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Abstract: We examined the changes in land use and forest cover within the Lower Rio 
Negro Mosaic (MBRN), an area in the Amazon Basin with well-preserved forest cover. We 
aim to contribute to discussions on the impact of the spatial distribution of the population 
on forest cover in protected areas using an interdisciplinary theoretical approach. Using 
a Geographic Information System (GIS), we integrated secondary data on land cover and 
deforestation from 1990 and 2021 with population data from a set of 81,950 cells covering 1 
km², and we analyzed the results based on field experience. The results showed a reduction 
of 18,000 ha in forest cover and a 2.8% increase in forest fragments, mainly those below 100 
ha. Cells with no population exhibited the highest percentage of forest cover. Although cells 
with human populations had lower forest cover, we observed signs of regeneration, such as 
the emergence of new fragments and an increase in forest cover, suggesting spatial associa-
tions between population presence and both forest regeneration and conservation dynamics. 
Our findings revealed the various interactions between fragmentation, regeneration, and 
deforestation of forest cover in populated and non-populated cells, with regeneration pro-
cesses recently showing a predominance. These results indicate that the Lower Rio Negro 
Mosaic fulfills its purpose as a protected area in line with international conventions and 
Brazilian environmental law.

Keywords: Amazon; protected areas; population and environment; forest cover; forest 
fragmentation.

Resumo: Analisamos as mudanças no uso e cobertura florestal no Mosaico do Baixo Rio 
Negro (MBRN), uma área da Amazônia com uma cobertura florestal ainda bem conservada. 
Objetivamos contribuir para a discussão do impacto da distribuição especial da população para 
a cobertura florestal em áreas protegidas utilizando uma abordagem interdisciplinar. Usando um 
Sistema de Informações Geográficas (SIG), integramos dados secundários de uso e cobertura 
da terra e desmatamento entre 1990 e 2021 em uma grade regular populacional composta por 
um conjunto de 81.950 células de 1km², e analisamos os resultados com base nas experiências 
de campo. Os resultados mostram uma redução de 18.000 hectares na cobertura florestal e um 
aumento de 2,8% nos fragmentos florestais, principalmente os menores de 100 ha. As células 
sem população possuem uma maior porcentagem de cobertura florestal. Embora as células com 
presença populacional apresentassem menor cobertura florestal, observamos sinais de regene-
ração, como o surgimento de novos fragmentos e o aumento da cobertura florestal, sugerindo 
associações espaciais entre a presença populacional e as dinâmicas de regeneração e conserva-
ção florestal. Nossos resultados revelam diversas interações entre fragmentação, regeneração e 
desmatamento nas células com e sem população, com processos de regeneração em destaque. 
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Os resultados indicam que o Mosaico do Baixo Rio Negro cumpre sua função enquanto área 
protegida em consonância com as convenções internacionais e a legislação ambiental brasileira.
Palavras-Chave: Amazônia; áreas protegidas; população e ambiente; cobertura florestal; 
fragmentação florestal.

1 Introduction
The Amazon rainforest, one of the world’s most significant ecosystems, 
covers an area of 7 million km² and spans nine countries. Brazil contains 
the largest portion of the biome, approximately 62% or 5,238,589 km², rep-
resenting almost half of the country’s total territory (Red Amazónica de 
Información Socioambiental Georreferenciada [RAISG], 2022). This forest 
is renowned for its high biodiversity and is home to numerous endemic tree spe-
cies, estimated to number between six and sixteen thousand (Slik et al., 2015).

The Amazon harbors globally unique equatorial ecosystems (both ter-
restrial and aquatic) characterized by unparalleled biodiversity, prompt-
ing the establishment of protected areas in the region (Fearnside, 2021). 
Simultaneously, it is a global political and environmental hotspot facing 
increasing threats to its biodiversity and its indigenous inhabitants (Albert 
et al., 2023).

Equatorial forests play a crucial role in maintaining the health of the 
planet. They serve as carbon sinks, regulate the climate, and are home to 
diverse species. However, rapid changes in land use and the global environ-
ment, leading to climate change, have made these forests more vulnerable 
(Saatchi et al., 2021; Albert et al., 2023). Approximately 54.2 million hect-
ares of forest have been lost in the last 20 years (RAISG, 2022). About 47% 
of Brazil’s biome shows environmental degradation processes, including 
deforestation (Vieira et al., 2018).

Despite their significance, these forests face serious issues due to hu-
man activities, including deforestation, fragmentation, and exploitation of 
wood and minerals. These practices break the connections between forest 
fragments, reduce ecological interactions, cause habitat loss, reduce biodi-
versity, and increase the risk of new diseases (Fahrig, 2003; Lapola et al., 
2023; Malhi et al., 2021).

Protected areas are an important tool for preserving biodiversity in the 
Amazon. They promote the sustainable use of resources and their conser-
vation (Pfaff et al., 2015). Protected Area Mosaics, as part of the National 
System of Nature Conservation Units (Sistema Nacional de Unidades de 
Conservação da Natureza – SNUC), are designed to support the mainte-
nance of large areas of forest cover through integrated management strat-
egies, although their effectiveness depends on the articulation between 
different management levels and actors.

Mosaics comprise territories encompassing two or more protected ar-
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eas; their management is a joint effort (Lei nº 9.985, 2000). The Mosaics 
seek to establish integrated territorial management, encompassing protect-
ed areas with different purposes and rules to the use of natural resources. 
The challenge is to establish a multi-level governance system that harmo-
nizes the specific and collective interests of stakeholders engaged in varied 
approaches to utilizing natural resources (Bache & Flinders, 2004; Mwangi 
& Wardell, 2012). The integrated management of natural resources has 
been a central topic in political and scientific discussions since the United 
Nations Educational, Scientific and Cultural Organization introduced the 
concept of Biosphere Reserves.

In the Brazilian Amazon, protected areas serve as barriers to defor-
estation, particularly in the state of Amazonas, which is threatened by 
the expansion of the agricultural frontier. This frontier drives deforesta-
tion to meet the demands of the agribusiness sector (Aguiar et al., 2016). 
Traditional populations play a crucial role in environmental conservation 
by connecting local and global aspects. Their presence within protected 
areas offers policymakers and managers a better understanding of their 
territory. Moreover, locals serve as territorial guardians and help combat 
illegal activities and invasions, thereby contributing to the preservation of 
standing forests and local biodiversity (Garnett et al., 2018; Fa et al., 2020; 
Oviedo & Doblas, 2022; Zhang et al., 2023).

However, human occupation within protected areas can conflict with 
environmental conservation (Bruseke, 2007). It can provide protection for 
natural resources, but the population’s spatial distribution and resource 
usage can also negatively impact environmental conservation (Assunção 
& Chiavari, 2015). These contradictory practices coexist in the daily lives 
of populations, who engage actively in biodiversity conservation while of-
ten remaining passive about reporting local biodiversity loss (Tumbaga et 
al., 2021).

Within protected areas, the modes of settlement and spatial arrange-
ment of the population, along with their activities, define the observed 
intensity and pattern of deforestation. These attributes are contingent upon 
the protected area’s classification within the National System of Nature 
Conservation Units. The highest rate of deforestation growth between 2002 
and 2011 occurred in Sustainable Use Units, which are protected areas with 
less restrictive rules regarding the occupation and use of natural resources 
(Assunção & Chiavari, 2015).

In a regional context where environmental conservation in protected 
areas is influenced by human occupation processes and land use and land 
cover change mosaics play an important role as territorial management 
tools by promoting the potential for spatial integration between conser-
vation areas (Dong et al., 2023). This configuration may favor landscape 
connectivity and ecological interactions; however, such outcomes depend 
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on the effectiveness of governance arrangements and are not directly as-
sessed in this study.

Considering the role of populations in environmental conservation, 
the increasing trend of deforestation in the region in recent years, and 
the importance of Mosaics as key areas for multi-level governance, this 
study aimed to answer the following questions: Is there a relationship be-
tween the spatial distribution of the population and forest cover within the 
Mosaic? How and where does it occur? Therefore, recent alterations in the 
forest cover of the Lower Rio Negro Mosaic region as well as the role of 
populations in preserving forest areas, are examined in this study.

Through our study, we aimed to identify specific locations experiencing 
deforestation, regeneration, and fragmentation from 1990 to 2021 and the 
influence of the spatial distribution of the population on these changes. For 
effective territory management, which comprises different categories of 
protected areas, restricting human occupation and use of natural resources 
while identifying and demarcating priority areas for intervention allows 
for more efficient action on degraded landscapes. Our temporal analysis 
coincides with the establishment of the Mosaic in 2010 and centers on the 
recent increase in deforestation in the last few years, following a decade 
of decline.

The Mosaic of protected areas in Brazil presents unique challenges 
that challenge the effectiveness of integrated management strategies. First, 
there is a need to align individual management approaches with the over-
all interests of the Mosaic, as the protected areas within it are managed by 
three separate entities (federal, state, and municipal). Second, the different 
categories of protected areas within the Mosaic result in varied human ac-
tivities and resource utilization restrictions, leading to a heterogeneous mix 
of social and environmental policies and their impacts on the landscape. 
Finally, the proximity of the Mosaic to the Metropolitan Region of Manaus 
makes it susceptible to pressure, especially due to the significant regional 
influence of the city’s urban area (Silva Júnior et al., 2025).

The relevance of this study is highlighted by its interdisciplinary and 
innovative theoretical approach focusing on an area in the Amazon with 
well-preserved forest cover. This study proposes a distinct set of eight class-
es to analyze forest cover in a given region. By integrating secondary data on 
population, land use, and land cover in a Geographic Information System 
(GIS) and analyzing the results based on field experiences (direct obser-
vation and drone mapping), the study developed a replicable framework 
applicable to various contexts and not exclusively limited to the Amazon.
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2 Materials and Methods

2.1. Study area
The Lower Rio Negro Mosaic, covering 8,000,000 ha of protected land 
(equivalent to the territorial extent of Austria), is located primarily in the 
states of Amazonas (14 protected areas) and Roraima (1 protected area) in 
northern Brazil (Figure 1). It was established in 2010 in one of the least 
degraded portions of the Amazon biome and plays a crucial role in envi-
ronmental conservation and the containment of deforestation, which has 
historically increased in the Amazonian territory.

The MBRN is an area of socio-environmental significance consisting 
of a variety of ecosystems, including dry lands, igapó forests, rivers and 
creeks, meadows, campinaranas, sand banks, and beaches that appear an-
nually during periods of low river water levels (Didier & Guilhermo, 2017). 
Despite the diversity of its ecosystems, large extensions of upland forests 
distinctly dominate the landscape. The MBRN encompasses diverse eco-
systems and contains extensive areas of well-preserved forests, placing it 
in a prominent position within the context of global environmental and 
social changes, as well as local deforestation and fragmentation dynamics.

Figure 1
Location of the Lower Rio Negro 
Mosaic.
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The Mosaic encompasses a diverse spatial landscape, ranging from ar-
eas with urban settlements to traditional communities inhabited by a single 
family. It is home to approximately 250 communities, including parts of 
the urban areas of nearby cities. Among the local urban network, the city 
of Manaus, located on the banks of the Rio Negro, stands out, with a pop-
ulation of approximately 2 million.

To the west of the Mosaic, the city of Tefé, situated on the banks of the 
Solimões River, stands out, with a population of 73,000 (Alves & Pereira, 
2023). Manaus, Novo Airão, Tefé, Iranduba, and Manacapuru are import-
ant cities in the regional urban network and have a high concentration of 
urban infrastructure. These cities are the focal points of attraction, mainly 
for migratory populations seeking better educational opportunities, em-
ployment, and income.

As per the definitions of the National System of Nature Conservation 
Units, the protected areas comprising the Mosaic belong to two distinct 
groups determined by the extent of limitations on using natural resources: 
Integral Protection and Sustainable Use. The former encompasses national 
parks (PARNA) and wildlife refuges (PAREST) and has stringent regula-
tions regarding the presence of the population within the protected areas, 
allowing only indirect use of natural resources and a predominant focus on 

biodiversity preservation. On the contrary, the protected areas within the 
Sustainable Use group, including environmental protection areas (APA), 
sustainable development reserves (RDS), and extractive reserves (RESEX), 
permit the direct and sustainable use of natural resources. These activities 
are defined by the specific protected area category and boundaries estab-
lished in the management plans.

2.2. Data source and techniques
In this study, both primary and secondary data related to population distribu-
tion and land use and land cover in the MBRN were considered. Fieldwork 
was conducted between 2021 and 2022 in 125 communities across the Mosaic. 
Although household questionnaires were applied during the field activities, 
these data were not directly used in the analyses presented in this article 
(D’Antona & Alves, 2023). Instead, the fieldwork contributed to the contex-
tual interpretation of the spatial patterns observed in the secondary data.

In addition, drone mapping was carried out in 35 communities during 
the fieldwork (Alves, 2023). In this study, drone images were used exclu-
sively to illustrate traditional communities and provide a closer view of 
local land-use conditions. They were not used to validate the secondary 
land use and land cover data obtained from the MapBiomas Project.

For the analysis of changes in land use and land cover, secondary data 
from the MapBiomas Project were used to analyze land use and cover for 
the Mosaic between 1990 and 2021 (Souza Jr. et al., 2020). The MapBiomas 
Project, which began in 2015 and is now in its collection 10.1, uses 30-meter 
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resolution images from Landsat satellites to classify land use and land cover 
across Brazil dating back to 1985. The project uses an automatic classifica-
tion system (unsupervised and with Google Earth Engine) with validation 
from 85,000 control points across the country to ensure the accuracy of 
results (Alencar et al., 2020; Souza Jr. et al., 2020). Owing to the extensive 
spatial coverage of the study area, ground truthing would have been im-
practical; hence, secondary data were used.

In GIS-ArcMap software (ArcGIS version 10.8), the land use and land 
cover data were divided into two time periods, 1990 and 2021, according to 
the boundaries of the Mosaic. The Intersect tool was then used to overlay 
the divided shapefiles, resulting in a new file that included the transition 
matrix of the land use and land cover classes. The tool spatially overlaid 
each land use and land cover polygon, creating a shapefile containing poly-
gons with information from both years.

To analyze changes in land use and land cover, the classes were grouped 
into two categories: natural cover and anthropogenic cover. The natural cover 
comprises forest cover, savannah, grassland formations, flooded fields, swampy 
areas, rivers, and lakes. Anthropogenic cover includes pastures, urbanized ar-
eas, temporary crops, and mining classes. Only forest cover was used for the 
specific analysis of forest cover (fragmentation, deforestation, and regenera-
tion). For the purposes of this study, the Primary Vegetation and Secondary 
Vegetation classes (Table 1) are collectively referred to as forest cover.

Table 1 Protected areas in the Mosaic of Lower Rio Negro in 2023

Protected area Year of creation Category Area (ha)

Right Bank of Rio Negro Environmental Protection Area – Aturiá-
Apuauzinho Section 

1995 APA 461,740.67

Left Bank of Rio Negro Environmental Protection Area – Aturiá-
Apuauzinho Section 

1995 APA 559,097.79

Left Bank of Rio Negro Environmental Protection Area – Tarumã Açu 
– Tarumã Mirim Section 

1995 APA 56,793.00

Tarumã/Ponta Negra Environmental Protection Area 2008 APA 22,698.84

Rio Negro State Park – Northern Sector 1995 PAREST 146,028.00

Rio Negro State Park – Southern Sector 1995 PAREST 77,950.86

Anavilhanas National Park 2008 PARNA 350,469.79

Jaú National Park 1980 PARNA 2,367,357.47

Amanã Sustainable Development Reserve 1998 RDS 2,313,000.00

Rio Negro Sustainable Development Reserve 2008 RDS 102,978.83

Tupé Sustainable Development Reserve 2005 RDS 11,973.00

Puranga Conquista Sustainable Development Reserve 2004 RDS 86,233.43

Baixo Rio Branco Jauaperi Extractive Reserve 2018 RESEX 580,630.92

Rio Unini Extractive Reserve 2006 RESEX 849,693.35

Cacimba Municipal Park 2020 PM 7.14

Note: PARNA, national park; PAREST, state park; APA, environmental protection area; RDS, sustainable development reserve; RESEX, 
extractive reserves.
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Landscape metrics were calculated to analyze only those classes corre-
sponding to forest cover. Landscape metrics are a set of measurements that 
analyze the spatial structure of the landscape, allowing them to be related 
to ecological processes (Turner, 1989). This was performed using the Patch 
Analyst plugin available in the ArcMap software version 10.8. The plugin 
generates landscape metrics from vector data and provides a method for 
understanding the landscape through a set of variables. These variables 
allow the identification of dynamics and patterns of interaction between 
land use, cover fragments, and classes.

Three variables were considered in this study: size of the class area, 
number of fragments, and average size of fragments. These variables are 
significant because there is evidence that population spatial distribution 
is related to forest distribution in protected areas (D’Antona et al., 2025), 
and that forest fragmentation changes the spatial structure of forest cover 
in a landscape, forming isolated fragments that are more vulnerable to 
the external influences surrounding their boundaries (Devi et al., 2021; 
Martinez-Ramos et al., 2016). This results in a heterogeneous landscape 
that affects gene flow as well as ecological interactions within and between 
species and also complicates the interaction between different land uses 
and covers (Laurance et al., 1998; Oliveira et al., 2022a; 2022b).

The mapping of populations in the Mosaic was conducted using the 
statistical grid created by the Brazilian Institute of Geography and Statistics 
(Instituto Brasileiro de Geografia e Estatística, IBGE) and published in 2016 
with data from the 2010 Demographic Census. The statistical grid provides 
comprehensive coverage of the entire country and comprises regularly ar-
ranged cells of 200 m × 200 m size in urban areas and 1 km ×1 km in rural 
areas (Bueno, 2014; IBGE, 2016).

Each cell in the grid includes information on the resident population, 
the number of males and females, and the number of households. Recent 
studies have shown that the statistical grid provides a more precise repre-
sentation of the spatial distribution of the population than census sectors, 
another form of spatial data representation from Demographic Censuses 
(Alves & D’Antona, 2020). The statistical grid has several advantages over 
census sectors, including stability in space and time, as the geographic 
features remain constant across censuses. Furthermore, the higher spatial 
resolution in rural areas and the hierarchy of cells allow for the aggregation 
of smaller cells (200 m × 200 m) into larger cells (1 km², 25 km², 100 km²) 
(Bueno, 2014).

We also used population statistical grid cells to characterize land cover 
and forest fragmentation (Figure 2). This allowed us to analyze geographic 
units encompassing population variables, forest cover, and information 
about the area and number of forest fragments. The Intersect tool was used 
to assign a code to each cell in the 1990 and 2021 forest cover fragments, 
and the Tabulate Intersection tool was used to calculate the area 
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and percentage of the forest cover in each cell. The results of these assign-
ments were then compared to determine if the change in forest balance 
and number of fragments was positive, negative, or zero between the two 
years analyzed.

As a result, seven categories of analysis for cells with and without resi-
dent populations were generated to describe changes in forest cover. These 
were: a) increasing fragmentation with deforestation, b) increasing frag-
mentation with regeneration, c) reducing fragmentation with deforestation, 
d) reducing fragmentation with regeneration, e) no fragmentation change 
with deforestation, f) no fragmentation change with regeneration, g) 100% 
forest cover in 1990 and 2021 and h) without vegetation.

Figure 2 
Workflow of the methodological 
approach used to analyze land 
use and land cover change and 
forest fragmentation in the 
MBRN, integrating MapBiomas 
(1990–2021) and IBGE’s 
population grid data.
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3 Results and Discussion

3.1. Land use-cover and forest fragmentation in the Mosaic
Approximately 116,000 ha of the 8,000,000 ha in the Mosaic showed land 
use and cover changes between 1990 and 2021, equivalent to a 1% change 
in the total study area. Table 2 summarizes the land use and cover classes, 
including natural and anthropogenic cover, as defined in the methodology.

The results indicate that between 1990 and 2021, there was an approximate 
40% increase in the area of anthropogenic cover (pasture, urbanized area, etc.) 
due to deforestation, representing an addition of approximately 13,000 hectares. 
During the same period, there was a reduction of 2,000 hectares in the area of 
primary vegetation and an increase of 42,000 hectares in secondary vegetation, 
which corresponds to an approximate 454% increase over the years.

However, it is important to consider the transformation trends that oc-
curred from one decade to another. The rate of expansion in anthropogenic 
land use and cover remained consistent over the decades, ranging from 4,000 
to 6,000 new hectares per decade. Secondary vegetation also showed an in-
creasing trend but was much more significant compared to the growth of 
anthropogenic land use and cover, varying between 12,000 and 15,000 new 
hectares of secondary vegetation. After a significant reduction in deforesta-
tion in the Pan-Amazon during the 2000s, there was a gradual increase in 
the deforested area between 2010 and 2020, reaching 2.85 million ha in 2020 
alone (Brazil contributed to over 1.9 million ha of deforestation) (RAISG, 
2022). According to data from the Amazon Fund, deforestation in 2020 was 
55% above the average of the last 10 years (Fundo Amazônia, 2020).

These results indicate land-use changes occurred in both directions, 
through deforestation and regeneration. The largest changes were observed 
between Manaus and Novo Airão (in the eastern part of the Mosaic) and in 
the extended area around Tefé (in the western part). In the east part of the 
Mosaic, changes were particularly noticeable in the environmental protec-
tion areas and sustainable development reserves. The intensity of changes 
in land use cover decreased as the distance from urban centers increased. 
These changes in environmental protection areas could be attributed to 
urban expansion into rural areas facilitated by road construction. In the 
western part of the Mosaic, changes were predominantly observed in the 
sustainable development reserve, particularly in rural communities and 
areas surrounding forest management and fishing activities.

Table 2 Class area of land use and land cover in the MBRN from 1990 to 2021 (in hectares)

Class 1990 2021 Δ%
Anthropogenic cover 33,378 46,839 ~40%

Primary Vegetation 7,603,081 7,601,169 0.025%

Secondary Vegetation 9,313 51,585 ~454%
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The class with the most extensive area loss was forest cover, with ap-
proximately 41,000 ha deforested, equivalent to 50% of the total changes 
in all classes. At the same time, 23,000 ha of forest in varying stages of 
regeneration were identified in 2021, mainly due to the conversion of pas-
ture lands into forests. Deforestation and regeneration processes occurred 
concurrently in the Mosaic, resulting in a net negative balance of 18,000 
ha in forest cover variation.

Using landscape ecology metrics, we found that the number of for-
est fragments in the Mosaic increased over the decade analyzed. In 1990, 
there were 164,566 fragments, while in 2021 there were 169,135 fragments, 
representing a 2.8% increase (4,569 new fragments, Table 3). In 2021, the 
largest forest fragment had an area of 7,147,828.34 ha and was found in Jaú 
PARNA, Unini RESEX, and Amanã RDS, while the smallest measured 
0.057 ha and was located in Amanã RDS.

The size of fragments influences the diversity of ecological interactions, 
with smaller fragments negatively impacting species composition (Vieira et 
al., 2009) and their spatial distribution across the fragments (Spletozer et 
al., 2023). Larger forest fragments are less affected by edge effects, ensur-
ing greater preservation of their core area (Yoh et al., 2022). We observed 
a trend of fragmentation in forest cover, characterized by an increase in 
the number of smaller fragments and a decline in the number of larger 
fragments. There was a considerable increase in fragments with an area 
of 100 ha or less (4,610 new fragments) and a decrease in fragments larger 
than 500 ha (30 fewer fragments). Despite this, most of the forest cover still 
consisted of larger fragments, occupying a total area of 92.5% of the Mosaic. 
This indicates that the overall condition of the forest cover remained intact.

The high number of smaller fragments could be explained by socio-en-
vironmental dynamics (mainly due to the traditional production organiza-
tion in rural communities) and by the spatial resolution of the data avail-
able for landscape analysis. These fragments were located near major rivers 
and at the edges of protected areas. Rural communities tended to be located 
on the banks of rivers, which could have led to a greater variation in forest 

Table 3 Number of forest fragments in 1990 and 2021 classed by size

1990 2021 Δ%

Class (by ha) Number of 
fragments

Total area
(ha)

Number of 
fragments

Total area
(ha)

Fragments Area

≤ 100 163,172 281,779.50 167,782 288,548.69 3 2.4

100 – 200 601 82,766.30 588 81,401.49 -2 -1.6

200 – 300 248 60,604.95 247 60,260.33 -0.4 ~0

300 – 400 109 37,455.26 109 37,653.75 0 0.5

400 – 500 59 26,401.74 62 27,943.21 5 6

> 500 377 7,115,418.69 347 7,147,828.34 -8 0.5

Overall 164,566 7,604,426.44 169,135 7,644,001.81 2.8 0.5
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cover owing to slash-and-burn agriculture. In addition, rivers experience 
seasonal drought and flood dynamics that change the watercourse and 
promote the formation of temporary forest islands, which may have led 
to the emergence of smaller forest fragments in these areas. The changes 
were more spatially evident when considering the spatial distribution of 
the resident population.

3.2. Overlap of changes in forest cover and spatial distribution of 
population
According to 2016 IBGE data, 100,448 individuals (51,402 men and 49,046 
women) live in the Mosaic region and are distributed across 24,580 house-
holds and 250 communities. Most of the population is in environmental 
protection areas (90,792 residents), followed by sustainable development 
reserves (7,745 residents), extractive reserves (1,200 residents), state parks 
(220 residents), and national parks (491 residents). This distribution re-
flects the level of restrictions on human presence imposed by the legislation 
for each type of protected area and the proximity of each area to urban 
centers in the region. 

The combination of these two factors results in an unequal spatial dis-
tribution of the population among protected areas, especially in those near 
Manaus. For instance, the Tarumã /Ponta Negra Environmental Protection 
Area has a population of 57,000, accounting for almost 57% of the total 
inhabitants within the Mosaic region. This area covers a portion of the 
urban area of Manaus, creating a substantial population cluster that is not 
necessarily traditional. In contrast, Anavilhanas National Park is devoid of 
residents, as it encompasses the southern banks of the Rio Negro and its 
collection of river islands. Figure 3, captured by drones during fieldwork 
in 2022, depicts two examples of human occupation within the Mosaic, 
demonstrating the diversity of human activities and their direct effects on 
deforestation and forest fragmentation, as shown in the forest cover chart.

The Paricatuba community (Figure 3) is in the Paduari-Solimões 
Environmental Protection Area near Manaus (20 km) and is accessible 
by rivers and roadways. Its architecture and housing structure resemble a 
rural neighborhood with brick homes, swimming pools, and encompassing 
walls, demonstrating a denser population and infrastructure than those 
in the surrounding area (approximately 450 residences, 200 of which are 
used temporarily). This type of urban-like settlement significantly impacts 
the surrounding forest cover. In contrast, the Colônia Central community 
(Figure 3) is situated in the center of the Tupé Sustainable Development 
Reserve and is surrounded by the Amazon Forest, with limited access via 
trails. This community has a lower population density and limited infra-
structure, consisting of approximately 60 residences (20 of which are only 
temporarily used).
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These observations call into question the belief that a growing popu-
lation directly leads to deforestation and forest fragmentation. Areas with 
higher concentrations of traditional populations were spatially associated 
with higher levels of forest regeneration. Their rotational land-use practic-
es for agriculture (roça) preserve forest areas and ensure species’ genetic 
diversity (Chazdon et al., 2020; Martins, 2005). An increase in forest cover 
was observed in areas with human settlements, even though these areas 
were altered by human activity. Future studies should assess whether the 

Figure 3
Examples of human occupation 
in the MBRN: Paricatuba 
community (a) and Colônia 
Central community (b), 
illustrating different settlement 
patterns and their relation to 
forest cover.



Alves, J. D. G., et al.
Spatial distribution of the population and land use and cover change in the Amazon: A case study in the…

Desenvolvimento e Meio Ambiente, v. 68, p. 45-69, Jul./Dec. 2026 58

region reaches equilibrium in human occupation, particularly in areas 
distant from major urban centers, potentially explaining the increase in 
forest cover.

The composition of forest cover, fragmentation, and population vari-
ables across all the cells of our statistical grid spanning an area of 8 million 
ha enabled us to discern the interplay between the spatial distribution of 
the population and the distribution of forest resources, considering the 
organization of rural communities. Spatially, regeneration was observed 
along the watercourses, while deforested pockets were concentrated within 
the Mosaic region. Conversely, areas of intact forest were primarily located 
within designated protected areas (Figure 4). It is worth noting that some 
of the areas experiencing both deforestation and regeneration were situated 

Figure 4
Spatial distribution of areas 
undergoing regeneration and 
deforestation in the MBRN 
between 1990 and 2021, 
based on MapBiomas data.
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near rivers in the region, which can have both positive and negative im-
pacts on the forest percentage as a result of natural floods, drainage cycles, 
and riverbank migration.

While the primary focus of the fieldwork and drone mapping was 
not to validate secondary data, noteworthy observations of forest cover 
regeneration were made near the traditional communities. As shown in 
Figure 5, different stages of forest cover regeneration can be observed 
around the residences, ranging from recently cleared areas for cultivation 
to advanced stages of regeneration, which remain different from the areas 
of native forests.

Concerning the fragmentation of forest cover (Figure 6), 76,845 cells 
exhibited no change in the number of fragments, constituting 93.8% of the 
total number of cells. Conversely, 1,564 cells experienced an increase in 
forest fragmentation, comprising 1.9% of the total, whereas the remaining 
2,945 cells showed a decrease, accounting for 3.6% of the total cells. The 
cells displaying a stable number of fragments were primarily located within 

Figure 5
Drone image of the Nossa 
Senhora de Fátima community 
in the MBRN, showing different 
stages of forest regeneration 
around residential and 
agricultural areas.
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the interiors of protected areas (Figure 6), remote from major urban centers 
and large waterways in the region and tended to be areas of solid ground.

Forest fragmentation was primarily concentrated in cells adjacent to 
river channels, driven by the cyclic inundation patterns of these waterways. 
Near Manaus and along the Negro River Basin, these fragmented cells were 
displayed in more extensive, contiguous, and fragmented areas compared 
to the cells distributed in the interior regions of the Mosaic, which exhibit-
ed a lower degree of concentration (Figure 6). In the Tefé-influenced region, 
a degree of continuity was observed between areas that had experienced an 
increase in fragmentation (north of the city) and those that had displayed 
a reduction in fragmentation (south of the city).

Figure 6
Spatial distribution of forest 
fragmentation dynamics in 
the MBRN between 1990 and 
2021, highlighting areas with 
increasing, decreasing, or 
stable fragmentation.
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The results should be contextualized, as an increase or decrease in 
fragmentation alone is insufficient for a comprehensive understanding of 
the processes under analysis. In other words, an increase in the number 
of fragments is not necessarily a negative indicator, and a decrease does 
not necessarily imply forest regeneration. For example, an increase can 
occur because of forest regeneration in abandoned areas, not just from 
the emergence of new deforestation hotspots within a larger fragment (in 
new clearings or logging areas). In contrast, a decrease can result from 
completely removing forest fragments (deforestation) and not only from 
the reconnection of fragments through forest regeneration. These combi-
nations are clearer in Figure 7, which combines information on forest cover 
balance and fragmentation dynamics between 1990 and 2021.

Figure 7 Summary map of 
the relationship between 
fragmentation, deforestation, 
and forest regeneration, 
between 1990 and 2021.
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The study of land use and land cover in the Amazon region revealed 
various situations regarding forest fragmentation, deforestation, and regen-
eration. The eastern quadrant of the study area, near cities such as Manaus, 
Novo Airão, Iranduba, and Manacapuru, was characterized by the simul-
taneous occurrence of increasing fragmentation with both deforestation 
and regeneration. Meanwhile, the western quadrant of the study area, near 
the city of Tefé, was more heterogeneous and exhibited greater diversity 
in land-use categories, with smaller and more fragmented forest patches.

The regions that exhibited stability in forest cover (100% in 1990–2021) 
were situated in the inner portions of protected areas and farther away from 
urban centers in the study area. However, along the rivers where rural com-
munities are located, changes in forest fragmentation, both increasing and 
decreasing, were the dominant patterns of forest regeneration.

The study’s statistical grid included 81,354 1 km² of forested cells. Of 
these, 67,340 cells (82.17%) were found to have 100% forest cover in both 
1990 and 2021, while 3,324 experienced deforestation and 10,690 showed 
signs of regeneration, with or without fragmentation (Table 4). Moreover, 
534 cells (0.65%) exhibited increasing fragmentation with deforestation, 
and 2,774 cells (3.38%) showed reduced fragmentation with regeneration. 
The cells that did not undergo any change in the number of fragments 
could be divided into two categories: those with deforestation (2,619 cells, 
3.20%) and those with regeneration (6,889 cells, 8.41%). The results of the 
other two groups of cells were particularly relevant for studying the impact 
of human occupation on protected areas: 1,027 cells (1.25%) experienced an 
increase in fragmentation alongside a decrease in deforestation, whereas 
171 cells (0.21%) experienced a reduction in fragmentation with an increase 
in deforestation. This raises the question – what is the relationship between 
these results and the distribution of the local population?

Table 4 Relationship between fragmentation, deforestation, and forest regeneration with a resident population in the statistical grid cells

Class Cells with populations Cells with no population Total

Number of 
cells

% Number of 
cells

% Number of 
cells

%

Increasing fragmentation with deforestation 200 13.6 334 0.4 534 0.7

No fragmentation change with deforestation 489 33.3 2130 2.6 2,619 3.2

Reducing fragmentation with deforestation 70 4.8 101 0.1 171 0.2

Increasing fragmentation with regeneration 113 7.7 914 1.1 1,027 1.3

No fragmentation change with regeneration 345 23.5 6544 8.1 6,889 8.4

Reducing fragmentation with regeneration 212 14.4 2562 3.2 2,774 3.4

100% Forest (1990 – 2021) 33 2.2 67,307 83.6 67,340 82.2

Without vegetation 8 0.5 588 0.7 596 0.7

Total 1,470 100 80,480 100 81,950 100
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In rural communities located further away from Manaus, land-use 
practices had a lower environmental impact. These practices included 
slash-and-burn agriculture, fishing, and tourism. These activities may have 
affected some of the observed effects on land cover. The rotating slash-and-
burn agricultural system, which involves abandoning a field and allowing 
forest regrowth for some time, can form new forest patches but does not 
necessarily increase the total forest area. Transitioning from traditional 
agricultural or timber extraction activities to providing tourist services can 
also increase forested areas.

Figure 8 shows the relationship between population and forest cover in 
a rural community within the Mosaic. It displays the spatial distribution of 
the households, their surrounding land uses, such as backyards and fields, 
and the presence of forest fragments near the households. The proximity 
of these households to the river is a crucial factor in the dynamics of daily 
life, where the river serves multiple functions: subsistence through fishing, 
a recreational space, and a mode of transportation.

Environmental protection areas had the highest number of cells with 
a population, which is expected given the fewer restrictions on human 
occupation in this type of protected area. Sustainable development re-
serves had the second-highest number of occupied cells, while national 

Figure 8 

Spatial organization of the 
Julião community in the Tupé 
Sustainable Development 
Reserve, showing households, 
land use patterns, and nearby 
forest fragment.
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and state parks had the lowest, as they enforced the most stringent rules 
regarding human occupation and natural resource use. However, national 
parks had the highest number of unpopulated cells with 100% forest cover 
between the two years and areas showing regeneration with no change 
fragmentation.

For cells with a population, a recent trend towards regeneration and 
deforestation was observed, indicating a conflicting relationship between 
human occupation and the environment. We observed regeneration in ar-
eas with relatively low restrictions on human activity and resource use, 
such as environmental protection areas, and in areas with high restrictions, 
such as national and state parks.

In summary, numerous interactions exist between fragmentation, re-
generation, and deforestation of the forest cover in both inhabited and 
uninhabited areas. This is particularly true for protected areas, which place 
more restrictions on human activities and resource utilization and tend to 
have a higher concentration of forest cover. Nevertheless, the protected 
areas within the Mosaic fulfill their role as guardians of the environment 
and communities, as intended by international agreements and mandated 
by Brazilian environmental laws.

4 Conclusions
The results of this study showed spatial heterogeneity in deforestation and 
forest regeneration processes, as well as forest fragmentation. Deforestation 
tended to occur in areas near the main rivers in regions predominantly in-
habited by rural communities. Forest fragmentation dynamics were more 
evident in areas closer to urban centers and major river channels, partic-
ularly in portions of the Mosaic influenced by Manaus, Novo Airão, and 
Tefé. However, these patterns should be interpreted with caution, as frag-
mentation metrics alone do not necessarily indicate ecological degradation 
and may also reflect processes related to forest regeneration, traditional 
land-use practices, and fluvial dynamics.

Despite these dynamics, most cells remained fully forested and large 
forest fragments continued to dominate the landscape. The changes in land 
use and land cover (corresponding to approximately 1% of the total area 
of the Mosaic) during the study period highlight the success of protected 
areas in preserving forest cover, even in areas surrounded by urban centers.

It was observed that the cells with deforestation tended to contain a 
higher number of people, although the cells with forest regeneration also 
contain a significant number of people. We conclude that regenerating 
areas are of great significance, both in areas with and without human popu-
lations. This means that the protected areas that make up the Mosaic fulfill 
their purpose of preserving forest cover, with areas having 100% forest cov-
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er and those undergoing regeneration being more prominent, as opposed 
to deforested areas.

Forest fragmentation is not necessarily a direct result of deforestation. 
In some cases, this can occur due to regeneration efforts, creating small 
fragments in previously cleared areas. Thus, to gain a comprehensive un-
derstanding of this process, it is important to consider not only the increase 
in the number of fragments but also to examine other factors, such as 
changes in population and forest cover over time, as well as different scales 
of analysis. This will allow for more nuanced conclusions regarding the 
relationship between forest fragmentation, deforestation, and regeneration.

In the context of the Mosaic of protected areas, formulating environ-
mental conservation policies must consider the differences in socio-spatial 
factors such as historical occupation, demographics, household economy, 
and migration patterns to major cities between and within different cate-
gories of protected areas. This data aggregation and socio-spatial process 
analysis methodology would enable a deeper understanding of the phe-
nomena under examination, specifically whether they are caused by the 
clearing of land for agriculture near rural communities or are a result of the 
transformation of the population’s daily life, expressed by a shift in rural 
activities, such as clearing land for agriculture, tourism, and work activities 
in nearby urban centers.

Among the limitations encountered, the availability of secondary data 
on population, land use, and land cover for longitudinal analysis stands 
out, especially population data with good temporal resolution and more 
spatially precise data on land use and land cover. Furthermore, the popu-
lation data refer to the 2010 Demographic Census; new studies using the 
data recently released by IBGE are needed.

However, despite the limitations, the theoretical and methodological 
framework presented here can be replicated in other socio-spatial contexts, 
both in the Amazon and other biomes. The secondary data used are freely 
accessible to the entire community. Due to their national scale, they allow 
analysis of other areas, including areas with different spatial delineations, 
such as watersheds, municipalities, and states.

Further studies may provide additional information that can be incor-
porated to deepen the approach and widen the scope of research in this 
field. Satellite images, land use, land cover data over a longer period, new 
data from Demographic Census, and data from surveys carried out in rural 
communities will provide a more comprehensive view, allowing for an in-
depth space–time analysis.
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