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Abstract

Land use and land cover (LULC) changes are major drivers of environmental transfor-
mation in sensitive regions, such as the Marajé Archipelago in the Brazilian Amazon. This
study assessed accumulated anthropization of LULC in the Immediate Geographic Re-
gion of Soure-Salvaterra, Eastern Amazon, between the reference years 1985 and 2023,
using MapBiomas data and spatial statistical techniques. Bivariate Local Moran’s I (LISA)
was applied to evaluate intertemporal spatial associations between areas classified as nat-
ural in 1985 and anthropized in 2023. In this approach, High-Low indicates natural areas
associated with low anthropization in 2023, whereas High-High indicates areas where
natural cover in 1985 was spatially associated with higher anthropization in 2023. The
results indicated a strong predominance of High-Low, with values above 94% in all mu-
nicipalities and up to 99.86% in Santa Cruz do Arari. In contrast, High-High had localized
concentrations in Salvaterra (3.53%), Cachoeira do Arari (1.28%), and Soure (1.16%), es-
pecially in coastal zones and inland sectors. Low—Low, associated with lower anthropo-
genic pressure or possible signs of natural regeneration, was extremely low (<0.0004%).
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These findings indicate that LISA is useful for identifying local LULC patterns and sup-
porting environmental assessment and territorial planning in tropical regions.
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1. Introduction

Changes in land use and land cover (LULC) are among the main drivers of environ-
mental transformation in the Amazon, especially in sensitive regions such as the Marajé
Archipelago. The Immediate Geographic Region of Soure-Salvaterra, located in the state
of Para, Brazil, stands out for its environmental and social relevance, as it is predomi-
nantly composed of mangrove ecosystems, floodplain forests, and natural grasslands,
which harbor high biodiversity and play a fundamental role in climate regulation and
ecological balance [1-3].

The region is also recognized as the main tourist hub of the Marajo Archipelago, fa-
vored by its proximity to the capital city of Belém [4]. Its municipalities encompass exten-
sive natural areas, including beaches, ecological trails, and enterprises such as farm hotels,
which provide direct contact with nature and local culture [4-6]. However, the intensifi-
cation of these activities, associated with the expansion of agricultural and livestock activ-
ities and infrastructure, has contributed to the advance of anthropization, resulting in
changes in landscape dynamics and greater pressure on natural ecosystems.

In recent decades, this process has intensified, driven by population growth and the
expansion of productive activities and infrastructure [4,6-8]. These changes have pro-
moted significant alterations in land use, with direct implications for natural resources
and regional sustainability. When not adequately assessed, such changes can lead to irre-
versible environmental degradation, affecting not only local ecosystems but also the qual-
ity of life of populations that depend on these resources [9,10].

Assessing LULC changes is essential for understanding anthropization processes and
their environmental effects [11]. In this context, remote sensing has become an essential
tool, enabling the generation of standardized historical datasets, such as those made avail-
able by the MapBiomas project [12]. In addition, spatial analysis methods, such as spatial
autocorrelation, make it possible to identify patterns and priority areas relevant to envi-
ronmental planning and management [13,14]. Despite these advances, studies using biva-
riate spatial autocorrelation approaches to assess the relationship between natural and
anthropized areas at a local scale in the Amazon remain limited, which hinders the un-
derstanding of spatial processes associated with landscape transformation and their envi-
ronmental impacts.

Based on the regional context, we expected accumulated anthropization to be spa-
tially concentrated in specific coastal, urban, peri-urban, and agricultural expansion sec-
tors, rather than being homogeneously distributed across the region. Therefore, this study
assessed accumulated LULC anthropization in the Immediate Geographic Region of
Soure-Salvaterra, Eastern Amazon, between the reference years 1985 and 2023, using
MapBiomas data and spatial statistical techniques to evaluate intertemporal spatial asso-
ciations between natural areas in 1985 and anthropized areas in 2023.

2. Materials and Methods
2.1. Study Area

The Immediate Geographic Region of Soure-Salvaterra is located in the Marajo Ar-
chipelago, in the state of Para, Brazil, between 0°09'49.23" and 1°43'09.97" S latitude and

https://doi.org/10.3390/environments13070378



Environments 2026, 13, 378

3 of 21

48°22'28.52" and 49°37'24.19" W longitude [15]. This region comprises the municipalities
of Soure, Salvaterra, Cachoeira do Arari, Santa Cruz do Arari, Muand, and Ponta de Ped-
ras, covering a total area of approximately 15,860 km? and a population of 150,111 inhab-
itants, according to the 2022 Brazilian Demographic Census [16] (Figure 1). Situated
within the Intermediate Geographic Region of Breves, the area has economic and environ-
mental relevance, particularly due to water buffalo farming, artisanal fishing, tourism,
and the presence of protected areas that contribute to the conservation of local biodiver-

sity [17].

49°30'0"W 49°0'0"W 48°30'0"W

.......

0°30'0"S

antalCruzf
doyArari

Geographic Coordinate System: WGS 84 | | S Marajo6 Archipelago
Cartographic Base: IBGE
Imagery: ESRI Satellite; Google Satellite
Produced by: Narusawa et al.

i___i Soure—Salvaterra Immediate Geographic Region

[ Para state
[] Brazil

Hydrology

40 km

Figure 1. Study area: Immediate Geographic Region of Soure-Salvaterra, Para, Brazil.

2.2. Image Acquisition

LULC maps from Collection 9 of the MapBiomas project were used [12], covering
two reference years: 1985 and 2023. MapBiomas uses imagery from the Landsat 5 The-
matic Mapper (TM) (Hughes Santa Barbara Research Center, Goleta, CA, USA), Landsat
7 Enhanced Thematic Mapper Plus (ETM+) (Raytheon Santa Barbara Remote Sensing,
Santa Barbara, CA, USA), and Landsat 8 Operational Land Imager/Thermal Infrared Sen-
sor (OLI/TIRS) (Ball Aerospace & Technologies Corporation, Boulder, CO, USA; NASA
Goddard Space Flight Center, Greenbelt, MD, USA), with a spatial resolution of 30 m. The
mapping is based on the Random Forest algorithm and processed on the Google Earth
Engine platform [18]. Map accuracy is estimated from 85,000 annual samples, following
the good validation practices proposed by Olofsson et al. [19] and Stehman [20-22]. For
the Amazon biome, Collection 9 presents an overall accuracy of 96.8%, with 2.2% alloca-
tion disagreement and 1.0% area disagreement [22].
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2.3. Image Classification and Processing

After acquiring the LULC maps, the raster files were clipped to the area of interest
and reclassified into a dichotomous classification, distinguishing natural areas from an-
thropized areas using QGIS software (version 3.34.8-Prizren) [23] and the R programming
language (version 4.2.2) [24]. For 1985, natural areas were assigned a value of 1, while
anthropized areas were assigned a value of 0. For 2023, this coding was inverted, with
anthropized areas assigned a value of 1 and natural areas assigned a value of 0, as shown
in Table 1. This strategy was adopted to represent the intertemporal association between
the initial natural condition and the final anthropized condition, allowing the assessment
of spatial patterns consistent with accumulated anthropization between the two reference
years.

Table 1. Reclassification of MapBiomas LULC classes for the application of the Bivariate Local Mo-
ran’s I (LISA).

Category

Value Value
(1985)

(2023) MapBiomas Classes (Codes)

Natural areas

3: Forest Formation; 4: Savannah Formation; 5: Mangrove; 6: Floodable
Forest; 49: Arboreal Restinga; 11: Wetland and Swampy Area; 12: Grass-
land Formation; 29: Rocky Outcrop; 32: Hypersaline tidal flat; 50: Herba-

ceous Restinga; 33: Water body; 23: Beach, Dune and Sand Spot.

Anthropized areas

9: Forestry; 14: Agriculture/Livestock Farming; 15: Pasture; 18: Agriculture;
19: Temporary Crop; 20: Sugarcane; 21: Mosaic of Uses; 35: Oil palm; 36:
1 Perennial Crop; 39: Soybean; 40: Rice; 41: Other Temporary Crops; 46: Cof-
fee; 47: Citrus; 48: Other Perennial Crops; 62: Cotton; 24: Urbanized Area;
25: Other Non-Vegetated Areas; 30: Mining; 31: Aquaculture.

Spatial analysis began after the reclassification of the raster data. Preprocessing was
performed in QGIS by converting the reclassified 1985 raster into a regular grid of points
based on the central coordinates of each pixel, while preserving the original spatial reso-
lution of the data. These points were used as the basis for extracting the corresponding
values from the 2023 raster, resulting in a sampling table containing the natural and an-
thropized area classes for both years. The minimal dataset used in the study is provided
in Table S1.

Based on this point grid, Voronoi polygons were generated, in which each polygon
delimits the area of influence of a sampled point and inherits its respective thematic at-
tributes. This approach was adopted to minimize possible geometric imperfections asso-
ciated with the direct vectorization of raster data, ensuring greater accuracy in spatial rep-
resentation and consistency in the subsequent stage of the analysis. The adopted method-
ological flowchart is presented in Figure 2.

In the second phase of the process, the Bivariate Local Moran’s I analysis was per-
formed in the R programming language. The vector layer resulting from preprocessing
was imported into the R environment, where the Bivariate Local Moran’s I (LISA) was
calculated based on the definition of a Queen-type neighborhood matrix using the
poly2nb function, followed by classification into spatial autocorrelation quadrants. The
vector layer containing the results was then reimported into QGIS, and an additional field
was created to identify the clusters. Subsequently, the polygons were dissolved according
to the groups defined in the analysis, resulting in a final vector layer with areas grouped
by spatial autocorrelation category.

The resulting categories were classified into four main patterns: High-High, High—
Low, Low-High, and Low-Low. Table 2 presents the interpretation of these categories,
considering the association between natural areas in 1985 and anthropized areas in 2023.
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Although the method does not directly represent pixel-by-pixel conversion of LULC clas-
ses, the observed patterns allow the identification of intertemporal spatial associations be-
tween the initial natural condition in 1985 and the final anthropized condition in 2023,
consistent with accumulated anthropization between the two reference years.

PRE-PROCESSING IN OGIS

BIVARIATE LOCAL MORAN'S I

POST-PROCESSING IN OGIS
ANALYSIS (R)

(—’

area

Raster clipping by study

|

Cluster field (LISA)

1o points

Conversion of 1985 raster -

* Queen contiguity matrix (poly2nb)
« Bivariate Local Moran's I (LISA)

Dissolve by class

5

Sampling of the 2023 raster :LJ
based on 1985 points

Import of shapefile with % Y,

results from R

polygons

Generation of Voronoi

Shapefile with polygons grouped
by spatial autocorrelation
categories (H-H, H-L, L-H, L-L)

Overlay layer and export of

J

results
Figure 2. Methodological flowchart of the bivariate spatial autocorrelation analysis using LISA for
1985 and 2023.
Table 2. Interpretation of bivariate spatial autocorrelation categories (LISA).
Category (Quadrant) Spatial Association Interpretation

High-High (HH)

High presence of natural areas in 1985 associated =~ Areas under greater anthropogenic pres-

with high levels of anthropized areas in 2023 sure between the reference years

High-Low (HL)

High presence of natural areas in 1985 associated = Maintenance of preserved or less altered

with low levels of anthropized areas in 2023 areas

Low-High (LH)

Low presence of natural areas in 1985 associated

Persist f anth i
with high levels of anthropized areas in 2023 ersistence of antiropogenic tise

Low-Low (LL)

. . Areas under lower anthropogenic pressure
Low presence of natural areas in 1985 associated Pog p

with low levels of anthropized areas in 2023 or compatible with possible natural regen-

eration

2.4. Bivariate Spatial Autocorrelation Analysis

To calculate the Bivariate Local Moran’s I, the spatial weights matrix was first con-
structed. In this study, Queen contiguity was adopted, in which polygons sharing any
boundary segment or vertex, even minimally, are considered neighbors. Thus, consider-
ing a set of n polygons {Ai, ..., Aj}, the matrix of spatial weights W was constructed, with
dimension (n x 1), in which each element Wij assumes a value of 1 when there is a neigh-
borhood between the polygons i and j, and 0 otherwise [25,26]. Subsequently, the matrix
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was row-standardized so that the sum of the weights for each spatial unit was equal to 1,
as expressed in Equation (1).
2, Wiy =1 M
J

where the sum of the elements in each row of the W; matrix is equal to 1.

The underlying hypothesis is to investigate whether the values of a variable observed
in a spatial unit, represented in this study by natural areas, are associated with the values
of another variable observed in neighboring spatial units, represented by anthropized ar-
eas [25,26]. Initially, spatial autocorrelation was evaluated using Global Moran’s I, which
expresses the degree of linear association between the observed values and the spatially
weighted mean of neighboring values. The formulation of this statistic is presented in
Equation (2).

i —OW; (v —Y)
B ilx; — %)?

where x; and yjare the values of the variables of interest at locations i and j, respectively,

I

)

X and y are the mean values of the respective variables, and the W; spatial weight between
locations i and j, row-standardized so that each row sums to 1.

Global Moran’s I provides an average measure for the entire study area. However, it
can mask local patterns of association, such as spatial clusters and outliers. Therefore, the
global indicator was decomposed into the local contribution of each observation, allowing
the identification of four spatial autocorrelation categories: High-High, High-Low, Low-
High, and Low-Low [27,28]. The mathematical expression of the Bivariate Local Moran’s
I'is presented in Equation (3).

=) X Wiy — )
2i(xi—%)? /n

where [i is the Local Moran’s I for spatial unit i, n is the total number of spatial units, x;

1i=

®)

and y; are the values of the variables of interest at locations i and j, respectively, ¥ and y
are the mean values of the respective variables, and W is the spatial weight between lo-
cations 7 and j, row-standardized so that each row sums to 1.

The significance of Moran’s I was assessed using a pseudo-significance test. This pro-
cedure involved generating 999 permutations of the attribute values associated with the
spatial units. Each permutation produces a new spatial arrangement, in which the values
are redistributed among the areas. Since only one of these arrangements corresponds to
the observed situation, an empirical distribution of Moran’s I can be constructed.

When the observed value lies at the extremes of this empirical distribution after a
large number of permutations (p-value < 0.05), the null hypothesis of absence of spatial
autocorrelation is rejected. This indicates that the data exhibit spatial dependence and
supports the interpretation of the spatial autocorrelation categories [25,29,30].

2.5. Software Used

To ensure the replicability of the study, only free and open-source software was used.
The operating system was Linux Mint Debian Edition 6 “Faye” [31]. Data organization
and tabulation were performed using LibreOffice Calc version 7.4.7 [32]. Image reclassifi-
cation and calculation of the Bivariate Local Moran’s I (LISA) were performed in R version
422 [24], through the RStudio graphical interface version 2022.07.2+576 “Spotted
Wakerobin”, using the readODS version 1.7.0, dplyr version 1.0.10, terra version 1.6-17, sf
version 1.0-8, sp version 1.5-0, and spdep version 1.2-7 packages.

https://doi.org/10.3390/environments13070378



Environments 2026, 13, 378 7 of 21

The spatial clipping, raster-to-point conversion, data sampling, polygon dissolution,
Voronoi polygon generation, and cartographic layout preparation, including location and
spatial autocorrelation maps, were carried out in QGIS 3.34.8 “Prizren” [23], with the sup-

port of the QuickMapServices plugin version 0.19.34.

3. Results and Discussion

The analysis of the spatial autocorrelation categories obtained using the Bivariate Lo-
cal Moran’s I revealed distinct patterns of spatial association between natural areas in 1985
and anthropized areas in 2023 (Figures 3-5). Figures 3 and 4 present the spatial distribu-
tion of these categories across the municipalities of the region, while Figure 5 summarizes
their percentages relative to the municipal area. Together, these figures allow the identifi-
cation of patterns of persistence, transformation, and stability in LULC between the refer-
ence years 1985 and 2023.

672000E 693000E 714000E 720000E =_750000E 780000E

*

9960000N

9945000N

9925500N
9930000N

(a) (b)

690200E 730800E 771400E

LISA clusters
Natural areas (1985) vs. anthropized areas (2023)
High—-Low (areas of high anthropization surrounded by low values)
I Low-High (areas of low anthropization surrounded by high values)
Low-Low (areas of low anthropization surrounded by low values)
Il High—High (areas of high anthropization surrounded by high values)
Not Significant

9920000N

Geographic Coordinate System: SIRGAS 2000
Projection: UTM, Zone 22S

9880000N

(©)

Figure 3. Bivariate Local Moran’s I (LISA) clusters between natural areas in 1985 and anthropized
areas in 2023 in the municipalities of the Immediate Geographic Region of Soure-Salvaterra: (a)

Santa Cruz do Arari; (b) Soure; (c) Cachoeira do Arari.

https://doi.org/10.3390/environments13070378



Environments 2026, 13, 378 8 of 21

* 744000E 775000E 650000E 700000E 750000E

z

S

2 &

ES S

N N
w)
ES

(a) (b)
646800E 739200E

z LISA clusters

§ Natural areas (1985) vs. anthropized areas (2023)

2 High—Low (areas of high anthropization surrounded by low values)

I Low-High (areas of low anthropization surrounded by high values)
Low-Low (areas of low anthropization surrounded by low values)
Il High—High (areas of high anthropization surrounded by high values)
Not Significant

£ Geographic Coordinate System: SIRGAS 2000

£ Projection: UTM, Zone 22S

&

—t
0 10 20 km

(c)

Figure 4. Bivariate Local Moran’s I (LISA) clusters between natural areas in 1985 and anthropized
areas in 2023 in the municipalities of the Immediate Geographic Region of Soure-Salvaterra: (a)
Salvaterra; (b) Ponta de Pedras; (c¢) Muana.
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Figure 5. Percentage distribution of bivariate local spatial autocorrelation (LISA) categories in the
municipalities of the Immediate Geographic Region of Soure-Salvaterra, Para, Brazil: (a) Low-High;
(b) High-High; (c) High-Low; and (d) Low-Low. CA: Cachoeira do Arari; SCA: Santa Cruz do
Arari; PP: Ponta de Pedras.

For the Low-High category (Figures 3 and 4), areas with a low presence of natural
areas in 1985 associated with high levels of anthropized areas in 2023 were observed,
indicating the persistence of anthropogenic use. In quantitative terms (Figure 5a),
Salvaterra had the highest percentage (1.13%), followed by Soure (0.45%), while the other
municipalities showed lower values, such as Cachoeira do Arari (0.03%), Santa Cruz do
Arari (0.10%), Muana (0.01%), and Ponta de Pedras (0.02%), suggesting lower spatial
continuity of anthropization. These areas largely correspond to urbanized zones and
consolidated areas of anthropogenic use, especially in municipalities with greater
socioeconomic dynamism, such as Soure and Salvaterra, which have strong tourism
activity [4,6]. This spatial pattern is illustrated in Figure 6.
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Figure 6. Spatial evidence of peri-urban anthropization along the coastal zone of the Immediate
Geographic Region of Soure-Salvaterra: (a) LULC in 1985; (b) LULC in 2023; (c) Google Satellite
image accessed through QGIS 3.34.8 using the QuickMapServices plugin version 0.19.34 as visual
support; and (d) Bivariate Local Moran’s I (LISA) clusters. Source of panel (c): Google Satellite ©
Google; accessed on 1 May 2026.

This pattern is consistent with the territorial organization of the region, revealing the
concentration of human activities in specific areas that remained relatively stable over
time. The adopted approach made it possible to clearly identify these areas of
permanence, contributing to the monitoring of processes associated with urban
occupation, agricultural and livestock expansion, and the preservation of natural areas
[10].

For the High-High category (Figures 3 and 4), which represents areas with a high
presence of natural areas in 1985 spatially associated with high levels of anthropized areas
in 2023, concentrations were observed in coastal zones, especially in the northern and
northeastern sectors of the study area, as well as scattered patches in the interior of the
region.

In quantitative terms (Figure 5b), Salvaterra stood out with the highest percentage
(3.53%), followed by Cachoeira do Arari (1.28%) and Soure (1.16%). Lower values were
observed in Santa Cruz do Arari (0.05%), Ponta de Pedras (0.26%), and Muana (0.80%),
indicating lower intensity of transformation in these municipalities.

Anthropogenic processes were concentrated mainly around previously consolidated
areas, corresponding to the Low-High category, reflecting typical spatial patterns of
urban expansion and peri-urban land use (Figure 6d). These processes are associated with
increasing population density and agricultural expansion, which tend to occur along the
peripheral areas of urban centers [33-35].

In other areas of the Immediate Geographic Region of Soure-Salvaterra, land-use
expansion is strongly associated with agricultural and livestock activities (Figure 7),
reflecting economic and social dynamics that drive the occupation of new areas, often
beyond peri-urban zones. This territorial advance is associated with demand for
production, the availability of suitable areas, and the intensification of agricultural prac-
tices, contributing to the spatial reconfiguration of the regional landscape [36,37].
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Figure 7. Expansion of agricultural and livestock activities associated with the High-High spatial
autocorrelation pattern in the Immediate Geographic Region of Soure-Salvaterra: (a) LULC in 1985;
(b) LULC in 2023; (c) Google Satellite image accessed through QGIS 3.34.8 using the
QuickMapServices plugin version 0.19.34 as visual support; and (d) Bivariate Local Moran’s I (LISA)
clusters. Source of panel (c): Google Satellite © Google; accessed on 1 May 2026.

Based on the most recent data from the Brazilian Demographic Census, the
population of the Immediate Geographic Region of Soure-Salvaterra increased from
73,749 inhabitants in 1980 to 150,111 in 2022 [16]. At the national scale, the Brazilian
population grew from 121,150,573 to 203,080,756 inhabitants over the same period [16],
while the global population increased from approximately 4.438 billion in 1980 to 8.062
billion in 2023 [38]. This population growth is associated with increasing demand for
agricultural and livestock production to meet food needs, thereby exerting pressure for
the opening of new productive areas [39,40]. However, this relationship does not occur in
isolation. Comparing the LISA categories with municipal socioeconomic indicators
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suggests that the spatial patterns of anthropization are associated with different
combinations of demographic, territorial, and productive factors (Table 3) [17,41].

Table 3. Bivariate Local Moran’s I categories and socioeconomic indicators in the municipalities of

the Immediate Geographic Region of Soure-Salvaterra, Para, Brazil.

High- Low- P(g:;l:ittlon Territorial GDP per Gross Value Added of
Municipality High High Population (Inhabita}lrlts Area Capita Agriculture and
(%) (%) lm-2) (km?) (BRL) Livestock (BRL x 1000)
Soure 1.16 0.45 24,204 8.47 2857.349  13,995.56 53,587.834
Salvaterra 3.53 1.13 24,129 26.27 918.563  11,218.77 36,072.596
Cachoeira do Arari ~ 1.28 0.03 23,981 7.74 3100.261  14,790.97 94,533.040
Santa Cruz do Arari  0.05 0.10 7445 6.91 1076.652  15,479.51 37,430.059
Muana 0.80 0.01 45,368 12.06 3763.130 10,235.72 102,947.190
Ponta de Pedras 0.26 0.02 24,984 7.43 3363.743 12,543.70 69,027.147

Note: High-High and Low-High refer to the bivariate Local Moran’s I categories obtained in this
study. GDP = gross domestic product; BRL = Brazilian real.

Salvaterra presented the highest proportions of the High-High (3.53%) and Low-
High (1.13%) categories, as well as the highest population density (26.27 inhabitants km)
and the smallest territorial area among the municipalities analyzed. This result indicates
that the transformation of natural cover in Salvaterra occurs in a proportionally more
concentrated manner, possibly associated with the intensification of human occupation
within a smaller municipal area, especially in urban, peri-urban, and coastal sectors, as
discussed above. The functional proximity to Belém may also reinforce this pattern, as it
favors regional flows of people, goods, services, and tourism-related activities [42]. In this
context, the diversity of natural and cultural attractions reinforces the tourism relevance
of Salvaterra and is associated with the expansion of services and infrastructure related to
visitor mobility. The municipality and its surrounding area include beaches, natural
grasslands, buffalo-raising properties, traditional festivities, Marajé gastronomy,
handicrafts, and cultural expressions such as carimbd and Bufalo-Bumba, an artistic
performance created in Salvaterra that integrates popular theater, music, dance, and
elements of the Afro-Indigenous traditions of Marajo [43—46].

Pereira da Silva [47] highlights the association of buffalo farming with seasonally
flooded grasslands and with productive, cultural, and tourism-related activities
characteristic of the regional landscape. Complementarily, Borja and Corbin [48] found
that visitors value participatory and immersive experiences associated with sustainability,
although infrastructure limitations remain a challenge to regional tourism development.
These attributes may support the development of ecotourism, cultural tourism, and
experience-based tourism, increasing the demand for accommodation, food services,
transportation, commerce, and access infrastructure. Although the present analysis does
not allow a direct causal relationship to be established, the concentration of these activities
and of the infrastructure associated with visitor mobility in urban, peri-urban, and coastal
sectors constitutes a plausible territorial mechanism for interpreting the higher proportion
of anthropization observed in Salvaterra compared with the other municipalities
analyzed.

However, the socioeconomic indicators show that landscape transformation cannot
be explained by a single factor. Soure and Cachoeira do Arari also presented relevant
High-High values, although their population densities were lower than that of Salvaterra.
This result suggests localized anthropogenic pressures rather than homogeneous
landscape transformation at the municipal scale. In Soure, functional proximity to Belém,
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coastal occupation, tourism activity, and regional flows help explain the persistence and
concentration of anthropized areas in specific sectors. The PA-154 highway also acts as a
regional circulation axis and may favor the concentration of anthropogenic land uses near
urban centers, access areas, and mobility corridors [49].

In Cachoeira do Arari and Muand, the higher gross value added of agriculture and
livestock indicates the importance of productive activities in the regional landscape
dynamics. However, Muana presented lower percentages in the LISA categories,
reinforcing that population size and the economic value of agriculture and livestock,
when considered in isolation, do not determine the intensity of anthropization. Thus, the
observed patterns are better interpreted as the result of the combined influence of
demographic concentration, municipal area, territorial accessibility, functional proximity
to Belém, coastal occupation, tourism-related activities, and agricultural and livestock
land uses. Regarding the High-Low category (Figure 5c), which represents areas of
persistent natural vegetation between 1985 and 2023, the highest percentages were
observed in Santa Cruz do Arari (99.86%), Ponta de Pedras (99.72%), Muana (99.19%), and
Cachoeira do Arari (98.59%). Soure (97.92%) and Salvaterra (94.49%) also showed high
values, although slightly lower. These results indicate a high degree of vegetation cover
conservation in the region. The maintenance of these areas may be explained, in part, by
the current legal framework, especially the requirement to maintain 80% of native
vegetation in rural properties located in the Legal Amazon, as established by the Brazilian
Forest Code [50].

In addition, the territory encompasses important protected areas that are
fundamental for the conservation of local ecosystems and the sustainable use of natural
resources. The Marajé Archipelago Environmental Protection Area (Area de Protecao
Ambiental, APA) stands out, as it covers all municipalities in the Immediate Geographic
Region of Soure-Salvaterra, as well as those in the Immediate Geographic Region of
Breves. It constitutes the largest sustainable-use protected area in Brazil and encompasses
a wide diversity of landscapes, traditional communities, and strategic ecosystems [51].
Also noteworthy are the Soure Marine Extractive Reserve (Reserva Extrativista Marinha
de Soure, RESEX), aimed at protecting traditional ways of life and the sustainability of
fishing activities [52], and the Mata do Bacurizal and Lago Caraparti Ecological Reserve,
in Salvaterra, which integrates environmental protection and ecotourism [53]. Together,
these areas play a strategic role in maintaining native vegetation and conserving regional
biodiversity (Figures 8 and 9) [15,54].

Although protected areas contribute to the maintenance of natural cover, the
localized occurrence of High-High clusters in Salvaterra and other areas indicates that
legal protection does not completely eliminate anthropogenic pressures on the landscape.
This pattern may be associated with the management category of these protected areas,
especially Environmental Protection Areas (Areas de Protecio Ambiental, APAs), which
belong to the sustainable-use group and allow different forms of occupation and use of
natural resources, provided that they are compatible with conservation objectives [51].

High-High clusters may also reflect edge effects and localized internal pressures. The
edges of protected areas are more exposed to roads, urban centers, peri-urban areas,
agricultural and livestock activities, tourism, and the circulation of people. In Salvaterra,
this condition is particularly relevant because of the proximity between protected areas,
coastal zones, urbanized areas, and spaces used for tourism. In sustainable-use protected
areas, such as APAs and Extractive Reserves (Reservas Extrativistas, RESEXs), the
presence of communities and economic activities is part of the territorial dynamics.
However, the intensification of these uses may favor internal degradation, vegetation
fragmentation, and the partial replacement of natural cover by anthropogenic land uses
[55,56].
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Figure 8. Protected areas in the Immediate Geographic Region of Soure-Salvaterra, Para, Brazil.

Figure 9. Soure Marine Extractive Reserve, Pard, Brazil, highlighting coastal vegetation and the

estuarine landscape.

These results should be interpreted with caution. Bivariate Local Moran’s I identifies
spatial associations between natural areas in 1985 and anthropized areas in 2023, but it
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does not demonstrate direct causality or confirm environmental infractions. Therefore,
High-High clusters indicate priority sectors for complementary analyses of edge effects,
internal degradation, land tenure regularity, land-use intensity, and the effectiveness of
environmental management. Thus, the simultaneous presence of High-Low areas and
High-High patches shows that protected areas maintain a large part of the natural cover,
but still require enforcement, territorial planning, sustainable management, and
continuous spatial monitoring.

In the Amazonian context, although the Brazilian Forest Code establishes
mechanisms such as the compensation of legal reserves, the Rural Environmental Registry
(Cadastro Ambiental Rural, CAR) and the Environmental Regularization Program
(Programa de Regularizacdo Ambiental, PRA) [50], the effectiveness of these instruments
has relevant operational limitations. In particular, the slow validation of records and the
low operationalization of the Environmental Reserve Quotas (Cotas de Reserva
Ambiental, CRA) market reduce the ability of these mechanisms to promote
environmental compliance on a regional scale [57-59].

These limitations may contribute to the interpretation of the spatial patterns observed
in this study. The localized occurrence of High-High clusters in the Immediate
Geographic Region of Soure-Salvaterra suggests that agricultural and livestock expansion
may occur, in some cases, under conditions of low effectiveness of environmental control
instruments. This result is consistent with evidence that recent deforestation in the
Amazon frequently occurs on properties already registered in the Rural Environmental
Registry, indicating that the registry alone does not ensure compliance with
environmental legislation [60-62].

In addition, the fragility of environmental enforcement, particularly in remote areas,
may contribute to the maintenance of anthropogenic pressures on natural cover.
Institutional and operational limitations in agencies such as the Brazilian Institute of the
Environment and Renewable Natural Resources (Instituto Brasileiro do Meio Ambiente e
dos Recursos Naturais Renovaveis, IBAMA) and the Chico Mendes Institute for
Biodiversity Conservation (Instituto Chico Mendes de Conservacao da Biodiversidade,
ICMBio), associated with the region’s land tenure complexity, may favor the persistence
of these pressures, including in protected areas [63-65]. In this context, the concentration
of High-High clusters can be interpreted as a result of the combination of agricultural
pressure and limitations in environmental governance.

The analysis also suggests that some of these areas require further investigation
regarding environmental and land tenure regularity, especially considering evidence of
deforestation on formally registered properties and within protected areas [66,67]. This
pattern reinforces the existence of a mismatch between legal instruments and their
practical application, which compromises the effectiveness of conservation policies.
Structural factors, such as geographic isolation, limited monitoring capacity, and
institutional weaknesses at the local level, may also contribute to this scenario [68,69]. In
some contexts, there is also a reconfiguration of territorial arrangements, such as the
fragmentation of collective records in the Rural Environmental Registry, which can favor
processes of land individualization and the intensification of land use [70,71].

In contrast, the results for the Low-Low category indicate an extremely reduced
occurrence of areas compatible with possible natural regeneration in all analyzed
municipalities. The percentages are residual, with Soure and Ponta de Pedras
(approximately 0.0004%) and Muana (0.0002%) standing out, while in the other
municipalities the values are null. The low spatial expression of these clusters, mapped in
Figures 3 and 4 and summarized in Figure 5d, indicates that vegetation recovery processes
are limited in the region, suggesting the continuity of anthropogenic use in previously
degraded areas. This pattern highlights the absence or insufficiency of effective
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environmental restoration initiatives, representing a significant challenge for regional
sustainability. Considering the high ecological relevance of the study area, characterized
by high biodiversity and strategic ecosystem functions, the low representativeness of
areas compatible with natural regeneration reinforces the need for more effective public
policies aimed at native vegetation recovery [72,73].

In addition, the low representativeness of areas compatible with possible natural
regeneration indicates limited landscape resilience, as the persistence of anthropogenic
land uses may reduce ecological recovery over time [9]. In coastal and insular Amazonian
environments, this condition is particularly relevant because natural cover supports
essential functions, such as water regulation, soil stability, biodiversity maintenance, and
habitat connectivity [1,3,73]. Thus, regional sustainability depends not only on the
conservation of remaining natural areas, but also on the control of anthropogenic
expansion and the restoration of strategic areas.

In this context, this study contributes to environmental monitoring in tropical regions
by integrating remote sensing, open data, and local spatial statistics to identify patterns of
stability, anthropogenic pressure, and limited vegetation recovery. This approach
enhances the analytical capacity to identify intertemporal spatial patterns of accumulated
LULC anthropization, supporting the recognition of relevant areas for conservation,
restoration, and territorial planning. By relating environmental patterns to socioeconomic
drivers, such as tourism, agricultural and livestock activities, and human occupation, the
results provide relevant support for environmental planning in sensitive Amazonian
landscapes. Thus, the application of spatially explicit methods reinforces their usefulness
for guiding conservation policies and territorial management, with potential adaptation
to other tropical regions subjected to different levels of anthropogenic pressure.

4. Conclusions

The application of Bivariate Local Moran’s I (LISA) was effective in identifying
spatial patterns associated with accumulated landscape anthropization. By integrating
data from the reference years 1985 and 2023, the method revealed intertemporal spatial
associations compatible with accumulated LULC anthropization. The High-High
category indicated areas where the high presence of natural cover in 1985 was spatially
associated with higher levels of anthropization in 2023, while the Low-High category
highlighted areas of consolidated anthropogenic occupation.

Although anthropized areas increased between the reference years, natural
vegetation remained predominant across much of the region. Areas compatible with
lower anthropogenic pressure or possible signs of natural regeneration showed low
representativeness, indicating that the persistence of anthropogenic land use may limit
vegetation recovery.

Bivariate LISA can serve as a strategic tool for environmental assessment, supporting
future studies and contributing to the formulation of public policies and territorial
planning strategies based on spatial evidence.
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