made up mainly of tall grass and
puna grass.

Bare ground (f)

Permanent bare soils without vegetation development.

Agricultural area (f)

Areas of permanent and seasonal cultivation, livestock grazing areas, or crop rangeland.

Urban area (f)

Urban areas, paved and motorized roads, permanent bare soils, river edge gravel, mining activity
(mine tailings, open-pit mine, earth movement, non-metallic mining).

The final map was generated considering the median of the pixel values of all the
layers generated through supervised classification between 1985 and 2022. Through this
process, it was possible to determine the predominance of the various coverages for each
pixel and the distribution of the percentage of area occupied by different types of vegetation
cover and other categories.

2.4. Vegetation Degradation Analysis

The interannual trend of the atmospheric resistant vegetation index (ARVI) was used
to analyze vegetation degradation. Its relationship with biophysical processes, such as
productivity and photosynthetic activity [15,31], allows for obtaining more exact approxi-
mations in monitoring the health and density of vegetation in Andean ecosystems. This is
made up of the following equation:

(NIR — 2 % Red + Blue)

ARVI =
v (NIR + 2 % Red + Blue)

)

where NIR corresponds to the near-infrared band (0.85-0.88 um), Red to the Red band
(0.64-0.67 um), and Blue to the Blue band (0.45-0.51 pm) of the electromagnetic spec-
trum [17].

Subsequently, the non-parametric Mann—-Kendall test (S) per pixel was applied to the
trend of the ARVI to detect changes in the time series [32]. This test offers advantages
due to its low sensitivity to outliers, focusing on the ranges of values, but not on the
values themselves. Additionally, this test is suitable for small samples [33]. Therefore,
its application is favorable due to the characteristics of the data and the advantages it
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offers [34]. The equation is calculated as the Mann—-Kendall correlation coefficient (S), and
is configured as follows:

n=1 n
S=1Y Y sign(x;j—xj) )
i=1 j=it1

where 7 is the number of data points; x; and x; are the data values in time series 7 and j
when j > i. The sign (x; — x;) is interpreted according to the sign as follows:

+1 ifxi—x]- <0
sign(x; —xj) = 0if xi—x;=0 3)
-1 ifxi—x]- >0

The variance is calculated as follows:

n(n—1)(2n—5) =Y t;(t; —1)(2t; +5)
18

VAR(S) = 4)
where 1 is the number of data points, m is the number of linked groups, and f; denotes the
number of extension links i. This is used to evaluate the dispersion of the data.

What is described is input to calculate the Z-score to evaluate the significance

as follows: - '
\/W, Zf S > 0
7= 0, if S=0 ©)

S+1 ;
m, if $<0

Z-scores indicate an increasing or decreasing trend of the ARVI, respectively, and
a Z-score equal to 0 shows no trend. Comparison between Z and the standard normal
variable at the desired significance level « allows for testing the significance of the trend. In
this study, a significance level of 5% and 1% was selected, which is the same as p < 0.05 and
p < 0.01, which means that, for example, if | Z| > 1.96, the null hypothesis that there is no
trend would be rejected. The evaluated trend will be considered slight when the significance
is higher than p < 0.05 and when the trend is significant, it will be when the significance
level exceeds p < 0.01. From this analysis, increases, whether slight or significant, will
be considered a sign of development or recovery of vegetation, while reduction, whether
slight or significant, will be interpreted as a loss or degradation of vegetation.

2.5. Analysis of Data

To carry out a comprehensive analysis, two types of data were collected for each study
year: (i) data covering all coverage categories in the study area and (ii) data limited to the
coverages affected by vegetation degradation. For both data sets, the following procedures
were carried out: (i) To identify the predominance of coverage in each pixel, a consolidated
layer was generated by calculating the median from the supervised classification results
of all the years analyzed. (ii) The number of pixels corresponding to each coverage was
quantified using the QGIS software “report of unique values” tool. These data gave rise
to time series, in which the existence of trends and their significance were evaluated by
applying the Mann-Kendall model, using a 95% confidence level. (iii) In addition, the
means of the areas corresponding to each coverage category were determined and the
coefficient of variation was calculated to identify which of them had the most significant
variability over time. (iv) Finally, a Spearman correlation analysis was conducted to observe
possible substitutions or replacements between the different coverage categories. This
analysis was complemented with a graphical representation through a Sankey diagram,
which made it possible to visualize the flow of coverage change throughout 1985, 2005, and
2022. MS Excel 2019, R Studio version 4.3.1, and Statgraphics Centurion 19 software were
used for this analysis.
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3. Results
3.1. Supervised Classification of Total Vegetation Cover

Chinchaycocha is the center, which in its central part contains hydrophilic vegetation,
which includes wetlands (9.0%), cattails (3.7%), and bulrush (4.0%). The transition zone is
mainly dominated by Andean agriculture (16.4%) and is home to most urban areas (2.1%).
In the peripheral part, which extends from the transition part, most of the grass vegetation
(21.2%), tall grass (17.7%), and the inclusion of geliturbated areas (13.6%) prevail. Lakes,
bare soil, glaciers, and periglaciers constituted 12.3%, with lakes having the most extensive
area (8.5%) when considered against other covers (Figure 2). This analysis, based on the
median pixel values, provides a more accurate and detailed understanding of the coverage
distribution over the period examined.

Ain

alal

Il Wetland
I Cattail
Bulrush
[ Tall grass
Puna grass
Geliturbated
[0 Agriculture

Other coverages
[0 Bare soil
I Periglacials
I Lakes

Glaciers

I Urban

Vegetation coverage

16.4%

Figure 2. Vegetation cover map of the Bombon Plateau, Peru, based on the median of the supervised
classification and proportion to the total in the period 1985-2022.

3.2. Analysis of the Distribution of Degraded Vegetation Cover

The analysis of vegetation cover degradation through the trend of the ARVI reveals
that 13.4% of the total cover is degraded, with 6.2% showing significant degradation
(p < 0.01). Likewise, 12.5% of the vegetation has improved significantly and the most
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significant proportion of the area (74.2%) is stable (see Figure 3). Vegetation degradation
does not have a defined spatial distribution pattern (more detail in Figure 4). A specific
separation can be visualized in places classified as urban areas. These are mainly related to
places where mining activity occurs, located mainly on the northern side of the study area
where there was earth movement and, therefore, urban growth due to the establishment of
people related to mining activity. These places are adjacent to the mining city of Cerro de
Pasco and nearby cities around Lake Chinchaycocha, such as Carhumayo and Junin.

[ Delimitation
B Lakes

Variation trend
I Significant improvement - (p < 0.01) positive
[ Slight improvement - (p < 0.05) positive

[ ] Stable unchanged

[ Slight degradation - (p < 0.05) negative

I Significant degradation - (p < 0.01) negative

Significant improvement - (p < 0.01; positive) = 5.9%- 18,303 Ha.
Slight improvement - (p < 0.05; positive) 6.6%- 20,374 Ha.
Stable unchanged 74.2%- 229,790 Ha.
Slight degradation - (p < 0.05; negative) 7.2%- 22,176 Ha.
Significant degradation - (p < 0.01; negative) = 6.2%- 19,235 Ha.
0 50000 100,000  150.000  200.000  250.000
Area in Ha.

7.5 0 7.5 15 km

Figure 3. Map of significant ARVI Mann-Kendall trends for the period 1985 to 2022 of the Bomboén
Plateau, Junin, Peru.

Figure 4 shows the percentage of degraded vegetation covers (DVCs). The count
corresponds to the percentage degraded concerning the area occupied by each coverage.
The DVC with the most remarkable presence of degraded areas is bulrush (21%) and
13% of significant degradation (p < 0.01), which is located mainly in the near interior
part of Lake Chinchaycocha. The following most degraded coverage is tall grass with
18%. This is located mainly between the study area’s intermediate and periphery parts in
spaces with higher slopes. Cattail, adjacent to Lake Chinchaycocha, represents 16% of the
degraded area, and 14% of the wetlands are also degraded. In a smaller proportion, puna
grass accounts for 13% and geliturbated areas for 10% of the space degraded (see detail
in Figure 4a). Considering the size of each cover within the study area, the most affected
areas would be the tall grass, puna grass, and wetlands with 29, 23, and 12% of the total
degraded vegetation (see Figure 4b).
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Degraded vegetation

Slight degradation - (p < 0,05)
B Significant degradation - (p = 0.01)

(a) (b)

2%

Tall grass .

Puna grass

Wetland .

Geliturbated

Bulrush

Cattail [JJ]

0%

100%
90%

80%

10% i II III 10%
0% = 0%

11%

8%

8%
6%
8%
7%

5%

T
80%

m Tall grass
Puna grass

m Wetland
Geliturbated
Bulrush

® Cattail
Agriculture (f)

® Urban (f)

m Bare soil (f)

10% 15% 20% 25%
Area in %

Figure 4. Quantification diagram proportion of degraded vegetation cover. (a) The proportion of
degraded vegetation covers the area occupied by each cover. Areas with mild degradation in pink
(p < 0.05) and areas with significant degradation in red (p < 0.01). (b) The total proportion of degraded
vegetation covers.

3.3. Temporal Analysis of Degraded Vegetation Cover

Figure 5 shows the interannual changes in the different vegetation cover types and
degraded areas. The years 1991, 1992, and 2002 were excluded due to significant outlier
errors. This decision allowed us to carry out a trend analysis over time for each type of
cover using the Mann-Kendall trend test, both for the total vegetation covers (TVCs) and
degraded vegetation covers (DVCs).

100%

= Tall grass
Puna grass

= Wetland
Geliturbated

= Agriculture (f)
Bulrush

= Cattail

= Bare soil (f)

m Urban (f)

70% 4
60% o

50% A

40%

Area Coverage %

30% 7

20% A

&

P n, Gy
R A L LI A L e RO TNk >
FEFIFIPIFF TS TS ek

>
Years

Figure 5. Temporal analysis of the area expressed in percentages in the period 1985-2022 of (a) the
annual total vegetation cover (TVC) and (b) the degraded vegetation cover (DVC).

When examining the TVCs, it is observed that none of the coverages show a significant
tendency to decrease or increase (p > 0.05; Figure 5a and Table 2). However, it is essential to
highlight that bulrush slightly decreased throughout the evaluation period. Additionally, it
is observed that some coverage experiences significant increases in specific years, followed
by returns to areas like the first years. For example, the coverage of cattails reached
maximum areas in 2010, while wetlands experienced a considerable reduction in their
coverage, and then recovered. Finally, there has been a slight increase in the coverage of
tall grass in recent years.
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Table 2. Mean of the occupied area, coefficient of variation (CV %), and Mann-Kendall significance
of all the years evaluated (1985-2022) of the vegetal covers and covers considered factors of change.

TVC DVC
Coverage Mean Area o Significance Mean Area o Significance
Ha Cv% Mal%n—Kendall Ha CV % Margm—Kendall
Wetland 32,888.3 45.0 ns 5547.9 39.4 ns
Cattail 10,754.2 23.7 ns 1483.9 23.1 ns
Bulrush 11,9271 18.8 ns 2594.7 19.3 ** (=)
Tall grass 50,600.6 30.8 ns 10,098.7 25.1 ns
Puna grass 61,0024 20.7 ns 9068.5 32.0 ns
Geliturbated areas 40,629.3 12.2 ns 4023.7 14.8 ns
Bare ground (f) 7046.0 24.5 ns 661.5 29.1 ns
Agricultural area (f) 47,372.8 16.9 ns 2913.6 23.1 **(—)
Urban area (f) 14,763.1 81.8 ns 2821.4 31.8 **(+)

Coefficient of
variation %
100 CV %

0CV%
I Lakes
[ 1Study area limits

The initials ns mean non-significant trend. The symbol ** expresses significance at a confidence level of 99% or
p < 0.01. The sign (—) indicates a negative trend. The sign (+) indicates a positive trend.

Regarding the analysis of the DVCs (Figure 5b), it is identified that bulrush shows
a tendency to decrease from the years 2009 and 2010, with a significant negative trend
according to the Mann-Kendall test (p > 0.05). On the other hand, the coverage considered
as factors of change, such as the urban area, show a positive trend (p > 0.01). In contrast, the
coverage associated with agriculture presents a significant tendency to decrease, starting in
2010 (p > 0.01; see details in Table 2).

Table 2 provides a detailed analysis of the average area occupied by the total vegetable
covers (TVCs) and degraded vegetative covers (DVCs), together with the coefficient of
variation (CV %) and the results of the Mann-Kendall trend analysis with a minimum
confidence level of 95%. The TVCs that occupy the most extensive areas are puna grass
and tall grass, with an intermediate variability of 20.7% and 30.8%, respectively. On the
other hand, the TVCs that exhibit more significant variability are the urban areas (81.8%)
and wetlands (45.0%). This is complemented by the spatial analysis of CV % of the TVCs
in Figure 6a where indeed wetlands, followed by tall grass, are the most variable over
time. In terms of trend, none of the TVCs show a significant trend according to the
Mann-Kendall test.

Figure 6. Spatial analysis map of coefficient of variation expressed in % from the annual supervised
classification of (a) total vegetation cover (TVC) and (b) degraded vegetation cover (DVC).
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In the case of the DVCs, Table 2 details that tall grass and puna grass are those that
occupy the most extensive areas, with variability of 25.1% and 32.0%, respectively. The
DVCs that show the most extensive variability are wetlands (39.4%), followed by the urban
areas (31.8%), also shown in Figure 6b. The DVCs that show a significant negative trend
are bulrush and the agricultural areas, while those that show a significant positive trend
are the urban areas (p < 0.01).

3.4. Plant Replacement Flow

The Sankey diagram shows the flow or replacement of coverage between 1985, 2005,
and 2022. This analysis also evaluates coverage as a change factor (f). In the TVC diagram
(Figure 7a), the puna grasslands (1985) initially have the most prominent area, being
replaced by puna grass (2005). Similarly, tall grass (2005) returns to its initial state starting
with puna grass (2022). Likewise, puna grass receives a significant flow from tall grass
(2005), which returns to tall grass (2022). From this approach, these covers complete a
“cyclical substitution”, that is, the degraded tall grass is replaced mainly by puna grass and
then recovers its initial condition. Wetlands, for their part, are replaced by tall grass, grass,
and agricultural areas in a more significant proportion, and on the contrary, their recovery
is from these same coverages (2022). Furthermore, it replaces cattails and bulrush (2005)
but to a lesser extent. Therefore, the increase in agricultural areas impacts the reduction in
wetlands and grass. The latter is explained by the proliferation of wetlands in the external
part of the study area, and they are close to tall grass and puna grass. In the intermediate
part of the study area, its relationship with the agricultural area means that it influences it
(see distribution in Figure 2).
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Figure 7. Sankey diagram of the flow for the replacement of coverage for the years 1985-2005-2022, of
(a) the total vegetation cover and (b) the degraded vegetation cover. The map images help determine
whether you are talking about TVC or DVC.
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Something similar is shown in the DVCs (Figure 7b). Tall grass (1985) is replaced by
puna grass and geliturbated areas (2005) and its recovery is from these same coverages
(2022). Puna grass increases considerably from tall grass and wetlands (2005) to return to
its original area, returning the flow to the same coverage (2022). Wetlands are replaced
by tall grass, puna grass, agricultural areas, and bulrush (2005). However, this does not
return to its initial state, being one of the few areas recovered from the same coverage
(2022). Geliturbated vegetation areas increase (2005) from grasslands and make an exchange
toward puna grass (2022). The flow between bulrush and cattails is constant with a slight
exchange with wetlands.

3.5. Spearman Correlation Analysis for Vegetation Cover Replacement Evaluation

In Figure 8, to focus on the most relevant aspects of the analysis, the relationship
between the different vegetation covers over the years was investigated through a Spearman
correlation matrix. This matrix involves both the total vegetation cover (TVC; Figure 8a)
and degraded vegetation cover (DVC; Figure 8b). The critical consideration here is a
correlation coefficient greater than 0.6 or less than —0.6, with a significance greater than
99.99% (p < 0.001). Finding a significant positive correlation may indicate an association
that goes beyond chance, suggesting dependence or complementarity. On the other hand,
a significant negative correlation may signal competition or substitution between hedges.

* p<=0.05 ** p<=0.01 *** p<=0.001 % p<=0.01 *** p<=0.001

10

Tall grass -0.89 0.74 -0.77 | -0.76 | -0.86 Tall grass 2087 0.54 2033 2058 | -066 @ -0:51
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V 4 o .
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Figure 8. Spearman correlation analysis between the covers of all years, of the (a) total vegetation
covers (TVCs) and (b) the degraded vegetation covers.

We observe in the TVC correlation matrix (Figure 8a) that tall grass shows a negative
correlation with most of the covers, except for wetlands and bulrush. Similarly, wetlands
have negative correlations with almost all coverage, except tall grasses and bulrush. This
information highlights that tall grass and wetlands tend to be replaced by puna grass and
change factors (f) such as agricultural area, urban area, and bare soil. On the contrary,
puna grass shows a positive and significant correlation with most plant covers, except
wetlands, tall grass, and bulrush. Similarly, in the Spearman correlation matrix of the
DVCs (Figure 8b), both tall grass and wetlands present a positive and significant correlation
with puna grass. This can be interpreted as a relationship in which puna grass replaces
these degraded covers to a greater extent after having suffered degradation due to changes
in agricultural areas, bare soil, and urban areas, with which they also show a significant
positive correlation. On the other hand, the correlation between geliturbated areas and
wetlands lacks causality, since no clear spatial connection is identified. Finally, puna grass
increases significantly when the change factors experience an increase, for example, the
agricultural area.
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4. Discussion

The distribution of vegetation cover around Lake Chinchaycocha reveals a defined
segmentation that ranges from the humid central area to peripheral spaces dominated by
puna and geliturbada vegetation. This segmentation is a testament to the diverse ecological
niches present in the region, each with its unique set of flora adapted to the specific condi-
tions. Although specific to the lake and its surroundings, these ecological and landscape
characteristics find parallels in other mountainous and highland regions. It is worth noting
that similar ecological patterns, influenced by both natural and human-induced factors,
have been observed in other high-altitude regions around the world. Human activities,
such as changes in land use and agricultural practices, also play a crucial role in shap-
ing vegetation cover. The interplay between natural conditions and human intervention
creates a dynamic landscape that is constantly evolving. This study identified that the
transition or “intermediate” zone is mainly dominated by the agricultural area (16.4%),
which suggests intense agricultural activity near the lake. Studies in the Chinese Loess
Plateau have shown that agricultural modernization and land-use changes can lead to
soil erosion and vegetation degradation [35]. Although erosion is not mentioned explic-
itly in our results, it is a factor to consider given the significant presence of agricultural
areas. The potential for soil erosion, especially in areas with steep slopes, can have cas-
cading effects on the local ecosystem, affecting water quality, habitat availability, and
overall biodiversity.

The total degraded area was determined to correspond to 13.4% of the areas with
vegetation cover. This is less than estimated (60%) and is mainly caused by poor man-
agement, burning, overgrazing, and climate change [36]. These differences are because
the analysis takes the spaces that have remained in a state of progressive degradation for
almost four decades and have not returned to their initial state. The current analysis takes
recently degraded spaces that are possibly recovered or are in a plant succession cycle
process [37-39]. Understanding the reasons behind these differences is crucial. It could
be indicative of irreversible damage to certain vegetation types or a shift in the ecological
balance of the region. This vegetation degradation is generated mainly by human activities
such as changes in land use, increased human population, and the intensification of activi-
ties such as agriculture, livestock, and mining. Likewise, the effects of climate change and
variation in precipitation patterns and atypical temperature ranges influence vegetation’s
spatial and temporal dynamics, added to the intrinsic limitations of ecological floors above
4000 masl [40].

Climate change and human activities affect vegetation trends. Research in the Qinghai—
Tibet Plateau has shown that urban expansion can negatively affect vegetation change [41].
In the context of Lake Chinchaycocha, where a presence of the urban area (2.1%) was
identified in the intermediate zone, it is vital to consider how urban expansion could
influence future vegetation trends. Urban areas, with their concrete structures and heat
islands, can modify local micro-climates, potentially affecting the surrounding vegetation.
The temporal behavior of vegetation covers and their relationship with human activities,
such as urbanization and mining, is a topic of growing interest in the scientific literature. In
the context of our study, the trend of degraded vegetation covers (DVCs) and its interaction
with urban and agricultural areas provides valuable insight into the ecological dynamics
in the region. The positive trend observed in urban areas (p > 0.01) is consistent with the
existing literature suggesting that activities associated with urban areas, especially mining,
have significant negative impacts on vegetation cover and land use [42]. In particular,
studies in Nigeria and China have highlighted the extensive damage caused by mining,
including sand mining, in peri-urban and urban areas, respectively [43,44]. These findings
support the idea that mining activities contribute to land degradation in urban areas, which
could explain the trends observed in our study.

The degradation pattern of the high-Andean vegetation cover is also promoted by
factors such as water deficit due to the absence of precipitation, and temperature variations
due to climate change [45]. Likewise, topography plays an important role. Areas with



Sustainability 2023, 15, 15472

14 of 19

gentle slopes are conducive to developing puna agriculture and grass [46], due to the
accumulation of organic matter used in producing Andean crops and livestock [47]. On
the other hand, the steep slope acts as a driver for vegetal covers such as tall grass. The
prevalence of these covers in these conditions is primarily due to their ability to resist the
effects of wind and their adaptation to environments with limited water availability [48].
This agrees with what was found in a study in an Andean micro-basin in Peru [49], where it
mentions that the floristic diversity and biodiversity of plant species varies according to the
altitude and slope. The adaptability of these vegetation types is a testament to the resilience
of nature, but it also underscores the importance of preserving these unique ecosystems
that have evolved over millennia.

On the other hand, the significant tendency of a decrease in the coverage composed of
agriculture (p > 0.01) from 2010 onward could be related to urban expansion and mining,
which often displace agricultural areas. The change in land use for agriculture is the greatest
threat to these ecosystems, leading to biodiversity loss, andslow plant revegetation and
productivity. For example, in the grassland region of the Rio de la Plata, the area covered
by grasslands decreased between 1985 and 1989 and 2002 and 2004, with an increase in the
area of annual crops [50]. Expansion of crop production to high-altitude native grasslands
in the Peruvian High Andes is also occurring, converting grasslands to annual cash crop
systems [51].

The most extensive areas of TVC, such as puna grass and tall grass, are consistent with
the characteristics of the Andean grasslands, which are predominantly covered by species
of grasses and herbaceous plants adapted to altitudes between 3500 and 5000 masl., forming
areas of grasslands essential in providing ecosystem services fundamental for human life
and biodiversity [52]. On the other hand, the high variability observed in urban areas and
wetlands is aligned with studies that have identified significant variability in vegetation
cover in urban areas and wetlands [53]. In particular, wetlands, with their diversity of
aquatic and semi-aquatic species, are susceptible to prolonged droughts, seasonality, and
soil characteristics, which can influence the germination and recovery of vegetation [54].

The degradation associated with urban areas and mining activities, especially near
cities and lakes, has been widely studied in the literature [55,56]. These activities have been
shown to have significant negative impacts on the environment, particularly on vegetation
cover and land use [57]. In particular, wetlands are highly susceptible to invasive species,
which can lead to changes in the structure of their green food webs and the formation of
monocrops [58]. Furthermore, wetlands are prone to degradation and succession processes,
resulting in a gradient of degradation from typical wetlands to wet grasslands, typical
high-Andean grasslands, and grasslands [59]. Likewise, plant covers such as wetlands,
bulrush, and cattail depend on the presence of water and present significant degradation.
This shows that these vegetation types are susceptible to environmental or management
changes in biological richness and productivity [7,60]. Furthermore, they can undergo
substantial changes over time, and not all areas necessarily return to their original state
after degradation [61]. Under this, our study reveals that wetlands are replaced by tall
grass, puna grass, and agricultural areas. With a minimum recovery rate, the degradation
can significantly alter the vegetal composition, plant diversity, primary productivity, and
ground fertility. In this context, tall grass and puna grass are indicators of these dynamics,
especially with agricultural expansion [62].

Although the present study does not specifically focus on restoration measures, it is
necessary to consider the stability of the site and its relationship with changes in vegetation.
The ecological impacts of restoration interventions on soils can directly influence plant
community composition [61]. In areas such as the study area with a predominance of
livestock activity, it is highlighted that the intensity of grazing is a determining factor in the
restoration of degraded grasslands [63]. Although not directly mentioned in the results, it
is essential to consider how grazing practices in the region may be influencing the observed
substitutions in vegetation covers.
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In addition, factors such as climate change and nitrogen deposition can also influence
the dynamics of the vegetation cover types suitable for grazing [64,65]. These factors, and
anthropogenic activities such as agricultural expansion, may contribute to the dynamics
observed in the study area. The Spearman correlation matrix, presented in Figure 7,
provides a detailed view of the interactions between vegetation covers throughout the
years considered in this study. Although specific to the study area, these interactions are
reflected in previous research, where it has been identified that total vegetation covers,
such as tall grass and wetlands, tend to be replaced by puna grass and anthropogenic areas
such as agricultural and urban areas [66]. This trend is reflected in our study, where tall
grass and wetlands show negative correlations with most covers, primarily replaced by
puna grass and areas considered a change factor.

Although it is true, the approach used may contain some biases, both in the supervised
classification and in evaluating the vegetation trend through the ARVI. However, this study
offers an outstanding contribution to the evaluation of vegetation ecosystem degradation.
Several studies are recognized that carried out supervised classification and determined the
dynamics of coverage in a generic way [67-70]. Unlike other studies, our study showcases
a supervised classification tailored to the characteristics of the Andean ecosystems, offering
a more specific estimation of their temporal dynamics. This specificity sets our study
apart, emphasizing its uniqueness in exploring the dynamics of high-Andean Peruvian
vegetation. However, there are some limitations to consider. The supervised classification
approach, while robust, may contain biases that could influence the results. Additionally,
the ARVI, though widely used, has its own set of limitations in capturing the full spectrum
of vegetation dynamics. Future research could employ a combination of different vegetation
indices and incorporate ground-truthing methods to validate remote sensing results.

5. Conclusions

The present study provides a spatial and temporal vision of the changes between
vegetation covers and their degradation, and the dynamics of replacement and ecological
succession, analyzed based on remote sensing products over nearly four decades. Our
main findings indicate that the total degraded area corresponds to 13.4% of the studied
space, with the most impacted vegetation covers being bulrush, cattails, and tall grass.
The coverage with the most significant increase is puna grass and the change factor such
as urban areas. Specifically, bulrush was degraded by 21%, tall grass by 18%, cattails by
16%, wetlands by 14%, and puna grass by 13%. It was observed that puna grass replaced
most degraded vegetation and changed factors such as agricultural areas, urban areas,
and bare soil. These findings demonstrate the degree of vulnerability of the vegetation
and the information generated is presented as a vital tool to identify priority conservation
and management areas based on the interactions between the extension of the vegetation
cover type and the patterns of vegetation degradation due to the effect of human activities
over time.

These findings have notable implications for understanding the dynamics of change in
plant communities in high-Andean Peruvian areas. This is because fundamental and useful
information is presented for the formulation of adaptive management plans, in terms of
sustainable use and management, as well as for the conservation of vegetation in these
vulnerable ecosystems. This study determined that a significant part of the vegetation
degradation is related to anthropogenic activities. However, the possibility that combined
environmental factors have influenced these degradation events is also recognized, through
variability and anomalies in precipitation, temperature, and humidity due to climate
change, as well as the influence of the slope and elevation on diversity, and the composition
of communities and plant species. Future studies could delve deeper into quantifying
the exact influence of each of these factors, providing a more holistic understanding of
vegetation change dynamics in high-altitude ecosystems.
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ARVI  Atmosphere resistant vegetation index
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