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Resumen

El objetivo de la presente investigacion fue evaluar el cambio del uso de suelo y vegetaciéon en una microcuenca
de la Mixteca Alta Oaxaquena durante el periodo de 1995 a 2016, mediante el uso de imagenes de alta resolucion
y con ello identificar la dinamica de pérdida y ganancia de la cobertura vegetal que permitan catalogar zonas
prioritarias para la conservacion y restauracién. El analisis se desarrollé con una clasificacidén no supervisada y
validaciéon en campo. Los resultados mostraron un incremento positivo de 6.6 % durante el periodo de 1995 al
2016 en la cobertura forestal, a partir de las estrategias de restauraciéon impulsadas por las comunidades indigenas
e instituciones gubernamentales; mientras que, la agricultura tuvo una disminucion de 8.4 %, lo cual se explica,
en gran medida, porque muchas areas han sido abandonadas por la migracion y la pérdida de productividad del
suelo, asi como a la alteracion del régimen de precipitacion; lo que condujo a una conversion natural hacia los
pastizales. Las areas sin vegetacién disminuyeron 4.1 % a consecuencia de los esfuerzos en la construccién de
obras para la conservacion de suelos, la formacion de terrazas sucesivas y la estabilizacion de taludes. El aumento
de areas de pastizal dentro de la microcuenca es un motivo de preocupacion, ya que se deben considerar como
areas prioritarias de restauracion debido al tipo de suelo facilmente erosionable.

Palabras clave: Cobertura del suelo, comunidades indigenas, conectividad funcional, desertificacion, imagenes
satelitales, microcuenca.

Abstract

The aim of this research was to assess the land use and vegetation change in a micro-basin of the Mixteca Alta in
the state of Oaxaca, Mexico, from 1995 to 2016, through high resolution images and, thereby, identify the
dynamics of loss and gain of the vegetal cover that allow to classify priority areas for conservation and restoration.
The analysis was developed through an unsupervised classification and field validation. Results showed that forest
cover has a positive increase of 6.6 % during the period from 1995 to 2016, as an outcome of restoration strategies
promoted by indigenous communities and government institutions; agriculture decreased by 8.4 %, which is
largely due to the fact that many areas have been abandoned due to migration and loss of soil productivity, as
well as alteration of the precipitation regime, thus presenting a natural conversion to grasslands. The areas without
vegetation decreased by 4.1 % as a result of the efforts in the construction of works for soil conservation,
formation of successive terraces and stabilization of slopes. The increase in grassland areas within the micro-basin
is a cause for concern, since should be considered as priority restoration areas due to the easily erodible soil type.

Key words: Land cover, indigenous communities, functional connectivity, desertification, satellite images,
micro-watershed.
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Introduction

The Mixteca Alta Oaxaquena is classified as an ecological disaster zone, from its high rates
of erosion, which are present in more than 60 % of its territory, with a loss rate that
amounts to 200 tons ha! (Mendoza, 2002; Guerrero-Arenas et al., 2010), mainly due to
the abandonment of agriculture, overgrazing and the use of traditional agriculture, a
situation that provoked high vulnerability, favored by steep slopes, precipitation and easily

eroded clay soils (Caballero, 2006; Santiago-Mejia et al., 2018).

Communities are vulnerable to the processes of land use changes, which is why several
studies have been carried out related to the degradation, erosion and restoration
(Contreras-Hinojosa et al., 2003; Valencia et al., 2006), as well as the social problems
they face (Hernandez et al., 2011; Aguilar-Santelises and del Castillo, 2013). However,
few studies have focused on a more detailed analysis of the land cover change at the
basin or micro-basin level, as an integral solution insuch a way that the strategies have

a greater social, environmental and economic impact.

Scientific research to determine the processes of land use change use satellite
images, mainly Landsat and Sentinel (Velazquez et al., 2003; Camacho-Sanabria et
al., 2015; Steinhausen et al., 2018), which are considered to be low resolution, and
also have a series of limitations that generate a margin of misclassification between
10 and 20 % (Pham et al., 2016; Azzari et al., 2017; Astola et al., 2019); Therefore,
the objective of this project was to assess the land use and vegetation change in a
micro-basin of the Mixteca Alta Oaxaquena during the 1995-2016 period, through the
use of high resolution images and, thereby, identify the vegetation cover dynamics

of loss and gain that allow to classify priority areas for conservation and restoration.
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Materials and Methods

The study area includes two micro-basins (San Isidro Pefiasco (20-082-01-007) and
San Sebastian Atoyaquillo (20-0082-01-015), which were unified for the present
analysis and for the purposes of this research, which was called San Isidro Pefasco
micro-basin, which is located between 17°11'43.57"-17°24'33.79" N and
97°36'24.48"-97°30'21.60"" W, in the Mixteca Alta region of the state of Oaxaca
(Inegi, 2004), with an area of 16 807.58 ha (Figure 1).
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Figure 1. Location of the study area.
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The dominant climate is temperate subhumid C (wz2), C (w1) and semi-warm humid A(C)wz;
the soils at the site are of the Cambisol, Feozem, Leptosol, Luvisol and Regosol types (Inegi,
2004). The pluvial precipitation varies from 741 mm to 2 200 mm per year and 27.5 °C as
the annual average temperature (Garcia-Conabio, 1998; SMN, 2010).

Selection of satellite images

For a previous analysis of the study area, Landsat 8 OLI (30 m / pixel) and Sentinel
2A (10 m / pixel) images from the year 2017 (Copernicus Open Access Hub, 2020;
USGS, 2020) were used. The images were subjected to atmospheric correction in
order to perform a supervised classification and were geometrically cropped to adjust
to the extent of the area of interest. Subsequently, four orthomosaics composed of
high resolution images were processed and generated: 15 orthophotos from the
Instituto Nacional de Estadistica y Geografia (National Institute of Statistics and
Geography) (Inegi) from 1995 (1.5 m / pixel), 321 Birdseye images (0.28 m / pixel;
2010), 80 from World Imagery (1.14 m / pixel; 2013) and 80 from Airbus Defense
and Space (1.14 m / pixel; 2016).

The images were obtained from SASPlanet, which is free software for viewing and
downloading orthomosaics from the main satellite providers for free and open source
such as Google Earth, Bing Maps, DigitalGlobe, Kosmosnimki, Yandex Maps, Yahoo!
Maps, VirtualEarth, Gurtam, OpenStreetMap, eAtlas, iPhone Maps, General Staff
mapsy, among others (SASPlanet, 2020).

Supervised classification

Change detection is the process of identifying the difference in the state of an object
or phenomenon by observing it at different times, essentially, it involves the ability
to quantify temporal effects through multitemporal data sets (Lloyd, 1982; Singh,
1989). Land use and vegetation were analyzed using an unsupervised classification
of the K-Means Cluster Analysis (KMC) module, which is one of the most widely used

clustering methods for analyzing characteristics in satellite images (Rashmi et al., 2016),
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because it is one of the learning algorithms that solve the clustering problem using the

iterative refinement technique (Oliver et al., 2006; Jumb et al., 2014).

The classification was carried out through training sites of the information obtained
in the field (Figure 2), in which a total of 10 automated classifications were made,
which were summarized in seven classes of land use and vegetation coverage, with
the analysis method of multivariate data clusters Minimum iterative distance (Hastie
et al., 2009). In all the procedures, the Las Palmas QGIS 2.18.25 software (QGIS
Development Team, 2020) was used, which integrates the open source SAGA
(System for Automated Geoscientific Analyzes) process toolbox licensed by the

General Public License (Conrad et al., 2015).

Figure 2. Current scenario of areas without vegetation and reforestations.

Determination of hedging gains and losses

The determination of the loss or gain of coverage of the different land uses and
vegetation was obtained through the construction of four transition matrices and one
of the exchange rate for the periods. In order to determine the exchange rate, the

equation adapted by Palacio-Prieto et al. (2004) was used:

52 l/TL
8, = <[§] - 1) 100
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Where:

6, = Exchange rate expressed as a percentage
S, = Surface at date 1

S = Surface at date 2

n = Number of years between both dates

Description of land use change and vegetation

To describe the land use and vegetation cover changes, a cross-tabulation of time 1
and time 2 was generated, which allows obtaining a matrix of changes in use. The
diagonal shows the total amount of stable landscape between one date and another,
while outside the diagonal the transitions of the classes between Year 1 and Year 2
are located. A positive value of the rate of change indicates area gain, while a negative

value indicates loss.

From the matrix, the profit was calculated, resulting from the difference between the
total for the year 2016 and the persistence. The loss was obtained from the difference
between the total for 1995 and persistence. The exchange between categories was
calculated as twice the minimum value of the gains and losses, and the total change
for each category was established as the sum of the gains and losses. In the case of
earnings, it is assumed that the earnings of each category and the proportion of each
category in 2016 are fixed, and then distribute the earnings through the other

categories, according to the relative proportion of the other categories in 1995.
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Results and Discussion

Land use and vegetation changes

From the supervised classification process, seven classes of land use and vegetation
were derived, but the categories of human settlements, roads and rivers did not show
a significant change, occupying 10 % of the surface throughout the period under
study; based on this, only the following categories were considered for the analysis:

forest, grassland, agriculture and areas without vegetation.

The micro-basin occupies 15 119.02 ha, 40.8 % of which corresponds to forest
cover and 49.1 % to non-forest cover (Table 1). These results differ from those
from Carranza (2014) for the Mixteca region, since he considered a forest cover of
69 % and non-forest areas of 31 %, which is explained by the use of Spot-5 and
Landsat satellite images that show geometric errors and cloudiness, as well as a
resolution that varies from 2.5 to 15 m/pixel for panchromatic bands and 10 to 60
m/pixel for multispectral bands, while in the present study the resolution was 0.28

and 1.14 m/pixel with low cloudiness.

Table 1. Land use classification for the 1995 -2016 period.

Year 1995 2010 2013 2016
Cover/Use ha % ha % ha % ha %
Forest 5734.66 34.12 6804.52 40.48 6833.93 40.66 6857.39 40.80
Grassland 3229.01 19.21 3518.76 20.94 3849.61 22.90 4231.03 25.17
Agriculture 3938.32 23.43 2918.40 17.36 2860.44 17.02 2526.61 15.03

Without vegettation 2 217.03 13.19 1877.35 11.17 1575.05 9.37 1504.00 8.95

Land use and vegetation from 1995 to 2016 within the micro-basin was very dynamic.
Common observable sequences of land cover changes include conversion from
agriculture to grassland, agriculture to areas without vegetation, agriculture to forest,
grassland to agriculture, grassland to forest, forest to agriculture, and areas without

vegetation to grassland (Table 2).
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Table 2. Soil cover changes from 1995 to 2016.

Period A1995-2010 A2010-2013 A2013-2016
Cover/Use ha %A ha %A ha %A
Forest 1 069.86 8.53 29.41 0.22 23.46 0.17
Grassland 289.74 4.29 330.85 4.49 381.42 4.72
Agriculture -1 019.92 -14.87 -57.96 -1.00 -333.84 -6.20

Without vegetation -339.68 -8.30 -302.30 -8.76 -71.05 -2.31

A = Increment

In 1995, the main coverage was forest type (34.1 %) (Figure 3A), with a marked
distribution in the upper part of the micro-basin, a soil conservation strategy
promoted by indigenous communities, due to the importance of the role it plays, the
vegetation in this area, as an area of water recharge and protection against surface
runoff and soil erosion (Castellanos-Bolanos and Ruiz, 1993; Champo-Jiménez et al.,
2012). The second dominant coverage in this period was agriculture (23.4 %), as a
result of the Mexican Food System (SAM, for its acronym in Spanish) in 1980, the
National Food Program (PNA, for its acronym in Spanish) in 1983, the Rain-Tequio-
Food Program in 1987 and the Special for Food Security (PESA, for its acronym in
Spanish) in 1994 (Guerrero-Arenas et al., 2010).
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Figure 3. Land use and vegetation classification during different years of the San Isidro
Pehasco micro-basin, Mixteca Alta, Oaxaca. A) 1995; B) 2010; C) 2013; and D) 2016.
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In 2010, the area covered by forest, in regard to 1995 increased to 40.5 % (Figure 3B), as a
consequence of the annual reforestations carried out by several communities such as Ignacio
Zaragoza, San Isidro Pefiasco, Guadalupe Pefasco, San José del Rio, Mirasol and Cavacua,

who have planted more than 600 ha, with their own financial resources.

As of 1996, the communities of this region began to receive financing from the Ministry
of the Environment and Natural Resources (Semarnat, for its acronym in Spanish)
through the National Reforestation Program (Pronare, for its acronym in Spanish), later
by the National Forestry Commission (Conafor for its acronym in Spanish) through the
Forest Ecosystem Conservation and Restoration Program (Procoref, for its acronym in
Spanish), the Forest Development Program, the ProArbol Program and the National
Forest Program (Pronafor, for its acronym in Spanish), to continue with their
reforestation activities, as well as the construction of nurseries and works of soil
conservation (Conafor, 2004) and since 2019 with the Sembrando Vida program through
the implementation of the Milpa Intercropped of Fruit Trees (MIAF, for its acronym in
Spanish) and Agroforestry Systems (SAF, for its acronym in Spanish) systems for food

self-sufficiency of peasant families (Sader, 2020).

In the classification of land use and vegetation in 2013 and 2016, a minimal change in forest
cover was observed, with respect to the 2010 period, with a coverage of 40.6 % and 40.8 %
in each period (Figure 3C and 3D), due to the low survival rates of reforestations and the
mortality of established species in the region; such is the case of Pinus greggii Engelm. ex Parl.,
who managed to acclimatize, but over the years, gradually died without manifesting his
adaptation with the presence of natural regeneration that allows an increase in forest cover
(Castellanos-Bolanos and Ruiz, 1993; Veldazquez et al., 2003; Valencia et al., 2006; Velasco-
Velasco et al., 2012). In relation to the pasture during this period, an increase is observed
between 22.9 % and 25.1 %.

In regard to areas without vegetation and with erosion, a gradual decrease is
observed as a result of the efforts of indigenous communities and institutions such as
the Ministry of the Environment and Natural Resources (Semarnat), the National
Forestry Commission (Conafor), the National Commission of Arid Zones (Conaza), the

United Nations Environment Program (UNEP), National Commission of Protected
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Natural Areas (Conanp), National Water Commission (CNA), National Institute of
Ecology (INE), National Commission for the Indigenous Peoples Development (CDI)
and World Wide Fund for Nature (WWF).

Land use change detection

With the classifications, three transition matrices were obtained to determine the loss
or gain, as well as an exchange rate matrix. In the period 1995-2010, there was an
increase of 15.73 % in forest cover with respect to 1995, which was recovered,
mainly, in grassland and agriculture areas. At the same time, grasslands increased to
8.97 %, while in agriculture and areas without vegetation there was a reduction of
34.91 % and 18.13 %, respectively (Table 3).

Table 3. Transition matrix of vegetation cover in the periods from 1995 to 2010,
2010 to 2013 and 2013 to 2016 (values expressed in hectares).

Year 1995 Forest Grassland Agriculture Without vegetation Total
Forest 5 649 53 25 6 5734
Grassland 679 3129 -957 378 3229
Agriculture 445 303 3743 -555 3 936
Without 30 32 106 2 049 2217
vegetation
Year 2010 6 804 3 518 2918 1877 15 188
Forest 6 656 63 52 33 6 804
Grassland 67 3 366 22 63 3518
Agriculture 45 368 2775 -270 2918
Vg’\éjg?;t‘i’cfn 65 52 11 1749 1877
Year 2013 6 833 3 849 2 860 1575 15119
Forest 6 701 78 36 18 6 833
Grassland 73 3 697 -221 301 3 850
Agriculture 80 328 2 706 -254 2 860
Without 3 128 5 1439 1575
vegetation

Year 2016 6 857 4 231 2526 1504 15120
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For the 2010-2013 period, a significant decrease is recognized in the class of areas
without vegetation with a 16 % rate. The average annual change for the class of
areas without vegetation was 100.6 ha. Furthermore, agriculture lost its area by 58 ha
(2.1 %) with an average annual change of 19.3 ha. In this period, grassland increased in
a significant proportion with an average change of 110.3 ha! year!. As in the previous
time frame, forest cover increased at a rate of 0.4 % with an average increase of 9.6
ha-! year! (Table 3).

The land use change during the 2013-2016 period showed a similar trend to the
previous matrix, with negative rates only for the categories of agriculture and areas
without vegetation. The positive scenarios were for forest areas and grasslands with
gains between 0.3 % and 9 % (Table 3).

Of the types of land use and vegetation present in the micro-basin, the one with the
highest rate of change was grassland, increasing by 1.3 % per year, which is
explained by the abandonment of agricultural areas due to the loss of productivity
ground. The forest cover also presented high annual rates of change that represented

an increase of 0.8 % per year, mainly in the upper part of the micro-basin (Figure 4).
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Figure 4. Land use change rate in the study area (1995-2016).

There are several reasons for the dynamics of change in land use and vegetation in
the study area, such as the progressive increase in population and economic
activities, which promote the expansion of agriculture, livestock, selective use of wood
for house building, without ignoring the forest area loss caused by fires, as well as

the presence of pests and diseases (Contreras-Hinojosa et al., 2003).

The recovery of forests is the result of reforestations in the study area carried out by
the communities that are located there, since the 90s, as part of a collective
conscience to restore their ecosystems (Carranza, 2014), as well as the participation of

some institutions that have contributed significantly to a comprehensive management
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of the micro-watershed to guarantee the availability of environmental goods and services

for present and future generations (Conafor, 2004).

With the supervised classification method of high resolution satellite images, the
results differ greatly from the information generated by various institutions such as
the National Commission for the Knowledge and Use of Biodiversity (Conabio, 1999),
which compared to the classification of the year 1995 of the present study, present a
difference of 26.2 % for the forest cover and of 63.3 % for the classification of
agriculture (Figure 5A), due to the fact that the sampling algorithm used in the
Landsat images, which is its main input, it is the closest neighbor, which best
preserves the radiance values of the image. However, some images show a
displacement between the coordinates of the bands, which can produce a systematic
error when processed separately, in addition to the error in the data capture by the
sensor, especially in pixels corresponding to overlapping areas with the same path
but different row. These errors are related to the coordinates of the center of the
image used to process the images and to correct it, a readjustment of the origin of
the mesh of the bands must be carried out (Cristdbal et al., 2004).
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Figure 5. Comparative maps of land use and vegetation of the San Isidro Pefiasco
micro-basin, Mixteca Alta, Oaxaca; A) Conabio, 1999; B) Conafor, 2014; C) Inegqi,
2017; and D) Landsat, 2016.
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The information developed by Conafor (2013) defines an area of forest use of 5 150.2 ha, for
grassland of 3 306.4 ha and for agriculture of 6 662.3 ha, which compared to the 2013
classification represents a difference for forest cover of 32.7 %, grassland 16.4 % and
agriculture 57 % (Figure 5B). Regarding the information generated by Inegi (2017), which
establishes a forest area of 4 852.3 ha, of grassland of 3 117.5 ha and of agriculture with 7
149.1 ha, when comparing it with the classification generated for 2016, a difference is obtained
of 41.3 % forestry, 35.7 % grassland and 64.6 % agriculture (Figure 5C).

Vega et al. (2008) recommend performing a visual correction after the digital
classification of Landsat images, because the response of the spectral signature varies
between elements of the same class, due to the effect of the shadow caused by the
orography of the region and humidity, during the time of image acquisition; for this
reason, analog aerial photographs (1 m/pixel) must be available, because with them
it is possible to visualize with greater precision the type of land use and vegetation,
which will reduce the margin of error of the desired product, with a minimum

mappable surface of 3 x 3 pixels (90 x 90 m).

With the use of low and medium resolution satellite images, the difference in land use
area and vegetation decreases, for which, when making a comparative analysis with
Landsat-type images from 2016, distributed land covers of the area are obtained. as
follows: forest of 5 366.6 ha, pasture with 3 733.5 ha, agriculture with 2 740.4 ha
and areas without vegetation 3 280.1 ha and with respect to the high resolution
images for that same year the difference is 27.7 % forestry, 13.3 % grassland, 7.8

% agriculture and 54.1 % areas without vegetation (Figure 5D).

The results of the current study agree with those expressed by Trucios et al. (2013), in an
analysis of the information from the National Forest Inventory (2000), as well as that of the land
use and vegetation of series I (1976), I1 (1992) and III (2002) generated by Inegi, in comparison
with the digitization and interpretation of orthophotos (2 m/pixel) and high resolution images
from the Quickbird satellite (0.60 m/pixel) and Worldview (0.50 m/pixel), obtaining as a result
that there are significant differences between the areas reported for forestry, agriculture,
grassland and human settlements, which is due to errors in the interpretation of satellite images

of 30 and 60 m/pixel, during the National Forest Inventory and in the information generated by
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Inegi at a scale of 1: 250 000; while said error decreases substantially with the use of high

resolution images for a scale of 1: 10 000.

The research documented here indicates that there is a better classification depending
on the resolution of the pixel, as demonstrated by Astola et al. (2019), in a comparison
carried out between satellite images for the prediction of forest variables in the boreal
region, show that there is a better predictive capacity in the models with Sentinel-2 data
in contrast to Landsat 8, in response to spatial resolution and the additional red border
bands, which improves the information available on forest ecosystems by reducing 20

to 60 % bias with other optical satellites.

In the last 30 years, important works have been carried out in the San Isidro Pefiasco
micro-basin of the Mixteca Alta Oaxaquefa to reduce this pressure over the
ecisystems, through strategies such as: the construction of dams for sediment
retention, infiltration ditches, rainwater catchment pots, terraces for stabilization of
slopes and reforestation with different species of conifers, however, at present it faces
multiple pressures due to different anthropogenic activities, which require a

prioritization of areas of ecological restoration and conservation of biodiversity.

Conclusions

In the San Isidro Pefiasco micro-basin, the forest cover represents 40 % of its area,
but the advance of grasslands (25 %), agriculture (15 %) and areas without apparent
vegetation (9 %) is worth noticing. This situation allows the region to be classified as
a priority for ecological restoration, through a comprehensive landscape management

approach, from the fragmentation of its ecosystems.

The use of high resolution images supports a more precise classification, which
guarantees a better interpretation of the different scenarios of land use and
vegetation to update the available information, which allows to have a real panorama
of the area of the different types of vegetation that need ecological restoration and

biodiversity conservation strategies at the state level.
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