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Abstract: Loss of vegetation cover is a major factor that endangers biodiversity. Therefore, the use of
geographic information systems and the analysis of satellite images are important for monitoring
these changes in Natural Protected Areas (NPAs). In northeastern Mexico, the Natural Protected
Area Altas Cumbres (NPAAC) represents a relevant floristic and faunistic patch on which the impact
of loss of vegetation cover has not been assessed. This work aimed to analyze changes of land use
and coverage (LULCC) over the last 42 years on the interior and around the exterior of the area, and
also to propose the time of succession for the most important types of vegetation. For the analysis,
LANDSAT satellite images from 1973, 1986, 2000, 2005 and 2015 were used, they were classified
in seven categories through a segmentation and maximum likelihood analysis. A cross-tabulation
analysis was performed to determine the succession gradient. Towards the interior of the area,
a significant reduction of tropical vegetation and, to a lesser extent, temperate forests was found, as
well as an increase in scrub cover from 1973 to 2015. In addition, urban and vegetation-free areas, as
well as modified vegetation, increased to the exterior. Towards the interior of the NPA, the processes
of perturbation and recovery were mostly not linear, while in the exterior adjacent area, the presence
of secondary vegetation with distinct definite time of succession was evident. The analysis carried
out is the first contribution that evaluates LULCC in this important NPA of northeastern Mexico.
Results suggest the need to evaluate the effects of these modifications on species.

Keywords: disturbance; land use and cover change; Landsat; vegetation; secondary succession;
chronosequence; Natural Protected Area; Mexico; Tamaulipas

1. Introduction

Disturbance is considered to be any event that abruptly changes the environmental conditions of
the habitat [1]. It can be due to a variety of causes, both anthropogenic and natural, including forest
fires, urbanization, and land modification as a result of intense agricultural and livestock activities [2].
These factors modify the structure of vegetation, and cause the loss of original plant cover [3–5].
In this sense, land use and land cover change (LULCC) is one of the main factors that has caused an
accelerated global loss of biodiversity in recent years. The specific effects of these disturbances at local
or microhabitat scales are very important on species communities [6].
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A recent, effective, and widely used method for detecting and quantifying LULCC is remote
sensing [7], and the implementation of geographic information systems through the analysis of
satellite images, which allows the detection of temporary patterns of change [3,4,8,9], and even their
prediction [10–13]. At present, free availability and easy access to a large amount of geographic
data and satellite imagery have permitted this type of analysis to increase considerably [3,8,9,14–19].
However, a very important aspect to consider when conducting such assessments is the natural process
of secondary succession and the recovery of vegetation after a disturbance event. In this sense, analysis
using satellite images to evaluate change of vegetation cover between a time A and a time B does not
allow us to know the processes of transition or persistence of the vegetation occurring within that time
interval, independently of the route of succession that is present. That is, the persistence of a type of
cover between the initial stage A and the final stage B does not consider that the current vegetation
at time B could present several stages of disturbance and recovery, a fact that is more accentuated
in studies that include long periods of time. An alternative is the analysis of multitemporal satellite
images, whose importance for detection of disturbances, conservation and habitat monitoring has been
previously explored [20,21]. So, the reduction in time intervals provides a more precise delimitation of
the recovery time or succession of the current vegetation, and also allows to detect the presence of
secondary vegetation cover [22,23].

In Mexico, deforestation is one of the most important problems in environmental policy. In recent
years, the original vegetation has been dramatically reduced, due mainly to an increase in LULCC,
which accelerates the rate of deforestation [24]. This has led to a growing number of investigations that
use geographic information systems and satellite imagery for analysis of natural vegetation disturbance,
as well as the monitoring and quantification of land use change [12,25–27]. The implementation of
these analyses, along with the establishment of Natural Protected Areas (NPAs), represents a strategy
aimed at containing modifications in vegetation cover in the country [28,29]. The NPAs in Mexico
embody more than 19 million hectares, representing 9.85% of the country’s land area [30]. Some of
these NPAs have recently been evaluated for their effectiveness in minimizing LULCC [27,31]. It has
been shown that the NPAs are not always effective [29,32], since they continue to be modified despite
having some protection status. This is largely because of the misapplication of economic policies or
the lack of management plans [33,34]. As a whole, these anthropogenic disturbances can affect the
integrity of ecological processes, ecosystem functioning and conservation of biodiversity in NPAs [35].
Moreover, LULCC is one of the most important and stressful factors on ecosystems close to urban
areas [11]. Therefore, urbanization and modification of external or adjacent areas to the NPAs generate
important consequences and effects on the processes that occur towards the interior, since a significant
proportion of the habitats and resources that help the functioning of the NPAs are located outside its
limits, in unprotected areas [31,36,37].

Overall, administrative issues, poor financing, and accelerated urban growth in adjacent areas are
factors that endanger biodiversity in NPAs [34]. Additionally, the lack of analyses that consider
multitemporal stages to define the time of succession of vegetation in these zones is evident.
Accordingly, it is important to continue with the evaluation and monitoring of the current patterns
of LULCC in Mexican NPAs. The Natural Protected Area Altas Cumbres (NPAAC) in Northeastern
Mexico is a key area for biodiversity conservation and ecosystem processes, as it is part of a natural
biological corridor in the Sierra Madre Oriental. Furthermore, this NPA, because of its biological
diversity, embraces one of the 15 panbiogeographical nodes proposed for Mexico [38], as well as
several spots with high and extreme priority for conservation [39]. However, the increase of population
and industrialization in Mexico during the 60s–80s [40], the deforestation rate expansion (1990 to
2000) [34], the official government decree of NPA status in 1997 [41], the late establishment of an
official management plan in 2015 [33,42], and its proximity to an important urban area suggest that the
integrity of the major vegetation types in the NPAAC could be compromised. Based on the above, we
hypothesized that the highest percentages of LULCC may have occurred within the period 1973–2000,
while the official NPA decree in 1997 would lead to a decrease in changes starting in 2000. This work
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aimed to: (1) delimit the main categories of land use-cover in 1973, 1986, 2000, 2005 and 2015 in the
NPAAC and its adjacent areas based on Landsat satellite images; (2) quantify the proportion of area
modified or persistent for each category between the different temporal stages; and, based on this, (3)
propose the time of succession or recovery for the most important types of vegetation in the NPAAC
and its adjacent areas.

2. Materials and Methods

2.1. Description of the Study Area

The NPAAC was decreed as a Special Area Subject to Ecological Conservation on 19 November
1997 [41]. It is located westward of Ciudad Victoria, within the municipality of Victoria in the state of
Tamaulipas, northeastern Mexico (Figure 1).
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Figure 1. Location of the Natural Protected Area Altas Cumbres (NPAAC). (A) Location of Tamaulipas
in Northeastern Mexico; (B) Geographical position of the NPAAC in the state of Tamaulipas;
(C) NPAAC elevation range and its adjacent urban areas.

The study area encompasses an area of 303.2785 km2 in the upper basin of the San Marcos River,
within the physiographic province of the Sierra Madre Oriental. Its elevation gradient is between
450–2180 m [42–44]. The average monthly temperature varies between 16.4 ◦C in January to 29.2 ◦C
in July, while the annual average temperature is between 16.5 to 22.7 ◦C [43]. Climate, based on
the modified classification of Köppen [45], corresponds to three different types that characterize
Tamaulipas: sub-humid and semi-warm with summer rainfall, semi-dry and semi-warm, and
temperate sub-humid with summer rainfall [42].

The NPAAC is considered of great biological, economic and social importance in northeastern
Mexico, due to the presence of the main hydrological basins of the region, several geological and
paleontological formations, as well as some archaeological sites of considerable relevance [42–44]. This
NPA is home to exceptional faunistic diversity, since it represents one of the 15 panbiogeographic
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nodes of Mexico, where three biogeographic provinces interact [38]. Also, its geographical position
favors the presence of 13 vegetation types including pine forest, pine-oak forest, oak forest, cloud
forest, riparian forest, palm vegetation, submontane scrub, xerophile rosetophilous scrub, Tamaulipan
thornscrub, chaparral (sclerophyllous scrub), and low tropical semideciduous forest [44,46]. In addition,
1164 species of vascular plants are reported, which currently places the NPAAC as the most important
floristic area of Tamaulipas, since a reduced area is home to 5% of the flora of Mexico [44].

However, recent assessments suggest that ecological integrity in the NPAAC may be at risk due
to several natural and anthropogenic causes, as well as management issues [42]. The frequency of fires
along with the accelerated population growth in the last 10 years, are among the main disturbance
factors in the area. The increase of human settlements at the skirts of the mountain range in the limits
of the NPAAC is the main factor that causes loss of native scrub vegetation and low tropical semi
deciduous forest. These are among the most diverse plant communities in the study area. Likewise,
natural meteorological risk factors such as prolonged droughts, combined with anthropogenic activities
such as clandestine and selective logging of timber and non-timber forest species, mining activity,
clearing, and cattle grazing [42,44], are threatening factors for biodiversity in the NPAAC.

2.2. Data Acquisition and Preprocessing

The analysis was performed using Landsat satellite images of five temporal stages. We used
previously corrected and orthorectified images of 1973, 1986, 2000, and 2005, available through the
Global Land Survey project [47], from the Global Land Cover Facility website [48], as well as a 2015
image obtained from the USGS Global Visualization Viewer online site [49]; this last scene had also
been previously corrected, given that it is 1LT product (level-one terrain-corrected (L1T) Landsat
data) [50]. Whenever possible, images of the same season were selected to minimize the effect of
seasonality on vegetation. Details for each scene are presented in Table 1.

Table 1. Details of the Landsat images and some parameters used for the analysis of land use-cover
change in the Natural Protected Area Altas Cumbres and adjacent areas. Tamaulipas, Mexico.

Year Satellite Sensor
Coordinate
of Location
(Path/Row)

Date of Image Spatial
Resolution

Bands for
False Color

Image

Bands for Spectral
Signature
Extraction

1973 Landsat 1 MSS 028/044 27 May 1973 60 m 1, 2, 3 1, 2, 3, 4, NDVI
1986 Landsat 5 TM 027/044 14 March 1986 30 m 2, 3, 4 1, 2, 3, 4, 5, NDVI
2000 Landsat 7 ETM+ 027/044 9 December 2000 30 m 2, 3, 4 1, 2, 3, 4, 5, NDVI
2005 Landsat 7 ETM+ 027/044 5 November 2005 30 m 3, 4, 5 1, 2, 3, 4, 5, NDVI
2015 Landsat 8 OLI-TIRS 027/044 27 December 2015 30 m 3, 4, 5 2, 3, 4, 5, 6, NDVI

The area of interest included the polygon of the NPAAC, as well as the adjacent areas around it,
aiming to quantify the LULCC in the nearest urban areas, because of their importance and influence
on the interior of NPAs [11,31,36,37]. The area was delimited and extracted from each of the images of
interest (bands) (Table 1) for each of the five Landsat scenes, using the program ENVI Version 5.0 [51].
All images were cropped and extracted with the same geographical extent. The cell size of the 1973
image was modified for the sake of uniformity with the other images, from 60 to 30 m.

2.3. Classification

The images were imported into the IDRISI Selva 17.0 program, then a classification was performed
by segmentation of the image in conjunction with the maximum likelihood algorithm (MAXLIKE) [52].
The segmentation was carried out with bands 1, 2, 3, 4 and the Normalized Difference Vegetation
Index (NDVI) for the scene of 1973; bands 1, 2, 3, 4, 5 and NDVI for the scenes of 1986, 2000 and 2005;
and bands 2, 3, 4, 5, 6 and NDVI for the 2015 scene (Table 1). As parameters of the segmentation,
a zero-similarity tolerance was defined between the fragments, so that the initial segments generated
by the segmentation remained as individual and as homogeneous as possible [52]. Subsequently,
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30 segments were selected manually as training sites for each of the seven chosen land use-cover
categories (LULC). A false color image for each stage, in conjunction with several LULC data layers
available through the National Institute of Statistics and Geography (INEGI, the official Mexican
agency responsible for cartography development) were used as the basis for choosing training camps
for the scenes of 1973 [53], 1986 [54], 2000 [55], 2005 [56] and 2015 [57]; additionally, current satellite
imagery from Google Earth and previous visits to the study area were used as ancillary elements.
In total, 210 segments were manually selected for each temporal scene.

The LULC categories were defined based on the most recent descriptions of vegetation types for
the study area [44,46]; with the aim of avoiding confusion in the classification, the different types of
cover, land use and vegetation in the study area were grouped into only seven LULC categories, given
the similarity in species composition and structure among different vegetation types. These categories
were as follows: (A) Urban and bare soil areas, (B) Temperate forests, (C) Tropical vegetation, (D)
Scrub vegetation, (E) Sparse herbaceous vegetation, (F) Dense herbaceous vegetation, and (G) Sparse
woody vegetation. Vegetation types, land use, and vegetal cover included in each LULC category are
presented in Table 2.

Table 2. Land use-cover (LULC) categories, Natural Protected Area Altas Cumbres and adjacent areas.
Tamaulipas, Mexico.

Category Description

A. Urban and bare soil areas Urban areas; semi-urban areas; areas with scarce vegetation; bare
soil areas; rocks; dry rivers without vegetation.

B. Temperate forests Dense vegetation of oak forests, pine forests, oak-pine forests,
pine-oak forests, and cloud forest.

C. Tropical vegetation Dense vegetation of low tropical semideciduous forest, low
thorny forest, and riparian vegetation.

D. Scrub vegetation Dense vegetation of submontane scrub, Tamaulipan thornscrub,
and chaparral; vegetation on mountain slopes/hills.

E. Sparse herbaceous vegetation
Sparse, low herbaceous secondary vegetation; grassland; grass
cover at ground level; crops without dense vegetation;
abandoned crops.

F. Dense herbaceous vegetation Very dense, low-medium herbaceous secondary vegetation;
dense grasslands; dense crop vegetation; active agriculture areas.

G. Sparse woody vegetation Sparse secondary shrub vegetation; xerophile scrub;
rosetophilous scrub; huizachal.

The spectral signature for each category was then generated based on the chosen training fields
and corresponding bands for each image (Table 1). Finally, the image was classified by MAXLIKE,
using the spectral signatures previously generated, and using the option of equal previous probabilities
for each signature. The five resulting images classified by MAXLIKE were analyzed to obtain the values
and percentages of extension in km2 for each LULC category; these values were obtained separately
for the interior of the NPAAC as well as for the adjacent areas. The procedures were performed in
IDRISI Selva 17.0.

2.4. Validation of Classification

To determine the validity of classification, 300 ground truth points were used for each of the
five previously classified images, which were generated through a randomized stratified procedure
in IDRISI Selva 17.0. By using a stratified random scheme, the software distributed the 300 random
points proportionally between the seven categories, according to the size of the area for each one.
Then, each of these point locations required being assigned to a true land cover value [52]. For the
images of 1973, 1986, 2000, and 2005, we used the historical land use and cover cartography of INEGI



Remote Sens. 2017, 9, 712 6 of 33

(which is available for each of the four temporal periods) [53–56], as a real basis map for categorize
each of the random points and assign each one a correct category value in IDRIS Selva 17.0. We
also used false color Landsat images as ancillary elements for visual aid in the delimitation of the
correct categories. A similar approach was followed for the 2015 image: 300 random points were
defined, which were categorized using current satellite imagery from Google Earth, modern INEGI
cartography [57] and, when possible, direct field validation, as some of the random points generated
were sometimes located on inaccessible areas. The categorized ground truth points were contrasted
with the previously classified images through an error matrix and the Kappa index of agreement [58].

2.5. Detection of Changes by Subsequent Classification

Post-classification analysis allows us to know the quantity, location and nature of LULCC by
comparing two classified maps; in such a way, a “from-to” matrix of changes was generated [4]
using the Cross tabulation module of IDRISI Jungle 17.0. The five images classified by MAXLIKE
were pairwise compared to detect patterns of change between 1973–1986, 1986–2000, 2000–2005 and
2005–2015. The analysis extended from 1973 to 2015 in order to summarize the process of the LULCC
over the 42-year period. The units in the change matrix were obtained as km2 and percentages, and
were calculated separately for the interior and exterior of the NPA.

2.6. Succession Analysis

We determined the history of vegetation changes over 42 years only for the main three land cover
categories in our study: Temperate forests, Tropical vegetation, and Scrub vegetation. For this purpose,
we use the Cross tabulation module and the previous five images (classified by MAXLIKE). The Cross
tabulation module in IDRISI Selva 17.0 allows for a maximum of 256 combinations; thus we were
forced to separate this analysis into three main steps.

2.6.1. Step 1. Succession Process in Temperate Forests and Tropical Vegetation

To determine the history of vegetation changes over 42 years, we use the Cross tabulation module
and the previous five LULC images (classified by MAXLIKE). First, for each image, it was necessary
to reclassify the seven LULC categories (categories A to G, Table 2) into three simplified categories,
assigning new values (Figure 2). Simplified Category 0 was assigned a value of “0”, and included
the Urban or bare soil areas, Scrub vegetation, Sparse and Dense herbaceous vegetation, and Sparse
woody vegetation (see Table 2, categories A, D, E, F, G), since all these are categories of disturbance
and vegetation in initial states of succession. Simplified Category 1 was assigned a value of “1”, and
included only Temperate forests (Table 2, category B). And Simplified Category 2 was assigned a
value of “2”, and included only Tropical vegetation (Table 2, category C). It was assumed that the
Scrub vegetation represented a category of disturbance, or a successional stage prior to the presence
of Temperate forests and Tropical vegetation [59]. We treated each of the five images with the same
procedure; hereafter, we name these new reclassified images “Simplified Images” (Figure 2).

After reclassification of the five LULC images into five new Simplified images, we conducted the
succession analysis using the Cross tabulation module (Figure 2). First, the Simplified Image of 1973
was compared against the Simplified Image of 1986 by cross-tabulation to determine the changes that
occurred in that time interval. In this way, a new file was generated in which nine categories were
shown; we call this hereafter “Transitional Image”. This was contrasted with the Simplified Image of
2000, resulting in a new Transitional Image with 27 categories. The process was repeated, comparing
this file (changes 1975–1986–2000) vs. the Simplified Image of 2005, resulting in 81 categories. Finally,
the Transitional Image that included the changes during the first four stages was contrasted with the
Simplified Image of 2015, resulting in a final Transitional Image with 243 categories (Figure 2). These
243 categories indicated the possible combinations of persistence and transition of vegetation that may
have occurred over a period of 42 years (from 1973 to 2015). These categories were not evaluated or
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quantified as such, representing only transition and persistence of disturbed and undisturbed areas,
with values of “0” (Simplified Category 0), “1” (Simplified Category 1), or “2” (Simplified Category 2).Remote Sens. 2017, 9, 712  7 of 32 
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Figure 2. Summarized process for delimiting successional categories. (a) The first LULC image
classified by MAXLIKE (b) is reclassified into three simplified categories: 0 (Disturbance Simplified
Category), 1 (Temperate forests) and 2 (Tropical vegetation). (c) The other LULC images are reclassified
in the same way. (d) Cross tabulation is conducted, comparing the Simplified Image of 1973 vs. that of
1986, resulting in a Transitional Image of changes for 1973–1986 with 9 categories. This is compared vs.
the next Simplified Image (2000), resulting in a new Transitional Image with 27 categories. The process
continues until a final Transitional Image is obtained, with 243 categories of transition from 1973–2015.
See text for details.
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To make a more accurate and comprehensible analysis, the final Transitional Image was reclassified
to show only 11 categories; we call these new categories hereafter “Succession Categories”. This
categorization was made on the basis of transition from a disturbance category (Simplified Category 0,
value of “0”) to original-native vegetation, either Temperate forest (Simplified Category 1, value of
“1”) or Tropical vegetation (Simplified Category 2, value of “2”), according to the following criteria.

1. Category 1: Native Temperate forests: areas with Temperate forest vegetation in 1973 that
remained unchanged during the five stages until 2015.

2. Category 2: Temperate forests—42 years of succession: areas that were disturbed in 1973, but
showed native vegetation in 1986 and persisted until 2015.

3. Category 3: Temperate forests—29 years of succession: areas that were disturbed in 1986, but
showed native vegetation in 2000 and persisted up to 2015.

4. Category 4: Temperate forests—15 years of succession: areas that were disturbed in 2000, but
showed native vegetation in 2005, and persisted until 2015.

5. Category 5: Temperate forests—10 years of succession: areas that were disturbed in 2005, but
showed native vegetation in 2015.

6. Category 6: Native Tropical vegetation: areas with Tropical vegetation in 1973 that remained
unchanged during the five stages until 2015.

7. Category 7: Tropical vegetation—42 years of succession: areas that were disturbed in 1973, but
showed native vegetation in 1986 and persisted until 2015.

8. Category 8: Tropical vegetation—29 years of succession: areas that were disturbed in 1986, but
showed native vegetation in 2000 and persisted up to 2015.

9. Category 9: Tropical vegetation—15 years of succession: areas that were disturbed in 2000, but
showed native vegetation in 2005, and persisted until 2015.

10. Category 10: Tropical vegetation—10 years of succession: areas that were disturbed in 2005, but
showed native vegetation in 2015.

11. Category 11: Temperate forests/tropical vegetation without linear succession: areas with either
Temperate Forests or Tropical Vegetation in 2015, which exhibited different and varied recovery
and transition processes, including change from one type of cover to another; that is, we assumed
that Tropical vegetation does not precede the Temperate forest during the succession, and
vice versa.

Through this reclassification, we obtained a new image with 11 Succession Categories, hereafter
named “Successional Image of Temperate forests-Tropical vegetation”. The transition processes are
summarized in Table 3.

2.6.2. Step 2. Succession Process in the Scrub Vegetation

As stated before, the Cross Tabulation module in IDRISI allows only for a maximum of
256 combinations. In the Step 1, we calculated the successional patterns and transitions between
three Simplified Categories (Disturbance, Temperate forests and Tropical vegetation) during the five
temporal stages in our study, which totalizes 243 combinations (3 × 3 × 3 × 3 × 3 = 243). A transition
analysis during these five years, but using four categories, was impossible, since the number of
combinations exceed the limit of the software (4 × 4 × 4 × 4 × 4 = 1024). Therefore, the delimitation
of the successional time for Scrub vegetation was conducted separately, following almost exactly the
same method (Figure 2), but with some minor differences in the procedure.

First, as done before, each of the five LULC images (each with seven categories) was reclassified
to show three Simplified Categories. Simplified Category 0 was assigned a value of “0”, but only
included the Urban or bare soil areas, Sparse and Dense herbaceous vegetation, and Sparse woody
vegetation (see Table 2, categories A, E, F, G), which are considered categories of disturbance and
vegetation in initial states of succession for the Scrub vegetation. Simplified Category 3 was assigned a
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value of “3”, and included only Scrub vegetation (Table 2, category D). Finally, we add a Simplified
Category-99 in which both Temperate forests (Table 2, Category B) and Tropical vegetation (Table 2,
Category C) were included; no further analysis was conducted on this Simplified Category, because
all changes and transitions were already calculated in Step 1. It was added only with the objective of
differentiating the remaining areas from the Simplified Category 0 and Simplified Category 3, and so it
was assigned the non-important “-99” value.

Table 3. Transition processes for the succession analysis. 0 = Disturbance (Simplified Category 0);
1 = Temperate forests (Simplified Category 1); 2 = Tropical vegetation (Simplified Category 2); 3 = Scrub
vegetation (Simplified Category 3). Hyphen indicates that any value (0, 1, 2, or 3) was considered for
that year (see text for details).

Succession Categories 1973 1986 2000 2005 2015

1. Native Temperate forests 1 1 1 1 1
2. Temperate forests—42 years of succession 0 1 1 1 1
3. Temperate forests—29 years of succession 0 0 1 1 1
4. Temperate forests—15 years of succession 0 0 0 1 1
5. Temperate forests—10 years of succession 0 0 0 0 1
6. Native Tropical vegetation 2 2 2 2 2
7. Tropical vegetation—42 years of succession 0 2 2 2 2
8. Tropical vegetation—29 years of succession 0 0 2 2 2
9. Tropical vegetation—15 years of succession 0 0 0 2 2
10. Tropical vegetation—10 years of succession 0 0 0 0 2
11. Temperate forests/tropical vegetation without
linear succession - - - - 1 or 2

12. Native Scrub vegetation 3 3 3 3 3
13. Scrub vegetation—42 years of succession 0 3 3 3 3
14. Scrub vegetation—29 years of succession 0 0 3 3 3
15. Scrub vegetation—15 years of succession 0 0 0 3 3
16. Scrub vegetation—10 years of succession 0 0 0 0 3
17. Scrub vegetation without linear succession - - - - 3
18. Modified areas - - - - 0
19. Persistence of disturbance 0 0 0 0 0

The linked cross-tabulation process was carried out as described previously, using the five
Simplified Images to obtain a final Transitional Image (Figure 2). The 243 categories in the final
Transitional Image were then reclassified, according to the following criteria:

12. Category 12: Native Scrub vegetation: areas with Scrub vegetation in 1973 that remained
unchanged during the five stages until 2015.

13. Category 13: Scrub vegetation—42 years of succession: areas that were disturbed in 1973, but
showed native vegetation in 1986 and persisted until 2015.

14. Category 14: Scrub vegetation—29 years of succession: areas that were disturbed in 1986, but
showed native vegetation in 2000 and persisted up to 2015.

15. Category 15: Scrub vegetation—15 years of succession: areas that were disturbed in 2000, but
showed native vegetation in 2005, and persisted until 2015.

16. Category 16: Scrub vegetation—10 years of succession: areas that were disturbed in 2005, but
showed native vegetation in 2015.

17. Category 17: Scrub vegetation without linear succession: areas of Scrub vegetation in 2015, which
exhibited different and varied recovery and transition processes, including change from one type
of cover to another.

18. Category 18: Modified areas: these included all categories (out of 240 in the final Transitional
image) where the disturbance was observed in 2015, without taking into account the previous
changes or transition process.
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19. Category 19: Persistence of disturbance: represent the categories with persistence of disturbance
since 1973 until 2015.

Through this reclassification, we obtained a new image with eight Succession categories, hereafter
named “Successional Image of Scrub vegetation”. The transition processes are summarized in Table 3.

2.6.3. Step 3. Map of Succession for the Main Three Land Cover Categories

The area values (km2) and percentages of coverage for the first 11 Succession categories
(Categories 1 to 11) were obtained from the Successional Image of Temperate forests-Tropical vegetation.
Values for the remaining eight Succession categories (12 to 19) were calculated from the Successional
Image of the Scrub vegetation. In both cases, values were measured independently for the interior of
the NPAAC and for adjacent areas using IDRISI Selva 17.0. Finally, the Successional Image of the Scrub
vegetation was displayed over the Successional Image of the Temperate Forests-Tropical Vegetation to
generate a single map of succession using the program ArcGIS 10.9 [60].

3. Results

3.1. Validation and Land Use-Cover during the Period 1973–2015

The overall accuracy percentages for the five LULC maps increased from 90.33% for the 1973
image to 96% for the 2015 image. Similarly, the Kappa coefficient increased from 88% in 1973 to 94.93%
in 2015 (Tables 4–8). Furthermore, producer and user accuracy percentages were obtained for each
stage and category of LULC.

Table 4. Error matrix for land use-cover, 1973. Natural Protected Area Altas Cumbres. Victoria,
Tamaulipas, Mexico.

A B C D E F G Row Total User’s acc. (%)

A—Urban/bare soil 16 0 0 0 1 0 0 17 94.12
B—Temperate forests 0 72 2 3 0 0 0 77 93.51
C—Tropical vegetation 0 0 51 2 1 0 2 56 91.07
D—Scrub vegetation 0 0 2 72 1 2 2 79 91.14
E—Sparse herbaceous vegetation 1 0 0 2 23 0 0 26 88.46
F—Dense herbaceous vegetation 1 0 1 2 0 20 0 24 83.33
G—Woody sparse vegetation 0 0 1 2 1 0 17 21 80.95
Column total 18 72 57 83 27 22 21 300
Producer’s acc. (%) 88.89 100 89.47 86.75 85.19 90.91 80.95
Overall acc. (%) 90.33
Overall Kappa 0.8804

Table 5. Error matrix for land use-cover, 1986. Natural Protected Area Altas Cumbres. Victoria,
Tamaulipas, Mexico.

A B C D E F G Row Total User’s acc. (%)

A—Urban/bare soil 17 0 0 0 0 1 0 18 94.44
B—Temperate forests 0 60 2 1 0 0 0 63 95.24
C—Tropical vegetation 0 2 51 3 0 0 0 56 91.07
D—Scrub vegetation 0 0 1 100 0 0 4 105 95.24
E—Sparse herbaceous vegetation 0 0 0 1 16 0 1 18 88.89
F—Dense herbaceous vegetation 0 0 1 2 2 19 0 24 79.17
G—Woody sparse vegetation 0 0 0 2 0 0 14 16 87.5
Column total 17 62 55 109 18 20 19 300
Producer’s acc. (%) 100 96.77 92.73 91.74 88.89 95 73.68
Overall acc. (%) 92.33
Overall Kappa 0.9016
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Table 6. Error matrix for land use-cover, 2000. Natural Protected Area Altas Cumbres. Victoria,
Tamaulipas, Mexico.

A B C D E F G Row Total User’s acc. (%)

A—Urban/bare soil 17 0 0 0 1 0 0 18 94.44
B—Temperate forests 0 79 2 2 0 0 1 84 94.05
C—Tropical vegetation 0 1 47 2 0 0 1 51 92.16
D—Scrub vegetation 0 3 2 76 0 0 0 81 93.83
E—Sparse herbaceous vegetation 0 0 0 1 17 0 1 19 89.47
F—Dense herbaceous vegetation 0 0 0 0 0 5 0 5 100
G—Woody sparse vegetation 0 0 2 1 2 0 37 42 88.1
Column total 17 83 53 82 20 5 40 300
Producer’s acc. (%) 100 95.18 88.68 92.68 85 100 92.5
Overall acc. (%) 92.67
Overall Kappa 0.9074

Table 7. Error matrix for land use-cover, 2005. Natural Protected Area Altas Cumbres. Victoria,
Tamaulipas, Mexico.

A B C D E F G Row Total User’s acc. (%)

A—Urban/bare soil 25 0 0 0 0 1 0 26 96.15
B—Temperate forests 0 83 2 0 0 0 0 85 97.65
C—Tropical vegetation 0 0 30 3 0 0 0 33 90.91
D—Scrub vegetation 0 0 3 95 0 0 0 98 96.94
E—Sparse herbaceous vegetation 0 0 0 2 19 0 1 22 86.36
F—Dense herbaceous vegetation 0 0 0 0 0 8 0 8 100
G—Woody sparse vegetation 1 1 0 1 0 0 25 28 89.29
Column total 26 84 35 101 19 9 26 300
Producer’s acc. (%) 96.15 98.81 85.71 94.06 100 88.89 96.15
Overall acc. (%) 95
Overall Kappa 0.9356

Table 8. Error matrix for land use-cover, 2015. Natural Protected Area Altas Cumbres. Victoria,
Tamaulipas, Mexico.

A B C D E F G Row Total User’s acc. (%)

A—Urban/bare soil 21 0 0 1 0 0 0 22 95.45
B—Temperate forests 0 75 0 1 0 0 1 77 97.4
C—Tropical vegetation 0 0 25 0 0 0 0 25 100
D—Scrub vegetation 0 0 3 97 0 0 0 100 97
E—Sparse herbaceous vegetation 0 0 0 0 27 1 2 30 90
F—Dense herbaceous vegetation 0 0 0 1 0 22 0 23 95.65
G—Woody sparse vegetation 0 0 0 1 1 0 21 23 91.3
Column total 21 75 28 101 28 23 24 300
Producer’s acc. (%) 100 100 89.29 96.04 96.43 95.65 87.5
Overall acc. (%) 96
Overall Kappa 0.9493

In the first stage evaluated, 1973, the dominant vegetation category, with the greatest extension
within the NPAAC polygon, was Temperate forests, 120.4506 km2 representing 38.15% of the total
cover. Other important categories were Tropical vegetation (29.06%) and Scrub vegetation (27.24%).
The proportion of Dense herbaceous vegetation and Sparse woody vegetation was close to 8 km2

considering both categories (2.44% and 2.26%, respectively). The lowest cover values were for Sparse
herbaceous vegetation (1.7559 km2, 0.56%) and Urban and bare soil areas (0.8865 km2, 28%) (Figure 3,
Appendix A—Figure A1). In 1986, the Scrub category increased to 117.6624 km2 (37.27% of total
coverage); in contrast, the area occupied by Temperate forests declined by almost 20 km2, while
Tropical vegetation reduced its area over 30 km2. Sparse herbaceous and woody vegetation cover
decreased. However, Dense herbaceous vegetation expanded to 26.6508 km2 (8.44%) (Figure 3,
Appendix A—Figure A2).
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In 2000, Temperate forests slightly recovered in relation to Scrub vegetation (39.41% vs. 36.63% of
the total area, respectively), although Tropical vegetation coverage fell to 52.515 km2 (16.63%). The
proportion of Dense herbaceous vegetation decreased in relation to Sparse woody vegetation that
showed an increment (14.2686 km2, 4.52%) (Figure 3, Appendix A—Figure A3).

Important changes have been observed since 2005, as the area occupied by Temperate forests
and Tropical vegetation has diminished drastically, occupying 33.64% and 12.28% of the total area,
respectively; on the contrary, Scrub vegetation cover augmented to 152.6436 km2 and accounted for
48.35% of total coverage in 2005 (Figure 3, Appendix A—Figure A4). The Sparse woody vegetation
occupied 11.9592 km2 (3.79%). A similar trend continued in 2015, with a drastic reduction in Tropical
vegetation to only 9.4194 km2, or 2.98% of the total area, while the Scrub vegetation increased to
178.6338 km2 (56.58% of total coverage) (Figure 3, Appendix A—Figure A5).

Regarding the adjacent areas, outside the NPAAC, the Scrub vegetation was the dominant
category during almost the entire evaluated period, with a proportion of 26.41% and 33.1% of the
total adjacent area; except for the year 2000, when Temperate forests represented the most extensive
cover (162.3312 km2). However, the area occupied by the categories associated with disturbance
or modified vegetation was also significant. Urban and bare soil areas increased progressively by
more than 40.00 km2 from 1973 to 2015. Similarly, although in smaller proportions, the Sparse
herbaceous vegetation maintained a tendency to increase from 1973 to 2015. The coverage of Sparse
woody vegetation was also representative, with a significant improvement in 2000. Dense herbaceous
vegetation was extensive in 1973 and 1986, but declined in 2000, recovering again in 2005 and 2015.
There was also a significant reduction in the area occupied by Tropical vegetation from 1973 to 2015,
with the coverage values of this category being very similar, or even lower than, the Urban areas and
other modified categories (Figure 4, Appendix A—Figures A1–A5).
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of the Natural Protected Area Altas Cumbres. Victoria, Tamaulipas, Mexico.

3.2. Land Use-Cover Changes from 1973 to 1986

The analysis of LULCC from 1973 to 1986 within the NPAAC indicated that the greatest
contribution to the change matrix was due to the persistence of 71.3196 km2 of Temperate forests
that were not modified, representing 22.59% of the total area. However, 26.6202 km2 of Temperate
forests and 34.8273 km2 of Tropical vegetation were modified to Scrub vegetation in 1986 (8.43% and
11.03%, respectively) (Table 9). In the adjacent areas, the highest transition value occurred in Tropical
vegetation, with 51.1713 km2 being modified to Scrub vegetation (6.76% of the total adjacent area). The
Scrub vegetation also showed a high persistence value, with 96.3585 km2 remaining from 1973 to 1986
(12.73%); similarly, there was a high persistence of Temperate forests outside the NPAAC (91.5723 km2,
12.1%) (Table 10).

Table 9. Matrix of land use-cover changes from 1973 to 1986, in Natural Protected Area Altas Cumbres
(NPAAC). Victoria, Tamaulipas, Mexico.

1986

A B C D E F G

1973

A. Urban/bare soil areas
km2 0.2907 0.0126 0.0036 0.1431 0.2619 0.1548 0.0198

% 0.092 0.004 0.001 0.045 0.083 0.049 0.006

B. Temperate forests km2 0.0018 71.3196 16.5816 26.6202 0.0009 5.697 0.2295
% 0.001 22.592 5.252 8.432 0.000 1.805 0.073

C. Tropical vegetation km2 0.0099 24.3747 27.099 34.8273 0.018 4.8933 0.5229
% 0.003 7.721 8.584 11.032 0.006 1.550 0.166

D. Scrub vegetation km2 0.09 12.4164 12.1275 47.5128 0.2772 12.465 1.116
% 0.029 3.933 3.842 15.050 0.088 3.948 0.354

E. Sparse herbaceous vegetation km2 0.2952 0.0378 0.009 0.5814 0.4734 0.2709 0.0882
% 0.094 0.012 0.003 0.184 0.150 0.086 0.028

F. Dense herbaceous vegetation km2 0.0846 0.4761 0.8235 3.3237 0.2592 2.6595 0.0828
% 0.027 0.151 0.261 1.053 0.082 0.842 0.026

G. Sparse woody vegetation km2 0.1539 0.4653 0.4599 4.6539 0.3987 0.5103 0.4968
% 0.049 0.147 0.146 1.474 0.126 0.162 0.157
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Table 10. Matrix of land use-cover changes from 1973 to 1986, in the adjacent area of Natural Protected
Area Altas Cumbres (NPAAC). Victoria, Tamaulipas, Mexico.

1986

A B C D E F G

1973

A. Urban/bare soil areas
km2 32.8131 0.0864 0.0693 1.6551 14.913 3.2769 1.4931

% 4.336 0.011 0.009 0.219 1.971 0.433 0.197

B. Temperate forests km2 0.0495 91.5723 14.7825 24.669 0.0684 5.166 0.0657
% 0.007 12.101 1.953 3.260 0.009 0.683 0.009

C. Tropical vegetation km2 0.8865 38.8206 42.624 51.1713 1.9638 8.4474 3.2949
% 0.117 5.130 5.633 6.762 0.260 1.116 0.435

D. Scrub vegetation km2 4.248 25.0947 28.1817 96.3585 9.5499 20.8557 16.6464
% 0.561 3.316 3.724 12.733 1.262 2.756 2.200

E. Sparse herbaceous vegetation km2 9.1431 0.0477 0.8757 19.8369 17.217 8.0559 11.1474
% 1.208 0.006 0.116 2.621 2.275 1.065 1.473

F. Dense herbaceous vegetation km2 6.3162 0.8973 4.9392 21.8709 10.5453 19.0863 8.7498
% 0.835 0.119 0.653 2.890 1.394 2.522 1.156

G. Sparse woody vegetation km2 4.3668 1.413 5.1066 34.8993 7.9911 8.1603 17.2431
% 0.577 0.187 0.675 4.612 1.056 1.078 2.279

3.3. Land Use-Cover Changes from 1986 to 2000

The largest contribution to the change matrix from 1986 to 2000 within the NPAAC was the
persistence of 85.6341 km2 of Temperate forests (27.13% of the total area) and 72.693 km2 of Scrub
vegetation (23.03%). The Tropical vegetation presented the highest percentage of transition, with
21.6036 km2 that were modified to Temperate forest (6.84%) within the polygon of the NPAAC
(Table 11). There was also a high proportion of coverage that was preserved as Temperate forests in
the adjacent area (120.1194 km2, representing a 15.87% of the total adjacent area), as well as 76.275 km2

of Scrub vegetation (10.08%). In addition, there was a notable conversion value from Scrub vegetation
(62.1486 km2, 8.21%) to Sparse woody vegetation (Table 12).

Table 11. Matrix of land use-cover changes from 1986 to 2000, in Natural Protected Area Altas Cumbres
(NPAAC). Victoria, Tamaulipas, Mexico.

2000

A B C D E F G

1986

A. Urban/bare soil areas
km2 0.657 0.0144 0.0036 0.0324 0.054 0.0108 0.1539

% 0.208 0.005 0.001 0.010 0.017 0.003 0.049

B. Temperate forests km2 0.0477 85.6341 9.6372 13.0662 0.018 0.2313 0.468
% 0.015 27.126 3.053 4.139 0.006 0.073 0.148

C. Tropical vegetation km2 0.081 21.6036 22.1508 11.4138 0.0621 0.3663 1.4265
% 0.026 6.843 7.017 3.615 0.020 0.116 0.452

D. Scrub vegetation km2 0.5922 14.814 17.5941 72.693 1.0413 1.6848 9.243
% 0.188 4.693 5.573 23.027 0.330 0.534 2.928

E. Sparse herbaceous vegetation km2 0.5553 0.0081 0.0081 0.1656 0.3492 0.0351 0.5679
% 0.176 0.003 0.003 0.052 0.111 0.011 0.180

F. Dense herbaceous vegetation km2 0.2826 2.3274 3.0456 16.8372 0.7578 1.7568 1.6434
% 0.090 0.737 0.965 5.333 0.240 0.556 0.521

G. Sparse woody vegetation km2 0.0765 0.0225 0.0756 1.4418 0.1296 0.0441 0.7659
% 0.024 0.007 0.024 0.457 0.041 0.014 0.243



Remote Sens. 2017, 9, 712 15 of 33

Table 12. Matrix of land use-cover changes from 1986 to 2000, in the adjacent area of Natural Protected
Area Altas Cumbres (NPAAC). Victoria, Tamaulipas, Mexico.

2000

A B C D E F G

1986

A. Urban/bare soil areas
km2 32.7726 0.2457 0.2502 1.9872 12.1203 2.529 7.9182

% 4.331 0.032 0.033 0.263 1.602 0.334 1.046

B. Temperate forests km2 0.7443 120.1194 14.7339 19.638 0.0648 0.3798 2.2518
% 0.098 15.873 1.947 2.595 0.009 0.050 0.298

C. Tropical vegetation km2 1.7721 13.0743 54.6534 14.6142 2.178 1.6443 8.6427
% 0.234 1.728 7.222 1.931 0.288 0.217 1.142

D. Scrub vegetation km2 8.5581 28.1538 40.6359 76.275 25.4556 9.234 62.1486
% 1.131 3.720 5.370 10.080 3.364 1.220 8.213

E. Sparse herbaceous vegetation km2 13.9518 0.0684 1.4913 5.2884 17.2404 4.5855 19.6227
% 1.844 0.009 0.197 0.699 2.278 0.606 2.593

F. Dense herbaceous vegetation km2 6.0903 0.5976 8.0271 21.5118 11.2653 6.7374 18.819
% 0.805 0.079 1.061 2.843 1.489 0.890 2.487

G. Sparse woody vegetation km2 4.9644 0.072 7.3197 8.3529 10.8756 3.3471 23.7087
% 0.656 0.010 0.967 1.104 1.437 0.442 3.133

3.4. Land Use-Cover Changes from 2000 to 2005

For 2005, more than 62% of the total NPAAC remained apparently unchanged since 2000, as there
was a persistence of 101.6154 km2 of Scrub vegetation and 97.7238 km2 of Temperate forests. The
highest proportion of transition occurred in Tropical vegetation (22.0383 km2, 6.98%) and Temperate
forests (14.6043 km2, 4.63%), in which both types of cover modified to the category of Scrub vegetation
in 2005 (Table 13). The Scrub vegetation showed the highest value of persistence in the adjacent area
(110.2581 km2, 14.57%), followed by Temperate forests (124.9911 km2, 16.52%) and Tropical vegetation
(78.7797 km2, 10.41%). Also, in the adjacent area, the greatest contribution to the Scrub vegetation
category from 2000 to 2005, was given by the transition of 48.3093 km2 of Sparse woody vegetation
(6.38%) and 34.1064 km2 of Tropical vegetation (4.51%) (Table 14).

Table 13. Matrix of land use-cover changes from 2000 to 2005, in Natural Protected Area Altas Cumbres
(NPAAC). Victoria, Tamaulipas, Mexico.

2005

A B C D E F G

2000

A. Urban/bare soil areas
km2 1.0107 0.0072 0.0054 0.1719 0.7542 0.0225 0.3204

% 0.320 0.002 0.002 0.054 0.239 0.007 0.101

B. Temperate forests km2 0.0963 97.7238 6.4593 14.6043 0.1251 0 5.4153
% 0.031 30.956 2.046 4.626 0.040 0.000 1.715

C. Tropical vegetation km2 0.0117 3.5613 25.6806 22.0383 0.0171 0.0234 1.1826
% 0.004 1.128 8.135 6.981 0.005 0.007 0.375

D. Scrub vegetation km2 0.063 4.4838 6.0966 101.6154 1.341 0.6696 1.3806
% 0.020 1.420 1.931 32.188 0.425 0.212 0.437

E. Sparse herbaceous vegetation km2 0.1062 0.0036 0.0045 1.2258 0.7416 0.0522 0.2781
% 0.034 0.001 0.001 0.388 0.235 0.017 0.088

F. Dense herbaceous vegetation km2 0.0225 0 0.018 3.4533 0.2043 0.4194 0.0117
% 0.007 0.000 0.006 1.094 0.065 0.133 0.004

G. Sparse woody vegetation km2 0.0423 0.4158 0.5076 9.5346 0.3879 0.0099 3.3705
% 0.013 0.132 0.161 3.020 0.123 0.003 1.068
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Table 14. Matrix of land use-cover changes from 2000 to 2005, in the adjacent area of Natural Protected
Area Altas Cumbres (NPAAC). Victoria, Tamaulipas, Mexico.

2005

A B C D E F G

2000

A. Urban/bare soil areas
km2 56.52 0.0261 0.0153 1.6506 7.3872 2.0709 1.1835

% 7.469 0.003 0.002 0.218 0.976 0.274 0.156

B. Temperate forests km2 0.5085 124.9911 8.1621 18.8568 0.2997 0.0027 9.5103
% 0.067 16.517 1.079 2.492 0.040 0.000 1.257

C. Tropical vegetation km2 0.8082 3.6837 78.7797 34.1064 1.0683 1.5795 7.0857
% 0.107 0.487 10.411 4.507 0.141 0.209 0.936

D. Scrub vegetation km2 1.5066 5.1885 10.4922 110.2581 7.1451 8.0343 5.0427
% 0.199 0.686 1.387 14.570 0.944 1.062 0.666

E. Sparse herbaceous vegetation km2 12.7647 0.0027 0.1935 14.7159 31.518 13.0806 6.9246
% 1.687 0.000 0.026 1.945 4.165 1.729 0.915

F. Dense herbaceous vegetation km2 1.4076 0 0.2142 10.5714 8.0685 6.6519 1.5435
% 0.186 0.000 0.028 1.397 1.066 0.879 0.204

G. Sparse woody vegetation km2 7.3575 0.7623 6.4503 48.3093 24.0156 7.5969 48.6198
% 0.972 0.101 0.852 6.384 3.174 1.004 6.425

3.5. Land Use-Cover Changes from 2005 to 2015

During the last period, the greatest proportion of preserved area was represented by Scrub
vegetation, with a persistence of 130.7376 km2 (41.41%) from 2005 to 2015, as well as 92.9799 km2

of Temperate forests (29.45%). In other words, more than 70% of the total area within the NPAAC
remained unchanged between 2000 and 2005. However, the Scrub vegetation category continued its
tendency to increase, adding 13.13% as result of the conversion of 28.7802 km2 of Tropical vegetation
(9.12%) and 12.6441 km2 of Temperate forests (4.01%) (Table 15).

Table 15. Matrix of land use-cover changes from 2005 to 2015, in Natural Protected Area Altas Cumbres
(NPAAC). Victoria, Tamaulipas, Mexico.

2015

A B C D E F G

2005

A. Urban/bare soil areas
km2 0.8928 0.0855 0 0.0747 0.1368 0.1098 0.0531

% 0.283 0.027 0.000 0.024 0.043 0.035 0.017

B. Temperate forests km2 0.063 92.9799 0.3897 12.6441 0.0009 0.0009 0.117
% 0.020 29.453 0.123 4.005 0.000 0.000 0.037

C. Tropical vegetation km2 0.0828 1.9404 7.7139 28.7802 0.009 0.1638 0.0819
% 0.026 0.615 2.443 9.117 0.003 0.052 0.026

D. Scrub vegetation km2 0.3096 13.1256 1.2933 130.7376 1.5543 4.9599 0.6633
% 0.098 4.158 0.410 41.413 0.492 1.571 0.210

E. Sparse herbaceous vegetation km2 0.5922 0.0792 0 1.3896 0.4941 0.6732 0.3429
% 0.188 0.025 0.000 0.440 0.157 0.213 0.109

F. Dense herbaceous vegetation km2 0.1152 0 0.0054 0.3735 0.0333 0.6696 0
% 0.036 0.000 0.002 0.118 0.011 0.212 0.000

G. Sparse woody vegetation km2 0.306 5.4081 0.0171 4.6341 0.2286 0.3069 1.0584
% 0.097 1.713 0.005 1.468 0.072 0.097 0.335

The trends in the persistence values observed within the NPAAC and in the adjacent area were
similar. The highest values obtained for Scrub vegetation and Temperate forests were 134.991 km2

(17.84%) and 120.1104 km2 (15.87 %), respectively. The highest proportions of modified area occurred
in the transition from Tropical vegetation to Scrub vegetation (27.3348 km2, 3.61%), as well as in the
26.6436 km2 transition from Scrub vegetation to Dense herbaceous vegetation (3.52%) (Table 16).
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Table 16. Matrix of land use-cover changes from 2005 to 2015, in the adjacent area of Natural Protected
Area Altas Cumbres (NPAAC). Victoria, Tamaulipas, Mexico.

2015

A B C D E F G

2005

A. Urban/bare soil areas
km2 64.413 0.2205 0.0144 0.7101 7.9929 2.9016 4.6206

% 8.512 0.029 0.002 0.094 1.056 0.383 0.611

B. Temperate forests km2 0.7308 120.1104 0.7065 12.6045 0.0036 0.0198 0.4788
% 0.097 15.872 0.093 1.666 0.000 0.003 0.063

C. Tropical vegetation km2 1.7487 3.5073 63.8235 27.3348 2.0772 4.6845 1.1313
% 0.231 0.463 8.434 3.612 0.274 0.619 0.149

D. Scrub vegetation km2 7.4385 17.6724 14.931 134.991 21.1257 26.6436 15.6663
% 0.983 2.335 1.973 17.839 2.792 3.521 2.070

E. Sparse herbaceous vegetation km2 13.2255 0.0972 0.4986 5.2263 32.1102 14.832 13.5126
% 1.748 0.013 0.066 0.691 4.243 1.960 1.786

F. Dense herbaceous vegetation km2 3.9294 0 1.1646 5.1912 13.5495 12.9087 2.2734
% 0.519 0.000 0.154 0.686 1.791 1.706 0.300

G. Sparse woody vegetation km2 6.4863 6.0966 0.9738 13.7889 7.7823 4.4469 40.3353
% 0.857 0.806 0.129 1.822 1.028 0.588 5.330

3.6. Total Land Use-Cover Changes from 1973 to 2015

Of the total area covered in 1973, 70.128 km2 of Temperate forests (22.21%) and 62.3133 km2

of Scrub vegetation (19.74%) were maintained in 2015, while persistence values for the remaining
categories were very low. The total LULCC was noticeable towards the interior, as high percentages of
transition from Tropical vegetation (56.9466 km2, 18.04%) and Temperate forests (49.4757 km2, 15.67%)
to Scrub vegetation were obtained. In addition, 26.5581 km2 of Tropical vegetation and 14.9976 km2 of
Scrub vegetation were modified to Temperate forests from 1973 to 2015 (Table 17).

Table 17. Matrix of land use-cover changes from 1973 to 2015, in Natural Protected Area Altas Cumbres
(NPAAC). Victoria, Tamaulipas, Mexico.

2015

A B C D E F G

1973

A. Urban/bare soil areas
km2 0.3132 0.0477 0.0036 0.1755 0.1251 0.0711 0.1503

% 0.099 0.015 0.001 0.056 0.040 0.023 0.048

B. Temperate forests km2 0.0189 70.128 0.5508 49.4757 0.0477 0.1773 0.0522
% 0.006 22.214 0.174 15.672 0.015 0.056 0.017

C. Tropical vegetation km2 0.2178 26.5581 5.6826 56.9466 0.2988 1.9242 0.117
% 0.069 8.413 1.800 18.039 0.095 0.610 0.037

D. Scrub vegetation km2 0.5661 14.9976 2.799 62.3133 1.2123 3.3381 0.7785
% 0.179 4.751 0.887 19.739 0.384 1.057 0.247

E. Sparse herbaceous vegetation km2 0.3825 0.1161 0.0081 0.5832 0.1854 0.1278 0.3528
% 0.121 0.037 0.003 0.185 0.059 0.040 0.112

F. Dense herbaceous vegetation km2 0.3906 0.8343 0.1593 5.2074 0.1791 0.8829 0.0558
% 0.124 0.264 0.050 1.650 0.057 0.280 0.018

G. Sparse woody vegetation km2 0.4725 0.9369 0.216 3.9321 0.4086 0.3627 0.81
% 0.150 0.297 0.068 1.246 0.129 0.115 0.257

In the adjacent area, there was a persistence of 79.9074 km2 (10.56%) of Temperate forests and
61.3359 km2 (8.11%) of Scrub vegetation that remained unchanged from 1973 to 2015. The persistence
of 26.0856 km2 of Urban and bare soil areas was also remarkable. In contrast, a transition from
53.4564 km2 (7.06%) of Temperate forests and 51.0345 km2 (6.74%) of Tropical vegetation to Scrub
vegetation was observed. In addition, 34.5231 km2 of Tropical vegetation and 28.2636 km2 of Scrub
vegetation were modified to Temperate forest, while 25.8768 km2 of Scrub vegetation changed to
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Tropical vegetation. Moreover, 22.3407 km2 of Scrub vegetation were modified to Urban and bare soil
areas. The high percentage of transition from Scrub vegetation in 1973 to Sparse herbaceous, Dense
herbaceous, and Sparse woody vegetation in 2015 was also notorious in the adjacent area (Table 18).

Table 18. Matrix of land use-cover changes from 1973 to 2015, in the adjacent area of Natural Protected
Area Altas Cumbres (NPAAC). Victoria, Tamaulipas, Mexico.

2015

A B C D E F G

1973

A. Urban/bare soil areas
km2 26.0856 0.0567 0.2538 2.9466 7.8606 3.1248 13.9788

% 3.447 0.007 0.034 0.389 1.039 0.413 1.847

B. Temperate forests km2 0.2151 79.9074 1.6758 53.4564 0.2529 0.7398 0.126
% 0.028 10.560 0.221 7.064 0.033 0.098 0.017

C. Tropical vegetation km2 5.6025 34.5231 35.2881 51.0345 7.0938 10.7775 2.889
% 0.740 4.562 4.663 6.744 0.937 1.424 0.382

D. Scrub vegetation km2 22.3407 28.2636 25.8768 61.3359 23.2371 20.106 19.7748
% 2.952 3.735 3.420 8.105 3.071 2.657 2.613

E. Sparse herbaceous vegetation km2 15.9732 0.3906 3.3597 6.2766 15.8184 7.4421 17.0631
% 2.111 0.052 0.444 0.829 2.090 0.983 2.255

F. Dense herbaceous vegetation km2 14.3712 0.9846 8.1153 12.4983 16.3782 15.4143 4.6431
% 1.899 0.130 1.072 1.652 2.164 2.037 0.614

G. Sparse woody vegetation km2 13.3839 3.5784 7.5429 12.2985 14.0004 8.8326 19.5435
% 1.769 0.473 0.997 1.625 1.850 1.167 2.583

3.7. Successional Stages of the Dominant Types of Vegetation

Within the NPAAC polygon, the greatest proportion of cover (47.41%) was characterized by the
dominance of Native vegetation without a linear process of succession, with 119.439 km2 corresponding
to the category of Scrub vegetation (37.83%), and 30.2643 km2 of Temperate forests-Tropical vegetation
(9.58%). However, a high proportion (23.69%) was represented by the categories of Native Temperate
forests (50.2191 km2) and Native Scrub vegetation (24.5682 km2), which were preserved for more than
42 years. Although it presented very low coverage values, the same tendency occurred for Tropical
vegetation, since the largest area for this category was occupied by Native areas with more than
42 years of conservation (3.5874 km2). High coverage values were also observed for Temperate forests
with 10 years of succession (18.6984 km2), as well as for Scrub vegetation (14.7213 km2) with 29 and
15 years of succession (10.1916 km2). For the remaining categories, the value of the occupied area was
below 10 km2 (Figure 5, Appendix A—Figure A6).

In the adjacent area, the Modified (with disturbance in 2015) and Permanently disturbed areas
(persistence of disturbance since 1973) were the successional categories with the largest proportion
(43.22%), occupying 127.9575 and 199.1115 km2, respectively. Furthermore, a high proportion of Scrub
vegetation without a linear succession process (116.6778 km2) was observed. The tendency of the
adjacent area to exhibit higher values of secondary vegetation cover was remarkable. For example,
although 60.9552 km2 was occupied by Native Temperate forests, a significant proportion of Temperate
forests was also occupied by areas with 42 and 29 years of succession. In the case of Tropical vegetation,
similar coverage values were found in areas with 10, 29 and 42 years of succession, as well as in Native
areas. Finally, both Scrub vegetation categories with 10 and 15 years of succession and, to a lesser
extent, Native Scrub areas with more than 42 years without disturbance, were dominant with respect to
areas with 29 and 42 years of succession of this type of vegetation (Figure 5, Appendix A—Figure A6).
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4. Discussion

4.1. Land Use-Cover Changes within the Natural Protected Area Altas Cumbres and Its Adjacent Area

The lowest values of the accuracy in the classification and Kappa index were obtained for the
MSS image of 1973; this may have been because of its lower spatial resolution compared to the ETM
and OLI images. It may generate confusion in the spectral signature of categories, and complicate
classification [4]. However, assessment and classification of the years/stages considered in our study
(including the scene of 1973) are reliable, since percentages of overall accuracy were higher than
85% [61] and Kappa index values were close to 1.0 [58]. Therefore, these results support both the land
use-change and successional analysis herein conducted.

The largest proportion of the area within the NPAAC polygon in 2015 corresponded to Native
Temperate forests and Scrub vegetation with persistence since 1973, suggesting that extensive areas of
several types of vegetation included in both categories (such as pine, oak, and pine-oak forests, as well
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as submontane scrub, amongst others), are well preserved. Nevertheless, large areas of Temperate
forests and other categories showed a gradual transition to Scrub vegetation, with an appreciable
decrease in Tropical vegetation cover from 1973 to 2015. These results agree with regional tendencies
observed in Mexico, since change rate and loss of vegetal cover in Temperate forests is much lower
than that for Tropical forests [40]. This reduction in native vegetal cover is not exclusive from our study
region; it is rather a worldwide pattern [6] that has increased in recent years in NPAs and different areas
from other countries [8,9,62,63]. Although the causes of these changes were not assessed in this work,
recent studies on LULCC [12,25,26] that include the evaluation of NPAs [27,28] and their surrounding
areas [31] have shown that deforestation due to overexploitation, uncontrolled logging, agricultural
activities, consumer demand, fires, pests, and urban growth, as well as natural phenomena arising
from climate change, are some of the main factors that influence the loss of vegetation in Mexico [2].
In other areas, the increase in land cover changes has been caused by the rapid population growth,
the multiplication of human settlements, and regional economic development [8–10,64]. Likewise, the
highest percentages of change and transition occurred between 1973, 1986 and 2000, coincide with a
period of high deforestation in Mexico [34,40], as proposed in one of the hypotheses raised in this work.
However, contrary to our second hypothesis, there was a significant decrease of Tropical vegetation
within the NPAAC from 2005 to 2015, even though the official decree in 1997 [41] suggested that
modification rates from 2000 onwards would be lower. Inefficiency of NPAs to contain and prevent
LULCC has been observed previously in other areas in Mexico [29], but it is possible that the recent
creation of an official management plan for the NPAAC [33,42] will contribute to a future decline in
LULCC. This may need to be evaluated and quantified in the coming years.

It has been documented that LULCC occurring in adjacent areas of NPAs are of major
transcendence, since habitats and resources that contribute to their functioning are located outside
their limits in unprotected areas [36]. This includes also the presence of urban areas and their influence
on the adjacent ecosystems [11,36,63]. Hence, there are certain factors concerning the adjacent areas
studied whose influence is considered relevant for the NPAAC. First, agriculture: this activity was
well represented during 1973 and 1986, and it was reflected in the large coverage of Dense herbaceous
vegetation category in that period. Then, the decline in cultivated areas in 2000 corresponds with
the increase in Sparse vegetation categories (herbaceous and woody vegetation) in the same year,
and suggests the abandonment of agricultural plantations. However, since 2005, agriculture has
started increasing again, and the consequences stemming from this have yet to be assessed. Second,
the significant and constant buildup of urban areas from 1973 to 2015 has led to an augmentation
of human settlements towards the eastern limits of the NPAAC [42,44]. Both results are consistent
with tendencies observed in other countries, since the number of agricultural and urban areas has
increased in recent years [9,62,63] as a consequence of the raising in food demand due to population
growth [6]. Lastly, the notable decline of Tropical vegetation: in 1973, this category embodied several
km2 of extension towards the north, south, and eastern limits of NPAAC, and also around the main
urban area. Nevertheless, the increase in the number of bare areas and areas assigned for urban
growth that appeared from 1986 to 2015 caused fragmentation and a significant reduction of this
type of vegetation. By 2015, Tropical vegetation was restricted mainly to the skirts of the mountain
range, between the western portion of the urban area and the eastern boundary of the NPAAC.
Several other patches remaining in nearby areas were rapidly diminishing. Indeed, the increase in
fragmentation of vegetation [8] and land use change are some of the main causes of biodiversity loss
worldwide [6]. Therefore, it is of great relevance that future studies aim at evaluating the state of the
current communities, both within and in adjacent areas of the NPAAC, to assess the response of the
different vegetation categories to land use changes.

4.2. Successional Stages of the Main Types of Vegetation in the Natural Protected Area Altas Cumbres

The process of secondary succession in vegetal communities is characterized by a modification
of vegetation, subsequent to a disturbance [65–67], and in the absence of new changes, the disturbed
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areas over time may present and recover attributes similar to those of the original areas [68]. Despite
the fact that the successional process is not always unidirectional and can follow different routes [67,69]
and operate according to different causes [70], for this study we considered the secondary succession
only as the process of recovery of vegetation [66], without taking into account the route or factors
that caused it. Therefore, for this purpose, those areas with modified land cover (for example crops
and urban areas), without vegetation (bare soil areas), or characterized by fast-grow pioneer species
(grasslands, sparse or dense herbaceous vegetation, among others) were selected as disturbance areas
or primary successional stages. Likewise, vegetation types in the category of Scrub vegetation were
considered as an initial successional stage for Tropical vegetation and Temperate forests, since it
has been observed that development of these communities after disturbance is preceded by scrub
vegetation [59]. Thus, the presence of a disturbed area or an early successional stage in a satellite
image, and its transition to Scrub, Tropical vegetation or Temperate forest in the next temporal stage,
suggests a recovery process in that zone or pixel analyzed between a temporary stage and another.
In this way, it is possible to reconstruct the history of LULCC that occurred or may be occurring in a
given area.

The succession processes considered in this work are related to previous evidence of
post-disturbance changes in vegetal communities, which have been extensively analyzed worldwide,
including in Mexico. After major disturbances where the removal of vegetation was complete, or nearly
so [71], it has been recognized that early stages of succession post disturbance are characterized by
dominance of pioneer species such as grasses, shrubs, and other short-lived species [72,73]. Therefore,
besides the evidently disturbed bare-soil areas, we include the low and dense herbaceous vegetation
in the disturbance category as early transition stages for Scrub vegetation, because the abandonment
of cultivars, grasslands and other disturbed areas is related to recovery of the vegetation [74]. In this
regard, evidence shows that abandonment of cultivated areas and pasture fields results in the
development of thorny vegetation [75], this being one of the communities considered within the Scrub
vegetation in our study. In Mexico, it has been observed that early succession stages are characterized
by a dominance of herbaceous and shrubs for both Tropical vegetation [76] and Temperate forests [77].
In addition, scrub vegetation exists as an ecotone with areas of these two vegetal communities [78].
In late succession stages, the transition from shrubs to woody species is a common pattern [73],
and other studies have shown that the increase in successional time favors long-lived and taller
trees [72], resulting in a significant decrease of shrubs [79]. In summary, this provides ecological
evidence for the transition processes considered in our study, in which Scrub vegetation and other
categories may precede both Tropical vegetation and Temperate forests in the succession. However,
the process of secondary succession is widely recognized as nonlinear [67,69,71], and areas with
similar environmental constraints and disturbance conditions, despite being closer to each other, could
exhibit very distinct successional trajectories [80]. We try to overcome this drawback by including both
categories of Tropical vegetation-Temperate forests and Scrub vegetation without linear succession, in
which we include areas with transitions between different vegetation communities.

The analysis of succession and detection of secondary forests based on multiple layers and scenes
of different years has already been used; similarly, other studies have also worked with five or even
more temporal stages [22,23]. In this sense, the use of Landsat satellite images for the analysis of
LULCC is a widely used method [3,5,8,9,62], including multitemporal approaches which encompasses
several stages [4,14–21,64,81]. However, despite the use of five temporal stages (satellite images of
1973, 1986, 2000, 2005 and 2015), it is necessary to recognize the potential limitations of this study, since
the disturbances presented between these stages in years not considered could influence the results.
For example, an area/pixel categorized with 15 years of succession indicates a category of disturbance
in 2000 and the presence of recovered vegetation (Scrub, Tropical or Temperate) in 2005 and 2015.
Nevertheless, there may have been disturbance events after 2000 or 2005 that are not considered, and
therefore the successional time for such an area in 2015 would be lower. Although it is impossible to
determine the exact recovery time, it is guaranteed that the vegetation presents a successional time
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interval of about 15 years maximum. In addition, the images used as a basis for cross-tabulation
presented high values of correct classification, which helps the validation of the succession analysis.
It is not excluded, however, that some artifacts could exist (as in any other study) in the classification
and validation process that are the basis for our succession analysis. Some of the variations we found
in LULC between years could be related to the date of the images, since the scene of 1973 used (it
was the only one available) corresponds to the starting wet season, while the others belong to the dry
season. Such factors could be related to change patterns of LULC in our study, but it may be of minor
relevance for the successional analysis conducted since the seven delimited categories were separated
in disturbance and native vegetation for that analysis. For example, it is possible that differences
between some areas of Sparse and Dense herbaceous vegetation could not exist, as both are related
to agricultural activities; however, both were also included in the disturbance category. Therefore, it
does not influence the successional patterns found with our methodological approach. Nevertheless,
we suggest that future studies performed in this or any other area could be improved by using more
than one image (whenever available) per year of classification. Furthermore, it is highly recommended
to conduct future evaluations in different sites of the study area that allow for the measurement of
vegetation characteristics associated with the successional time, such as density of plants, diameter at
breast height, or basal area [82], so that the patterns here proposed can be corroborated.

The Scrub vegetation (which includes submontane scrub and Tamaulipan thornscrub, and
others) constitutes an endangered category of vegetation, despite being a dominant plant community
in northeastern Mexico, as well as on the slopes of the Sierra Madre Oriental within the study
area [59,83,84]. This type of vegetation has suffered great losses in Mexico, and at present, many
areas of this vegetal cover have some degree of alteration, or are fragmented, distributed in mosaics
with different successional stage [85,86]. A similar trend was observed in the NPAAC, since the
cross-tabulation analysis showed that the Scrub without linear succession is currently the predominant
category. It suggests that these areas recovered after disturbances, but experienced new modifications
or different successional trajectories between different types of vegetation that culminated with the
presence of Scrub vegetation in the most recent scene (year 2015). Also, it indicates that a large
extension of the Scrub vegetation within the NPAAC corresponds to secondary vegetation. This is
a relevant situation, since the LULCC analysis proved that much of this coverage comes from many
modified and disturbed areas of Temperate forests that did not recuperate their original state and were
covered in 2015 by Scrub vegetation. Similarly, Tropical vegetation was reduced almost entirely within
the NPAAC, at present it is represented by only a few conserved remnants, and some areas with 42
or 29 years of succession, mainly in zones adjacent to rivers, while much of the original vegetation
exhibited a transition to Scrub vegetation. This type of transition is a documented phenomenon,
since after the disturbance, the scrub vegetation is one of the first stages of succession [59]. The high
modification values observed in the region are similar to the general increase of secondary vegetation
cover [22], since many vegetation types are undergoing high rates of change in other countries [62].
However, it is also possible that several areas in this category in 2015 represent transition zones, with
Scrub vegetation elements mixed with elements of Temperate forests or Tropical vegetation (such
as low subcaducifolious forest or low thorn forest). In this sense, it has been recognized that the
submontane scrub forms transition zones with the low tropical semideciduous forest towards the
lower areas and even with oak forest towards the upper parts of the NPAAC [44]; this is reflected in a
mixture of the vegetation elements. Additionally, the presence of palm trees indicates a dominance of
this plant community in other patches of native vegetation of submontane scrub and oak forests as
a result of disturbance [42,44]. Future analyses may reveal whether these areas categorized as Scrub
vegetation are natural ecotones, or represent disturbed areas in a successional process that can be
reestablished in the coming years in the absence of new major disturbances.

As stated previously, large extensions of Temperate forests in the NPAAC were modified to Scrub
vegetation through the evaluated period. In contrast, the remnants of these forests in 2015 are native
areas that have remained unchanged since at least 1973, and the small proportion of this type of
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vegetation in a given successional stage contributes to an increase in species richness, since it has been
observed that the presence of temperate plant communities with different succession times favors
regeneration and allows for diversity [77]. Moreover, the spatial distribution of Temperate forests, both
native areas and those with a successional process, was mostly concentrated in the northwestern part
of the NPAAC, and agrees with the most recent categorization proposed in the official management
plan for the study area [42], where the same region is recommended as an area for preservation and
restoration of the oak-pine forest. Conversely, according to the management plan [42], most of the
NPAAC renders a buffer zone, suggesting the occurrence of significant changes in that area during last
years, as well as the presence of other types of secondary vegetation.

In the adjacent area to the NPAAC, the processes of disturbance and succession were more evident.
In this case, the southwestern region is mainly a semi-arid zone, so the persistence of areas without
dense vegetation was expected. However, an important urban area is located eastern of the NPAAC.
This explains the large proportion of Modified areas in 2015 with respect to disturbance in 1973, as well
as the presence of a greater extension of vegetation in different successional stages. As cited earlier
in this study, the importance of adjacent areas for the interior of NPAs is well documented [11,36,63].
This is of major importance when considering the presence of Tropical vegetation by the boundaries
between the urban western area and the NPAAC, since the type of vegetation is fragmented and is
mostly secondary vegetation with 10, 15, 29 or 42 years of succession, except for some preserved areas
towards the north. For Temperate forests, it is evident that the larger proportion is occupied by native
vegetation, as this plant community is distributed by the mountains, external to the NPAAC. However,
some areas with 10, 29 and 42 years of succession are located around its boundaries, mostly by the
western limit, close to the arid areas of the southwestern region. Scrub vegetation depicts important
changes, and disturbances have occurred during recent years in the region, as evidenced by the fact
that the proportion of native vegetation is lower than that observed for areas with 10 and 15 years of
succession, with the vegetation being patches of vegetation distributed around the urban western area,
and towards the north and south of the NPAAC. In this study, the categories of Scrub and Tropical
vegetation included submontane scrub and low tropical semideciduous forest, which are some of the
most important vegetation types and reservoirs of biological diversity [44]. The implications of these
patterns for the NPAAC and its adjacent areas are related to the effects of the time of succession in
species and communities. Studies on plants and their associated variables [7] indicate that the time of
succession modifies the structure and composition of the species [22]. Additionally, areas with recent
disturbance show different microclimate conditions, being hotter and drier than late successional
areas, where a dense canopy cover favors higher relative humidity and a decline in temperature [87].
This is a significant implication for succession patterns within the NPAAC and its adjacent areas, as a
high proportion of the actual cover of Tropical vegetation and Scrub vegetation represents secondary
vegetation of recent succession time, which surely modifies the interactions within these communities.
The evidence provided here calls attention to the urgency of assessing and quantifying the effect of
succession time on species and biological groups on these vegetation patches, given the importance of
the adjacent ecosystem processes towards the interior of the NPAs.

In summary, our results suggest that the study area is made up of a mosaic of patches and
fragments of both native areas and secondary vegetation of different successional time, with this
being an increasing tendency also in other countries [8,22], and a factor of major relevance because
the dynamics of secondary forests are related to ecosystem processes [22]. The high transition rate
of Temperate forests and Tropical vegetation to other land cover categories, as well as the constant
disturbances in the Scrub vegetation within the NPAAC and its adjacent areas, points out the necessity
for a deeper evaluation of the present communities. Since the increasing rates of land use-cover change
are one of the main causes for biodiversity loss [6], it is expected that succession patterns are also
evaluated within the framework of these studies. However, although secondary succession is a central
issue for the analysis of biological communities related to post-disturbance events, it is not always
addressed in studies concerning land use-cover changes, whether these are conducted in NPAs or
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not [62,63]. This is of major importance, because any analysis of land cover transition or persistence
implies different processes of recovery or modification in vegetation and, more precisely, time of
regeneration, which is more accentuated for multitemporal analysis [3,8,9,14–19]. Regardless of the
method used to delimit the succession time or the presence of secondary vegetation [20,22,23], we
must stress the necessity of the evaluation of succession patterns in future studies of land-use cover
changes, as was done in this study.

4.3. Use of Successional Stages for Delimiting Chronosequences in the Natural Protected Area Altas Cumbres

It is evident that LULCC and the time of succession or post-disturbance recovery have important
consequences on species and ecological processes. For that reason, it is imperative to evaluate the
status of the current populations and communities and determine their responses to such changes
in the study area. However, most of the faunistic, floristic, and ecosystem-related studies in the
NPAAC and its adjacent area are relatively recent, and the scarcity of previous work carried out in
this region during the past decades makes an adequate comparison difficult. A frequent strategy
for evaluating these changes is the use of chronosequences, which indirectly allow the study of
succession processes in space, instead of time [69]. Historical and in situ vegetation differences may
lead to bias in succession evaluation [88]. Therefore, it is necessary that the modification process of
early successional stages occur under similar conditions to those observed for older sites. Thus, if
the date of the initial disturbance and the subsequent history of the site (succession trajectory) are
known, then chronosequences will be effective for assessing the recovery process of the communities
after disturbances, over prolonged periods of time [69]. Several studies have evaluated changes in
communities along successional gradients using a chronosequence approach; yet, the use of satellite
images for such gradient delimitation is not always employed [68,79,89–92].

Based on the above arguments, and taking into account that the use and analysis of satellite
images performed in our study allows us to know the approximate history of the succession (not the
route or the involved process) at a given site, it is suggested and proposed that a similar method to the
one used here may be considered for additional studies to delimit the age of such sites and the presence
of secondary vegetation, so that they can be used as frameworks for the study of chronosequences.
Even if the delimitation of the successional gradient is carried out over a large area such as the
NPAAC, it is suggested that, when applying the chronosequence approach, the studies be confined to
small areas, so that comparisons between distant sites are avoided even if they have the same age of
succession. Finally, these results represent a first approach to the knowledge of the recovery status and
successional time of main vegetation types in the NPAAC, as well as a preliminary approximation
on the use of chronosequences for future evaluations of the successional dynamics on vegetation and
other biological groups in the study area.

5. Conclusions

This work is the first analysis on LULCC for the NPAAC. This protected area in northeastern
Mexico is endowed with unique biodiversity; therefore, its conservation is of primary importance.
It was decreed as protected area in 1997; however, there was a significant reduction in Temperate
forests and Tropical vegetation categories from 1973 to 2015, while the Scrub vegetation cover increased
during the same period. In the adjacent area, there was a notable expansion of urban areas, as well as
other categories of modified vegetation. This is relevant, since it has not been evaluated to date how
these disturbances may influence the NPAAC interior and external ecosystem processes.

Through an analysis of the history of changes in the area, it was possible to delimit a successional
time for the main vegetation types. Scrub vegetation, without linear succession, dominates the interior
of the NPAAC, suggesting the presence of large disturbed areas of this plant communities, which may
subsequently recover and modify again. The current vegetation in the adjacent area of the NPAAC is
composed mostly of secondary and disturbed vegetation patches, with different times of succession.
Future studies are necessary to evaluate the recovery process of these plant communities, as well
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as to study the effects of such modifications on the fauna. It is suggested that analysis of Landsat
satellite images could be used in future work to detect fragments of secondary vegetation and delimit
their approximate time of succession. The approach followed in this study can be replicated in other
areas for estimating secondary succession. However, some recommendations are provided. First,
Landsat data is not mandatory, any other type of image may be useful, and a higher resolution will
greatly improve the results obtained. Second, as in any other analysis concerning satellite images, it
is suggested that data belong to similar dates in order to avoid seasonality, since an erroneous land
use-cover classification could affect the succession analysis. In this regard, it is necessary to explore
if other classification methods, aside from the classified segmentation and maximum likelihood
used in this study, could provide a more precise successional analysis. Third, the increase in the
number of years/ages/steps evaluated will result in a less biased successional analysis. Lastly, the
geographical extension of the evaluated area is considered of major importance when conducting the
successional analysis. Although our study was carried out in a small area, we are certain that even a
finer scale comprising only a few km2 would guarantee greater control over both the classification and
validation methods, therefore improving significantly the succession analysis. If these approaches are
implemented in small areas, they could be used as chronosequences, and may be useful in the analysis
of the ecological succession and its effects on species groups.
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