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Abstract: Protected areas (PAs) help in strategies for maintaining biodiversity and inhibiting defor-
estation of the Amazon rainforest. However, there are few studies that evaluate the effectiveness
of lands protected by states (or federation units). Our goal was to compare land use change over
35 years in state-level PAs with another area of protection, both in the Amazon of the Maranhao
state, Brazil. We employed remote sensing techniques, the geographic information system (GIS), and
statistical analysis with the use of analyses of covariance (ANCOVAS) to analyze the presence of
the classes of land use and change in the PA. The results indicate that the state PAs were effective in
preserving forest cover and decelerating grazing. The implications of the results are discussed in the
context of supporting public policies at the state level for the protection of the Amazon.

Keywords: land use; deforestation; protected area; GIS; Amazon

1. Introduction

The Amazon is the largest tropical forest in the world, a world heritage site, home
to a rich biodiversity of flora/fauna, and contains an exuberant number of rivers [1-3].
The conservation of the Amazon forest has been the topic of debate worldwide due to its
extension, its ecological relevance, and the current conjuncture of conflicts motivated by
deforestation. Unfortunately, research has been showing that the Amazon is at risk due to
the high degree of deforestation [4-7].

The factors associated with deforestation in the Amazon are diverse, such as the
increasing human population [8] and forest fires [9-12]. Studies indicate that the con-
sequences of deforestation result in increased disease [13,14], climate change [15,16], air
pollution [17,18], water pollution [19,20], clandestine road opening [21-23], illegal expan-
sion of agriculture areas [24,25], expansion of cattle ranching [26,27], threats to Indigenous
lands [28,29], and threats to protected areas (PAs) [30-32], among others.

According to a study [33], there has been a governmental effort to adapt the productive
and economic extractive activities to the protection of nature for a long time. However, the
increase in deforestation in the Amazon forest has been detected in several areas, includ-
ing the so-called protected areas (PAs), such as Indigenous lands (ILs) and conservation
units [34,35], which were created with the intention of protecting socio-biodiversity and
conserving the vegetation that they still have inside. According to Assis et al. [36], conserva-
tion units can assist in territorial and environmental management strategies of watersheds
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to preserve the natural resources of the Amazon rainforest. Several authors also emphasize
the importance of PAs in the Amazon and their relationship with climate [37-39].

As a result, a great challenge has emerged among public managers, non-governmental
organizations (NGOs), and universities to seek sustainable alternatives for these areas in
the Amazon biome. Several studies have shown how effective PAs are in preserving forest
areas in the Brazilian Amazon [40-42]. For example, Jesus and Catojo [30] analyzed the
dynamics of deforestation (clear-cutting) in a set of PAs in the northern Amazon biome.
The results revealed that PAs are efficient tools in conserving natural ecosystems, with
maintenance of the main forest cover. In addition, they found that an important reason for
clear-cutting the forest was the establishment of pastures for cattle ranching.

Given all the issues raised, we have identified that few studies have evaluated the
effectiveness of state-level PAs in Brazil. Therefore, this research seeks to fill this gap by
conducting an assessment of land use change in two areas contained within the Brazilian
Amazon, the Baixo Munim region, which contains the state PA Upaon-A¢u/Miritiba/Alto
Preguicas that protects about 91.3% of the region in comparison with the Pindaré region
that has the PA Baixada Maranhense (state protection) and the Gurupi Biological Reserve
(federal protection), which together ensure the protection of less than 20% of the region.
One of them has a legal state protection status and the other has little protection. The
evaluation was carried out with remote sensing techniques and statistical analysis with
the use of the geographic information system (GIS) at a time scale of 35 years. The paper
is relevant in presenting two planning regions contained in the Brazilian Amazon, which
have differentiated protection statuses, to the scientific community. By using data from
the MapBiomas Brasil platform, which is consistently validated and has a high level of
accuracy, the present results help to prove the importance of PAs for the Amazon.

The novelty of this paper is the evaluation of environmental protection areas in two
distinct regions inside the Brazilian Amazon through a methodological approach that
combines remote sensing and statistical technique of analysis of covariance (ANCOVA),
which makes it possible to measure land use changes during different decades. In this
way, this approach permits a more precise assessment of PAs’ effectiveness in reducing
deforestation.

2. Materials and Methods
2.1. Study Area

The study area comprises two planning regions located in the Northeast of the Brazil-
ian Amazon: Baixo Munim (91.3% protected areas) and Pindaré (less than 20% protected
areas). The Baixo Munim region is in the north of the state of Maranhao, while the Pindaré
region is in the mid-west, both inserted in the Amazon biome (Figure 1). Their geographical
positions contribute to them presenting climatic peculiarities due to the strong action of the
humid Equatorial Forest [43].
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Figure 1. Location of the study area.

Table 1 shows the PAs present in the Baixo Munim and Pindaré regions, highlighting
the area in km?, the level of protection, and their respective municipalities.
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Table 1. Protection areas of each region in km?.

Baixo Munim Region

Cities Environmental Protected Area Level Total Area (km?) Protection Area (km?)
Axixa Upaon-Agu/Miritiba/ Alto Preguigas State 20,315.30 20,315.30
Bacabeira Upaon-Acgu/Miritiba/Alto Preguigas State 61,558.90 17,137.44
Cachoeira Grande Upaon-Agu/Miritiba/Alto Preguicas State 70,562.50 68,266.65
Icatu Upaon-Agu/Miritiba/ Alto Preguicas State 144,877.80 144,877.80
Morros Upaon-Acu/Miritiba/Alto Preguicas State 171,517.10 170,194.22
Presidente Juscelino Upaon-Agu/Miritiba/Alto Preguicas State 35,469.60 34,640.78
Rosario Upaon-Agu/Miritiba/ Alto Preguicas State 68,503.60 67,586.19

Pindaré Region

Cities Environmental Protected Area Level Total Area (km?) Protection Area (km?)
Alto Alegre do Pindaré No protected areas 0 0
Bela Vista do Maranhao Baixada Maranhense State 14,795.4 2604.14
Bom Jardim Gurupi Biological Reserve Federal 659,053.10 117,457.85
Igarapé do Meio Baixada Maranhense State 36,868.5 35,888.64
Moncao Baixada Maranhense State 123,991.3 82,737.61
Pindaré Mirim Baixada Maranhense State 27,352.6 9486.91
Pio XII Baixada Maranhense State 54,514 36,761.16
Santa Inés Baixada Maranhense State 78,668.9 1725.78
Santa Luzia No protected areas 0 0
Sao Joao do Caru Gurupi Biological Reserve Federal 90,807.7 10,812.08
Satubinha Baixada Maranhense State 44181.1 1124.19
Tufilandia No protected areas 0 0

2.2. Land Use Maps

The vector data of limits were collected from the Brazilian Institute of Geography
and Statistics (IBGE), and the raster data originated from the Landsat Satellite family with
spatial resolution of 30 m (TM, ETM+ and OLI). The mosaics of images from each year
were classified automatically with the random forest method. The multitemporal mosaics
of images for the years 1985, 1995, 2005, 2015, and 2019 were downloaded by the Google
Earth Engine (GEE) Toolkit plugin associated with the MapBiomas Brazil project, which
generated five classification mosaics for the two regions of interest. The accuracy of the
satellite images is validated based on the evaluation of a sample of pixels, which we call
the reference database, consisting of 75,000 samples. The number of pixels in the reference
database was predetermined by statistical sampling techniques. In each year, each pixel in
the reference database was evaluated by technicians trained in the visual interpretation of
Landsat images. The MAPBIOMAS Brasil collection 5 has an overall accuracy of 97.6% and
an area disagreement of up to 1.2%. In each year, the accuracy analysis is performed by
cross-tabulating the sample frequencies of the mapped classes. This information is available
at https:/ /mapbiomas.org/analise-de-acuracia(accessed on 15 December 2022) [44].

Subsequently, the downloaded information was also handled with the QGIS software.
For making and analyzing the trends, the attribute tables of the raster images for the years
1985, 1995, 2005, 2015, and 2019 were extracted.

In the QGIS software, we used the item “Report single value raster layer” to acquire
the attribute tables containing the codes of the use and cover classes, the pixel number and
each pixel’s area. Using this table, the total area of all the land uses of the two planning
regions could be calculated, determining the total area values, whereupon, using the auto-
sum feature and incorporating the exported attribute table, the conversion was performed.
Thus, using the conversion value “0.0009” (which is the conversion factor of the area of a
1 pixel into km?) it was multiplied by the pixel count to obtain the area of each class. The
expression used was:

A =X-0.0009
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Which represents:

A = the area value for each class in square kilometers;

X = the pixel count for each use or cover type;

0.0009 = the conversion factor from pixel area to km?.

The percentages (%) of the typologies were obtained by dividing the area of each use
or cover in km? by the total area of uses and covers and the result was multiplied by 100.
Finally, the percentage difference between one year and another, within the time scale, was
calculated. Figure 2 presents the procedure adopted in this step of using the MapBiomas

platform and the GIS.
[ Mapbiomas (Collection 5) \
T&Eﬁ?ﬂg}iz’;g Toolkit through the
: Google Earth Engine
through the attribute (GEE) data asset

table

; : Data downloaded
Qgis, version 3.20.3 <::’> from the cloud

Figure 2. Procedures adopted during the survey of land use percentages.

2.3. Statistical Analysis

To analyze the effect of the presence of a PA on land use change, analyses of covariance
(ANCOVAS) were performed. The percentage information of each land use class was
obtained through the attribute tables extracted from the satellite images, where a statistical
calculation for area was performed. This procedure was described in the previous topic,
the rate of land use change was calculated, given by the formula Ri = Ac — Al. Where Ri is
the rate of land use change for year i, Ac is the percentage of area occupied by the class
in the current year, and Al is the percentage of area occupied by the class in the last year
measured. Subsequently, for each land use class, an ANCOVA was performed, in which
years were the covariate, the presence of regions was the categorical variable, and land use
change rates were the dependent variables. To relate the changes in land uses to land use
classes over the years, correlation matrices were constructed for each of the study areas
using the areas of each land use class using the Pearson correlation coefficient.

3. Results
3.1. Analysis of Land Use Classes

In the Baixo Munim area (protected region), the data indicated that the natural forma-
tion class remained stable in the central-eastern portion until 1995; when this class began to
grow in 2005, it overlapped with the areas of more spaced formation, such as the savannah
formation, which were concentrated more towards the west. In 2015, the forest formation,
savannah, and mangroves declined at the expense of the increase in classes such as the
campestral formation and rivers, lakes, and oceans formation, which now had the same
growth trend as the forest formations, and there was a decline in the savannah formation
and mangroves in the year 2019. In this same year, small areas for temporary crops, such
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as soybeans (Glycine max), appeared, but not as evident in terms of percentages. Figure 3
shows the types of land use in the Baixo Munim region between the years 1985 and 2019,
as well as their respective percentages.

44°24'W 44°0'W 43°36'W 44°24'W 44°0'W 43°36'W

Year 1995 fa @

2°24'S
2°24'S

Year 1985 “ @

10

10

44°24'W 44°0'W ’ 43°36'W ||

v
g .
@ ™ Year 2015 of I @

44°24'W 44°0'W r 43°36'W

2°24'S]

Year 2005

3°12'S

0 10 20 km

44°24'W 44°0'W 43°36'W

2°24'S

Vear 2019 Use classes and coverage

Forest Formation ["] Pasture I Salt Flat
Savannah Formation [l Beachand Dune  [7 River, Lake and Ocean
Mangrove M Urban Infrastructure [ Soybean

2°48'S

|™ Grassland Formation || Other non Vegetated [ Other Temporary Crops
Areas

Geographic Coordinate Systems SIRGAS 2000
Data Base: Municipal network (Brazilian Institute of Geography and
Statistics - IBGE, 2021); Mapbiomas Collection 5 (2021)

3°12'S

Figure 3. Map of land use in the Baixo Munim region.

In relation to the Pindaré area (Figure 4), the results revealed that this region presented
a high degree of degradation of its native vegetation cover. This is noticeable because the
forest formation that existed for the most part in 1985 became pastureland in the decades
of 1995 and 2005. In 2005, it was observed that the region had already reached a degree
of degradation from which there is no return to its natural landscape. Finally, in 2015
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and 2019, the region was taken almost entirely for pasture and other uses, such as urban
infrastructure and other temporary crops and soybeans (Glycine max).
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Figure 4. Map of land use in the Pindaré region.

Through the analysis of land use change between the Baixo Munim and Pindaré
regions, it is possible to observe that the presence of PAs is essential for the maintenance
of existing native vegetation. The fact that the Baixo Munim region has PAs throughout
its territory was fundamental for the maintenance of the forest class and the control of the
advancement of other anthropic classes, such as pasture. On the other hand, the Pindaré
region presented an advancement in the pastureland class and a reduction in the forest
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class during all the decades studied; this characteristic is attributed to the low presence
of PAs in its territory, besides showing the effectiveness of the Gurupi Biological Reserve,
which alone is able to concentrate a significant portion of the existing native vegetation in
the region.

3.2. ANCOVA and Correlation Matrix

Our results indicate that over the years, there was a reduction in the rate of land use
change of the forest class in the Pindaré region. On the other hand, in the Baixo Munim
region, the rate of land use change of the forest class remained stable throughout the
investigated period (Figure 5a). In the Pindaré region, a decrease in the rate of the land use
change of the pasture class was also observed (Figure 5b). In the Baixo Munin region, the
rate of the land use change of the pasture class was low and stable throughout the entire
period (Figure 6). The other land use classes did not change significantly (Supplementary
Materials). In summary, it can be observed that deforestation in the Baixo Munim region
was not very significant. The Pindaré region was highly altered by anthropic uses until
1995, and since then the levels of deforestation and opening of areas for pasture have
decreased because it has little native forest.
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Figure 5. ANCOVA results: (A) Forests; (B) Pastures. * for p < 0.05, ** for p < 0.01 and *** for p < 0.001.
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Figure 6. Areas in percentages for each land use class: (A) Baixo Munim; (B) Pindaré. * for p < 0.05,
** for p < 0.01 and *** for p < 0.001.

In the Baixo Munim region, there was a negative correlation between the forest area
and the savannah (Table 2). We also observed a negative correlation between the savannah
area and the urban area. However, a positive correlation was observed between the
grassland area and the urban area. For the Pindaré region, the forest area was negatively
related to the pasture and urban area (Table 2). The savannah area was also negatively
related to the pasture and urban area. On the other hand, the forest area was positively
related to the savannah area. The pasture area was also positively related to the urban area.

Furthermore, the results revealed significant differences in the correlations between
land use classes in the two regions studied. In the Baixo Munim region, a negative cor-
relation was observed between the forest area and the savannah, as well as a negative
correlation between the savannah and the urban area. On the other hand, the pasture area
was positively correlated with the urban area in the region. In the Pindaré region, on the
other hand, the forest area was negatively related to the pasture area and the urban area,
while the savannah area was also negatively related to the pasture area and the urban area.
On the other hand, the forest area was positively correlated with the savannah area, and
the grassland area was positively correlated with the urban area. These results highlight
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the importance of understanding the different interactions between land use classes in
each region in order to implement effective policies for the conservation and sustainable
management of the landscape.

Table 2. Correlation matrix between land use classes over the years for each study area. * for p < 0.05,
** for p < 0.01 and *** for p < 0.001.

Agriculture Forest Grassland  Pasture Savannah

Baixo Munin

Forest 0.54

Grassland 0.39 0.65

Pasture —0.40 —0.08 —0.76

Savannah —0.49 —0.96* —0.84 0.33

Urban 0.69 0.87 0.89 * —0.55 —0.95*
Pindaré

Forest —0.61

Grassland —-0.16 0.66

Other 0.99 —0.66 —-0.27

Pasture 0.58 —1.00 *** —0.67

Savannah —0.50 0.99 *** 0.69 —0.99 ***

Urban 0.81 —0.95* —0.53 0.93 * —0.89 *

4. Discussion

Our results revealed that land use dynamics are more homogeneous across time
series in the Amazon region that has state-protected status than those without protec-
tion. According to Pack et al. [45], protected areas (PAs), such as national parks, nature
reserves, and others, are the foundation of global efforts to conserve the world’s biodiver-
sity. Aguiar et al. [34] state that the creation of pAs in addition to effective environmental
monitoring systems are effective tools to combat deforestation in the Amazon.

In general, the Baixo Munim region did not show high percentage variations in land
use classes over the years. In addition, it has been observed that about 91.3% [46] of this
area has of legal protection. We can observe through the results that the date of creation of
the pAs is relevant in understanding the protection of forest land cover between the years
1985 and 2019, which were shown to be preserved during the time series. This corroborates
the importance of the state-level PAs in the Baixo Munim region that presented little land
use change compared to the area without legal protection.

The region of Pindaré (little protection) showed a decrease in forests due to the increase
in pastures. This area is only a reflection of what the Amazon biome has been transforming
into over the last decades. These changes are perceptible through various forms of land use
that conflict with the region, such as logging, clear-cutting, opening of agricultural areas,
implementation of pasture, and reforestation with eucalyptus monoculture [43].

The results of the Pindaré region indicate significant changes in the rates of land use
change occurring only in the pasture and forests classes of use. The correlation matrix
complements this result by showing us how these changes occurred. In the Pindaré region,
the expansion of pastures was mainly related to the loss of forest and savannah areas. The
growth of pastures also influenced urban growth. In addition, we can also observe that
urban growth had a negative effect on the forest and the savannah. Therefore, we can infer
that the pastures in the Pindaré region grew when large forest areas were available for
deforestation in the region.

In the Baixo Munim region, we did not observe significant changes in the rates of
land use change. However, the correlation matrix shows some correlations, such as those
observed in Pindaré. First, the correlation between urban growth and the reduction in
the savannah area; second, the growth of the grassland area is positively related to urban
growth. The grassland of the Baixo Munim region is mostly associated with pasture or is
inserted in the savannah matrix (see Figure 3). Thus, we can infer that the urban growth in
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the Baixo Munim region puts pressure on the savannah areas, and that the presence of PAs
influenced the fact that there was no expansion of pastures over forests and savannas.

The results corroborate the analyses of Silva Junior et al. [47], who found that as of
the year 2019, Brazil was marked by environmental setbacks. Furthermore, the authors
indicated that in the Amazon region of the state of Maranhao, the original forest cover
decreased from 25% (24,700 km?) in 2016 to 24% (23,967 km?) in 2019, and 6,038 km? of
the remaining forests were degraded by fires and/or illegal logging processes, which were
related to high levels of violence against indigenous and rural communities. In addition,
the state of Maranhao no longer has forest cores (outside PAs) of minimum size to ensure
sustainable forest management practices for timber production.

It is noteworthy that the small portion of forest formation that remains in the northwest
of the Pindaré region is thanks to the effectiveness of the Gurupi Forest Reserve (federal-
level), which was created in 1988 and is the only full protection unit in Maranhao. Its
position is strategic in the Center of Endemism Belém, which is the portion of the Amazon
forest that was been inhabited for the longest time and has the highest population density,
which is essential for the maintenance of this biome [46].

This research has limitations. First, we conducted the experiment in only one Brazilian
state (Maranhao). More research needs to be conducted in other states to verify the
generalizability of our results. Another limitation is that we used only 5 specific years
to analyze land use change. A more refined analysis (year by year) could show us the
nuances of land use change dynamics [48]. Finally, we used products with a spatial
resolution of 30 m for land use change analysis. With the emergence of new remote sensing
programs and/or sensors, we suggest that further research be carried out with finer spatial
resolution products.

5. Conclusions

The goal of the research was to compare land use change over the span of 35 years
in a protected area (PA) in a Brazilian state (more than 90% protected) with another are
that is partly protected (less than 20% protected), both in the Amazon of the state of
Maranhao. The information on land use in the Baixo Munim region showed a more
homogeneous form; the preservation of the use and natural cover of the region remained
stable, with small changes for the predominant classes, such as the forest and savannah
classes. This preservation occurred because of the protection areas present in the region, as
they contribute to minimizing the impacts caused by anthropic use. While in the Pindaré
region, the images present greater heterogeneities, the areas of the forest class appear in
smaller proportion in relation to the uses of the pasture and grassland formation due to the
area not having so much PA coverage as the Baixo Munim region.

The results allowed us to evaluate the effectiveness of state PAs as a primary tool
for preserving forest cover and decelerating grazing. In this sense, the results suggest
the creation and management of PAs by Brazilian states, as this type of environmental
policy complements the actions of the federal government in terms of sustainability and
maintenance of biodiversity. The study is another example of how effective the combination
of remote sensing, GIS, and covariance analysis (ANCOVA) can be for the evaluation of
land use change.

The research revealed, through statistical parameters, the current trend of land use in
the Brazilian Amazon, which shows deforestation as a function of pasture development.
This process has generated environmental problems increasingly close to the PAs, which,
despite suffering from the impact of anthropic activity, are still some of the main forms of
conservation of the region’s ecosystem. This current scenario calls attention to the need to
rethink public policies for environmental protection and forest conservation in the region.
It is worth mentioning that the use of free data from the MAPBIOMAS Platform makes
this research replicable and applicable to other Brazilian biomes. Furthermore, the results
are relevant because they contribute to the development of strategies for environmental
monitoring and management in the Amazon biome. Finally, the results obtained also
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provide important information since the conservation of the Amazon is widely discussed
around the world.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijgi12050190/5s1, Table S1: ANCOVAS results for each land use
classes. Df is degrees of freedom.
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