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Abstract: Coastal regions are transitional areas between terrestrial and marine environments, with dynamic ecosystems, high
biodiversity, economic productivity, population density and environmental fragility. The Amapa Coastal Zone is 800 km long
and is influenced by atmospheric and oceanographic agents as well as the Amazon River. The study examined the variation
between erosion and accretionary processes and their consequences, such as loss of infrastructure, lack of energy and increased
saline intrusion in communities between the Gurijuba and Araguari rivers, including the Bailique archipelago. The
physiographic characteristics, fieldwork and a multi-temporal series between the years 1992, 2005, 2014 and 2022 were
analyzed. It was identified that 60% of the area presents accretion processes, represented by the formation of muddy banks,
tidal flats and the clogging of the mouth of the Araguari River, while 40% suffers erosion, affecting 14 of the 20 monitored
communities, highlighting the opening of drainages and modification of hydrodynamics. The deficiency in the management
of these modifications has generated isolated and ineffective mitigating actions, aggravating the effects of erosion and wasting
resources. If current trends are maintained, including forecasts of increased extreme weather events and sea level, more losses
will occur, causing irreversible changes in local morphology and hydrodynamics in the short term.

Keywords: Amapa Coast; Erosion; Amazon River; Bailique Archipelago; Monitoring.

Resumo: As regides costeiras sao areas de transigdo entre ambientes terrestres e marinhos, com ecossistemas dinamicos,
grande biodiversidade, produtividade econdémica, densidade populacional e fragilidade ambiental. A Zona Costeira
Amapaense apresenta 800 km de extensao, é influenciada por agentes atmosféricos, oceanograficos e pelo rio Amazonas. O
estudo examinou a variagdo entre processos erosivos e acresciondrios e suas consequéncias, como perda de infraestrutura,
falta de energia e aumento da intrusao salina em comunidades entre os rios Gurijuba e Araguari, incluindo o arquipélago do
Bailique. Analisou-se as caracteristicas fisiograficas, trabalhos de campo e uma série multitemporal entre os anos 1992, 2005,
2014 e 2022. Identificou-se que 60% da area apresenta processos de acres¢ao, representados pela formagao de bancos lamosos,
planicies de maré e a colmatacdo da foz do rio Araguari, enquanto 40% sofre erosdo, afetando 14 das 20 comunidades
monitoradas, destaque para abertura de drenagens e modificacdo da hidrodindmica. A deficiéncia na gestdao dessas
modificagdes tem gerado acdes mitigadoras isoladas e ineficazes, agravando os efeitos da erosao e desperdicando recursos,
caso as tendéncias atuais sejam mantidas, incluindo previsdes de aumento de eventos climaticos extremos e do nivel do mar,
mais perdas ocorrerao, causando mudangas irreversiveis na morfologia e na hidrodinamica local, em curto prazo.

Palavras-chave: Costa do Amapa; Erosao; Rio Amazonas; Arquipélago do Bailique; Monitoramento
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1. Introduction

In recent decades, human activities have become the primary modifying agent of the environment, interfering
with other agents and accelerating broader and more effective transformations in spatial organization. In coastal
regions, these transformations often surpass the natural systems' resilience capacity, destroying environmental
functions and jeopardizing the socio-economic and environmental sustainability of populations (COSTA e
SOUZA, 2009; WATERS et al., 2016).

These areas connect terrestrial and marine environments, where the hydrosphere, lithosphere, atmosphere,
biosphere, and human society interact frequently on different temporal scales. These environments host complex,
dynamic ecosystems with high fragility, significant biodiversity, productivity, population density, and economic
activities. They rank among the most vulnerable areas to climate change (CROSSLAND et al., 2005; NICHOLLS et
al.,, 2007; MUEHE, 2012; DETHIER; HARPER, 2011; MENTASCHI et al., 2018; AUCELLI et al., 2018; CHEN et al.,
2023).

Brazil has one of the world's most extensive coastal zones, with approximately 9,200 km of coastline bordering
the Atlantic Ocean (VILLWOCK et al., 2005). The terrestrial strip encompasses over 400 municipalities across 17
states, with about 111.28 million people living within 150 kilometers of the coast, representing 54.8% of the total
population (IBGE, 2022).

The Amazonian portion accounts for 35% of Brazil’s coastline, extending 2,250 km across the states of Amapa,
Para, and Maranhdo. This region is characterized by high freshwater discharge, particulate and sediment
deposition, atmospheric and oceanic currents, and diverse environments such as estuaries, mangroves, tidal flats,
swamps, beaches, floodplain forests, islands, deltas, dunes, sandbanks, and protected areas. Activities include
livestock farming, mining, fishing, and tourism. These features contribute to the area's high morphological
sensitivity and instability, which drive changes in coastal environments and the evolution of the area (SOUZA
FILHO et al,, 2011; PEREIRA et al,, 2012; MARENGO, 2016; PRESTES, SILVA e JEANDE, 2018; RODRIGUES e
SILVA JUNIOR, 2021).

As a subsystem of the Amazonian coastal zone, the Amapa coastal zone stretches approximately 800 km
between the mouths of the Jari and Oiapoque rivers. It is divided into estuarine and oceanic sectors and comprises
an extensive plain covering portions of 11 of the state’s 16 municipalities. This area is marked by dynamic
interactions among atmospheric, oceanographic, and sediment dispersion agents from the Amazon River, leading
to modifications on a relatively short temporal scale compared to other environments (TORRES, EL-ROBRINI e
COSTA, 2018; ANTHONY et al., 2021; SILVA JUNIOR, SZLAFSZTEIN e BAIA, 2022).

These modifications are governed by the interactive action of tidal processes, waves, and winds, causing
erosion, transport, sedimentation, and seasonal shifts in coastlines. These changes reflect an integrated response to
the coast’s behavior under dynamic processes and agents (SANTOS et al., 2018; SILVA JUNIOR, SANTOS e
RODRIGUES, 2020; ANTHONY et al., 2021).

This study aims to analyze variations in erosive and accretion dynamics and their socio-environmental
impacts on local communities. A semi-quantitative methodology was applied, integrating natural agents and
anthropogenic factors as spatial parameters influencing coastal erosion processes. A multi-temporal analysis was
conducted for 1992, 2005, 2014, and 2022, utilizing remote sensing data and geoprocessing techniques in a GIS
environment.

2. Study Area

The area studied is located in the lower estuarine coastal sector, east of Amapa state, between the mouths of
the Gurijuba and Araguari rivers, including the Bailique Archipelago. It encompasses a perimeter of 2,600 km?,
with a population of over 10,000 residents and more than 52 communities (IBGE, 2022). The local economy is based
on fishing, extraction, and buffalo farming. Access is primarily via the Northern Canal of the Amazon River,
covering a 180-kilometer route from Macapa (Figure 1).
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Figure 1. The area studied.

This region exhibits significant variation in annual precipitation. Estimates from the Climate Hazards Group
InfraRed Precipitation with Stations (CHIRPS) sensor for 1992 to 2022 indicate accumulated rainfall exceeding
2,600 mm, with minimum values below 1,600 mm and an annual average of 2,470.73 mm. The mean annual
temperature is 27°C (Graph 1). Isohyets show monthly precipitation exceeding 400 mm in March and April and
falling below 200 mm during the peak dry season in September, October, and November.
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Graph 1. Estimate of accumulated annual precipitation for the study area.

Revista Brasileira de Geomorfologia. 2025, v.26, n.2; €2599; DOI: http://dx.doi.org/10.20502/rbg.v26i2.2599 https://rbgeomorfologia.org.br/



Revista Brasileira de Geomorfologia, v. 26, n. 2, 2025 4

The area comprises a very low, flat coastal plain characterized by fluviolacustrine and fluviomarine
environments, with alluvial deposits, Pleistocene terraces, and Holocene deposits (TORRES, EL-ROBRINI e
COSTA, 2018). The soil profile includes suborders of Gleysols (Thionic, Melanic, and Haplic), typical of flooded
areas or those subject to tidal oscillation. These hydromorphic soils are poorly developed, highly acidic, and rich
in organic matter and soluble salts (IBGE, 2017).

Vegetation cover consists of alluvial Ombrophilous Forest and Pioneer Formations. Alluvial formations are
concentrated near rivers, extending into the fluviomarine plains. Pioneer formations develop in pedologically
unstable areas with constant sediment deposition, predominantly featuring Avicennia germinans, Rhizophora
harrisonii, and Rhizophora mangle (COSTA NETO e SILVA, 2004).

2. Materials and Method

For mapping variations in erosive and accretion dynamics, the methodological propositions are anchored in
an integrated environmental analysis of natural components, anthropogenic activities, and geoprocessing
techniques. The study was divided into four axes: 1) Data Acquisition, 2) Characterization, 3) Processing, and 4)
Integration of Results (Figure 2).

DATA ACQUISITION CHARACTERIZATION
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Figure 2. Methodological Flowchart Source: Prepared by the authors, (2024).

2.1. Data Acquisition

To characterize the physical environment (geology, geomorphology, pedology, hydrography, and
vegetation), cartographic data from the Brazilian Institute of Geography and Statistics (IBGE) at a 1:250,000 scale
were used. These resources are accessible online at https://www.ibge.gov.br/geociencias/downloads-
geociencias.html.

Given the absence of meteorological stations near the study area, data from the Climate Hazards group
Infrared Precipitation with Stations (CHIRPS) sensor, proposed by Funk et al. (2015) and applied to Brazil by Costa
et al. (2019), were used. These data have a spatial resolution of 0.05° (~ 5 km) and are available at:
https://www.chc.ucsb.edu/data/chirps, in Esri Bil, GeoTiff and NetCDF formats.

Studies indicate that validation for Brazil is reliable data, therefore plausible for use in different purposes
related to climate research, especially in less developed regions or regions with low population density where there
is still a shortage of information from meteorological stations, becoming an option for climate studies for tropical
and subtropical regions (BAYISSA et al., 2017; PAREDES-TREJO, BARBOSA, and KUMAR, 2017; COSTA et al.,
2019).
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To constitute the multi-temporal series, four optical images from the Landsat 5 satellite for the years 1992 and
2005 and from Landsat 8 for the years 2014 and 2022 were selected, on the website of the United States Geological
Survey (USGS) available at https://earthexplorer.usgs.gov/ (Table 1).

The criteria for choosing the images were: 1) low cloud cover, 2) high tide to avoid variations in the detection
of the position of the coastlines in the tidal flats, this control is done by checking the date and time of image capture
combined with data on the tide tables available on the navy website, to verify whether the tide was high or low at
the time the image was taken, and finally 3) level 2 (L2) images. The Landsat Level L2 dataset is the standard
product of TOA reflectance, therefore, no additional preprocessing is necessary as they present acceptable levels
of radiometric calibration and orthorectification (ROY et al., 2014; DWYER et al., 2018).

Table 1. Raster and Vector Database.

IMAGES LANDSAT
orbit . Special NDWI/ Climatic . .
Sensor point Scene period Resolution Bands Conditions Tide conditions
13/06/1992 Beginning
™ 225/059 30 4,2 f th High tid
/ 19/07/2005 m o 1B e
drought
13/08/2014 T
OLI 225/059 12/09/2022 30m 53 drought High tide

The fieldwork includes three trips carried out in the periods (02/09/2021, 06/10/2022 and 25/05/2023) totaling
20 monitored communities: Itamatatuba, Ilhinha, Foz do Gurijuba, Junco, Andiroba, Sao Pedro, Carneiro, Buritizal,
Jaranduba, Vila Progresso, Maced6énia, Marinheiro, Franco Grande, Franquinho, Boa Esperanga, Arraiol,
Livramento, Maranata, Equador and Filadélfia. In these communities, 40cm aluminum markers were installed to
measure the distance from the marker to the shore, and a drone flight was also carried out, model Mavic Mini 2
from DJI.

2.2. Shoreline Data Processing

Data processing was conducted using QGIS 3.10.1. The steps included calculating the Normalized Difference
Water Index (NDWI) to distinguish land from water, binarization, vectorization, noise removal, smoothing, and
fina
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Figure 3. Coastline Extraction Stages. Source: Prepared by the authors, (2024).
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The NDWTI index is derived from the near-infrared (NIR) and green bands. It is used to enhance water in
multispectral images, facilitating the distinction between land and seawater (MCFEETERS, 1996). Bands 2 and 4 of
Landsat-5, and bands 3 and 5 of Landsat-8 were used, where the TOA reflectance value of the green band and the
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NIR band is more suitable in the calculation of NDWI, compared with the raw Digital Numbers (DN), the NDWI
can be calculated directly as:
(band 2 — band 4) (band 3 — band 5)
NDWI gnasats =
(band 2 + band4) (band 3 + band 5)

NDWIgnasats =

Thresholding is the method of merging NDWI and image binarization. It is a conceptually simple technique
that uses a histogram to segment images. In this study, the threshold segmentation method was used (OTSU, 1975).
Recent studies have been using this technique to map changes in coastal areas from Landsat images in temporal
analysis (KULELI et al., 2011; LUIJENDIJK et al., 2018; ZHOU et al., 2023). In QGIS 3.10.1, this process is done
through the Plugin Binarization Threshold plugin.

In this plugin, numerous tests were performed, and to help identify the transition, the line of adult mangrove
vegetation was used as a geoindicator, which remains invariable regardless of the tidal conditions, considering
that mangrove vegetation constitutes one of the best environments for spatial analysis of coastal environments
from orbital remote sensors (SOUZA FILHO and PARADELLA, 2003; FROMARD et al., 2004; CHU et al., 2006;
SOUZA FILHO, MARTINS and COSTA, 2006). The thresholds that presented results closest to the transition
between dry and wet areas are shown in Table 1.

Table 1. Threshold Values Adopted for Edge Detection.

SENSOR LANDSAT 5 LANDSAT 8
YEAR 1985 1992 2005 2014 2022
THRESHOLD Upper: 1,0000 Upper: 1,0000 Upper: 1,0000 Upper: 1,0000 Upper: 1,0000
VALUE Lower: -0.1764  Lower: -0,1652  Lower:-0,1666  Lower:-0.1009  Lower: -0,0551

Prepared by the authors, (2024).

A 1D Gaussian filter was used for smoothing due to the need to reduce the scale and better visualize the
changes, given the spatial resolution of the sensor (MCMASTER and SHEA, 1992). The quantification of the
changes was done using the change polygon method, which represents an alternation of regions that are
undergoing the erosion or accretion process, providing values for the displacements of the coastal segments
(SMITH and CROMLEY, 2012; ALBUQUERQUE et al., 2013).

However, to calculate the average annual erosion rate in the communities, and aiming to obtain information
on a more representative scale, a 200-meter buffer was adopted as a reference. This proposal was necessary due to
the great variation in the extension of the communities, ensuring that all of them have a uniform sampling.

3. Results

3.1. Analysis of Erosive and Accretionary Dynamics between 1992 and 2022

Between 1992 and 2005 (13 years), approximately 53% of the areas were subjected to accretion, totaling 82.39
km?, with an average annual advance rate of 6.4 km?2. Erosion affected 47% of the areas, corresponding to
approximately 72.73 km?, with an average annual retreat rate of 5.6 km?2 Between 2005 and 2014 (9 years),
approximately 55% of the areas were subjected to accretion, totaling 134.35 km?, with an average annual advance
rate of 14.9 km?. Erosion reached 45%, equivalent to 111.87 km?, with an average annual retreat rate of 12.4 km?.

Between 2014 and 2022 (8 years), approximately 60% of the areas were subjected to accretion, totaling 175.82
km?, with an average annual advance rate of 21.9 km?. Erosion reached 40%, approximately 117.23 km?, with an
average annual retreat rate of 14.6 km?2. Between 1992 and 2022 (30 years), approximately 60% of the areas were
subjected to accretion, totaling 277.47 km?, with an average annual advance rate of 9.08 km?. Erosion reached 40%,
equivalent to 181.77 km?, and an average annual retreat rate of 6.06 km?2.

It was possible to observe that, over these thirty years, accretion processes predominated in all intervals, with
emphasis on the period between 2005 and 2014, when the mouth of the Araguari River was filled and a new
configuration of local hydrodynamics occurred (Figure 4).
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Figure 4. Coastline Change Rates between 1992 and 2022. Prepared by the authors, (2024)

An analysis based on the spatialization of the Erosive and Accretionary Dynamics integrated with the
vegetation patterns allowed the delimitation of three zones: 1) Zones with Predominance of Accretion Processes
(ZPPA), 2) Mixed Zones with Erosion and Accretion Processes (ZMPEA) and 3) Zones with Predominance of
Erosive Processes (ZPPE) (Figure 5).

These zones reflect the main changes in the area over the last thirty years, due to the sedimentary dynamics,
the new hydrodynamic configuration, the process of clogging of the mouth of the Araguari River, considering the
physiographic characteristics on a local scale. However, it is worth noting that the trends proposed in these zones
will only solidify if the current conditions remain, and there may be changes, considering that the region is always
changing.

However, it may support government actions for infrastructure projects, community relocation and risk
management policies considering the highly limiting fragility of the area, the scale, the data analyzed and the fact
that it is the only most up-to-date proposal on the subject in the region.
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Figure 5. Map showing accretion and erosion zones. Prepared by the authors, (2024)

3.1.1. Zones with Predominance of Accretion Processes (ZPAP)

In this zone, accretion processes reached 96%, equivalent to 22,970 hectares. Clogging processes, formation of
tidal flats and headland and central bars are observed. Pioneer and alluvial formations predominate, which are
under pressure from intense buffalo farming activities on the banks of the Araguari River and the Igarapé Terra
Grande.

The main highlight is the clogging process at the mouth of the Araguari River, characterized by the formation
of recent sedimentary deposits, represented by headland bars, mid-channel bars, intertidal and flood plains. These
formations result from the forces acting on this estuary (COSTA, 1996).

Calculations performed in this section of the river mouth over the 30 years showed that accretion reached
approximately 99%, equivalent to 16,791.90 ha, with an average annual rate of 559.73 ha. Erosion, which was 1%,
corresponded to 157.83 ha, with an average annual retreat rate of 5.26 ha (Figure 6).

For Silveira (1998), this process is common in the estuaries of the Amapa coast. However, in this portion, the
river is at a lower level than the Southern belt, whose speeds and flow capacities are reduced, facilitating the
deposition of sediments close to the mouth, influenced by the strong combination of marine and river sediment
discharge, in addition to the action of tidal currents and the Amazon River.
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Figure 6. Clogging Process of the Mouth of the Araguari River between 1992 and 2022. Prepared by the authors,

(2024)

In this region of Antiga Foz of the Araguari River, numerous farms were installed, triggering a complete
change in the ecosystem. The Federal Public Prosecutor's Office requested the State Secretariat for the Environment
(SEMA) to adopt appropriate administrative and/or judicial measures to stop the state of degradation. Figure 7
shows images captured during the inspection carried out on May 3, 2023, by SEMA in partnership with the Chico
Mendes Institute for Biodiversity Conservation (ICMBio), which suggest an advanced process of ecological

succession of pioneer vegetation.

Figure 7. Ecological Succession of Pioneer Vegetation in the Filled Region of the Araguari River Estuary. Caption:
(A) Pioneer Vegetation with Fluvial and/or Lacustrine Influence; (B) Farm Fencing; (C) Section of the Old Mouth of
the Araguari River. Source: Souza, 2023.
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On the Franco and Bailique Islands, the extensive tidal flats along the Gurijuba channel, which separates these
islands from the mainland, stand out, in addition to the formations of point bars in the area of contact with the
ocean. Calculations show that the accretion rate is approximately 96%, equivalent to 4502.48 ha, with an average
annual rate of 150.08 ha. Erosion reached 192.56 ha, equivalent to 4%, and an average annual retreat rate of 6.42 ha

(Figure 8).
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Figure 8. Barra Formation Process in Pontais on the Franco and Bailique Islands between 1992 and 2022. Prepared
by the authors, (2024)

If current conditions continue, the islands of Franco and Bailique will probably connect to the mainland. This
hypothesis is supported by the accelerated silting caused by the formation of tidal flats and the succession of
vegetation, which is reducing the channel bed and making access to the communities of Arraiol, Eluzay,
Livramento, Maranata, Equador and Sao Pedro more difficult (Figure 9).

Figure 9. Tidal flats in the process of vegetation succession. Caption: (A) Livramento Community; (B and C) Tidal
flat in the Gurijuba Channel. Source: field data, 2022.
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3.1.2. Mixed Zone with Erosion and Accretion Processes (MZEAP)

In this zone, erosion and accretion processes occur simultaneously with a small difference in variation. The
accretionary areas reached approximately 41%, equivalent to 17.38 thousand hectares, and erosion reached 59%,
equivalent to 24.62 thousand hectares (Figure 10). It is characterized by the predominance of muddy bank features,
tidal flats, pioneer formations with fluvial-marine influence and alluvial formations, and also concentrates a larger
population and commercial activity. Between 1992 and 2022, Curua and Marinheiro totaled 1,134.29 ha of accretion
areas, approximately 53% with an annual rate of 37.81 ha, erosion 1,011.80 ha equivalent to 47% and an annual
retreat rate of 33.73 ha. Faustino Island reached 153.17 ha of accretion, approximately 50%, an annual rate of 5.11
ha, erosion 152.94 ha equivalent to 50% and an average annual rate of 5.10 ha.
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Figure 10. Accretion and erosion process on the islands of Curua, Brigue and Faustino between 1992 and 2022.
Prepared by the authors, (2024)

During this same period, Brigue Island had a total of 26.77 ha of accretion areas, approximately 18%, an annual
rate of 0.89 ha; erosion reached 124.37 ha, approximately 82%, an annual retreat rate of 4.15 ha. REBIO Parazinho
had a total of 214.60 ha of accretion areas, approximately 64%, with an annual rate of 7.15 ha; erosion reached
122.70 ha, equivalent to 36%, and an average annual rate of 4.09 ha.

One of the factors that reflect the small variation between the erosion and accretion rates is the large
contribution of sediments and nutrients received from the Amazon River and the Araguari River, dynamizing the
Gurijuba channel, which are responsible for the formation of muddy banks, colonization and growth of pioneer
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vegetation (Figure 11). Salinity and tidal regime are decisive in the selection of plant species, in addition, the
dynamics of erosion and sediment deposition create favorable conditions for establishment (RAHMAN, 2020).

Figure 11. Muddy Banks with Consolidated Vegetation Succession Process. Caption: (A) Jaburuzinho Community,
(B) Junco Community and (C) Boca Velha Beach.

3.1.3. Areas with Predominance of Erosive Processes (APEP)

In this area, erosion processes have reached approximately 90%, equivalent to 15,350 hectares. The opening
and widening of drainages prevails, with emphasis on the capture of the flow of water from the Araguari River by
the Gurijuba River and the Uricurituba Canal, which previously flowed into the ocean and passed on to the
Amazon River. The predominant vegetation cover is floodplains where buffalo farming is carried out.

Between 1992 and 2022, the Gurijuba River totaled 1,533.54 ha of eroded areas (without considering
tributaries), approximately 95% with an annual rate of 51.12 ha, an increase of 81.91 ha, equivalent to 5%, and an
annual advance rate of 2.73 ha. The Uricurituba totaled 4946.87 ha of eroded areas (not counting tributaries)
approximately 100%, at an average annual rate of 164.90 ha, an increase of 4.52 ha equivalent to an annual advance
rate of 0.15 ha (Figure 12).
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Figure 12. Opening and interconnection of the Araguari, Gurijuba, and Uricurituba rivers between 1992 and 2022.

In 2011, the capture of the Araguari River flow reached approximately 98%, with an average monthly flow
ranging from 190 m3/s (November) to 1916 m?/s (March) (SANTOS et al., 2018) (Figure 13). The increase in flow
speed due to the new hydrodynamic configuration is responsible for changes such as changes in the sediment
balance, flow intensity and currents in the archipelago. The Uricurituba was a small channel used to water animals,
and is currently the largest in this portion. The communities of Junco and Foz do Gurijuba are also located here,
both with the highest rates of erosion processes, ranking first and second, respectively.

Figure 13. Mouths of the Gurijuba and Uricurituba Rivers. Caption: (A) Mouth of the Uricurituba River and (B)
mouth of the Gurijuba River. Source: field data, 2022.
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3.1. Impactos nas Comunidades Locais

The impacts on communities are associated with erosion processes. Of the 20 communities monitored, 15 are
suffering from erosion, which has caused the loss of homes, schools, businesses and lack of electricity. More
recently, with the new configuration of local hydrodynamics, saline intrusion has intensified, and consequently
the scarcity of drinking water. Among the communities most affected by erosion are Junco, Foz do Gurijuba, Escola
Bosque, Ilhinha, Macedoénia, Itamatatuba, Boa Esperanga and Vila Progresso (Graph 2).
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Graph 2. Average Annual Rate of Erosion and Accretion in Communities between 1992 and 2022.

In this study, the stretch of the Bosque School and the Ilhinha community, both located on Curua Island
(Figure 14), deserve to be highlighted. The stretch of the school is approximately 1 km long and has the third
highest erosion rate, with an estimated average annual rate of 1,046.4 m?/year and a linear rate of 10.2 m/year.
Opened in 2011, the school was set back approximately fifty meters from the shore. In 2022, the last block was
compromised. The government is studying a suitable location for the construction of the new school.

In turn, the Ilhinha community is 0.5 km long and has the fourth highest rate of erosion processes, with an
estimated erosion rate of 819.0 m?/year. The linear erosion rate at this point is estimated at 6.4 m/year. In this
location in 2017 the bridge that crosses the community was 27 meters from the bank, however, in 2022 it was
reduced to around 3 meters, as a result of which many houses are being built on the banks of the nearby stream.

out/2022 |

o
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Passarea e Arvores destruidas

Figure 14. Structure of the Bosque School and Itamatatuba Community.
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The communities of Macedo6nia and Progresso are located on the islands of Brigue and Curua, respectively
(Figure 15). Macedoénia is approximately 1.6 km long and has the fifth highest erosion rate, reaching an average
annual rate of 887.5 m?/year and a linear rate of 10.55 m/year. Vila Progresso is approximately 1.5 km long and has
the eighth highest erosion rate, reaching an average annual rate of 501.4 m?/year and a linear rate of 10.2 m/year.
Both are the most influential in the archipelago in terms of size, population and local economy.

Comunidade Maceddnia
~ liha: Brigue

Jan/2017 Jan/2018

Figure 15. Community of Vila Progresso and Macedonia.

The communities of Itamatatuba and Boa Esperanca are located on the islands of Curua and Brigue,
respectively (Figure 16). Itamatatuba is approximately 0.5 km long and has the sixth highest erosion rate, an
estimated rate of 819.0 m?/year, and an estimated linear erosion rate of 5.25 m/year. In 2017, the structure of the
school, health center and ice factory were set back approximately 2 to 4 meters from the shore; in 2022, they were
also washed away by erosion.

Boa Esperanga, on the other hand, is 0.4 km long and is in seventh place with the highest rates of erosion
processes, with an average annual rate of 633.49 m?/year and an estimated linear rate at this point of 2.4 m/year.
At this location, the structure of the old school was washed away by the waters in a period of 5 years, with the new
buildings being set back from the shore.

Figure 16. Community of Itamatatuba and Boa Esperanca.

Although the archipelago has been part of the National Interconnected System (SIN) since 2015, the lack of
electricity and the scarcity of drinking water are recurring problems, due to the constant ruptures in the electrical
grid due to fallen poles, which has led local residents to use a hybrid system (energy from the concessionaire,
photovoltaic, diesel system). This integration has helped supply local businesses for food preservation (Figure 17a,
b, c).
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During the dry season, with the new configuration of local hydrodynamics, saline intrusion has intensified,
and consequently the scarcity of drinking water. Surface measurements identified the highest salinity levels in the
communities of Filadélfia, Maranata, and Equador, located further inland, directed by the current coming from the
Atlantic Ocean (SILVA JUNIOR, SZLAFSZTEIN and BAIA, 2022). In response, the assistance measures adopted
by the state government have focused on the distribution of mineral water, basic food baskets and water tanks for
rainwater collection, storage and primary treatment (Figure 17d, e).
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Figure 17. Energy Distribution and Water Collection System. Caption: (A) Electric Pole being carried away by

erosion; (B) Photovoltaic Energy System; (C) Diesel Electric System; (D) Rainwater Collection System, Maranata
Community; (E) Desalination Plant, Franquinho Community. Source: field data, 2022.

It is worth noting that in estuaries, saline intrusion causes changes in water density, increased turbulence, and
changes in sediment circulation and mangrove distribution. These combined effects can lead to increased erosion
and habitat loss, especially in mangrove areas, which play a fundamental role in coastal protection, reproduction,
feeding, development and refuge for species (CAPO et al., 2006; DANIAL et al., 2021).

4. Discussion

Short-term morphological changes in coastal and estuarine environments are associated with the integrated
action of natural agents and anthropogenic factors. These processes and modifications are exacerbated by climate
variations and have been widely studied in several regions of the world.

Jolivet et al. (2018) identified, through geospatial analyses and historical data, that the interaction between the
sediments of the Amazon River and regional ocean currents contributes to high variability in the position of the
coastline on time scales ranging from decades to months on the northern coast of South America. For Talke and
Jay (2020), human activities play an important role in increasing tidal amplitude and flooding patterns in some
estuaries, exacerbating the risk of flooding and changes in local hydrodynamics.

Zhang et al. (2022) examining the interactions between natural processes (water flow, sedimentation, and sea
level rise) and human interventions (dam construction, dredging, and urbanization) in the Yangtze and Mississippi
River deltas identified similarities in wetland loss and coastal erosion largely due to reduced sediment transported
by rivers due to upstream human activities.

On the Amazon Coast and in the Amapa Coastal Zone, the high dynamism of the region is attributed to
pressures from local agents (atmospheric, oceanographic and Amazonian hydrography in the form of water
discharge, solid and sediment plumes) and global agents such as climate change, which causes great morphological
instability, responsible for changes in the configuration of coastal environments and coastal ecosystems, and
consequently in the evolution of this area on a small time scale (BATISTA et al., 2009; SILVA JUNIOR et al., 2021).
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The action of atmospheric agents influences the great variation in the precipitation and flooding regime,
especially the ITCZ, a band where the northeast trade winds meet the southeast. These winds change direction
throughout the year, blowing from the east between October and December, and from the northeast, between
January and March. During the dry season, there is a reduction in the flow and discharge of rivers, facilitating the
entry of the saline wedge along the estuary, and during the rainy season there is greater soil saturation and an
increase in the flow of rivers, intensifying erosion (SALATI and MARQUES, 1981; LENTZ, 1995; VARE]AO—SILVA,
2006; VALLE-LEVINSON, 2017; FASSONI-ANDRADE et al., 2022).

Oceanographic agents act through the circulation of waves, currents, the macrotidal regime with variable
amplitudes that decrease towards the Guiana Coast and the difference in the physical and chemical properties of
the water. Because it is a shallow water coast, waves undergo changes in direction such as reflection, refraction
and diffraction, conditioning the energy flow (magnitude and direction) resulting in the establishment of coastal
circulation patterns, reworking and redistributing unconsolidated sediments perpendicularly or longitudinally
along the coastline, causing the loss of wave energy and morphological changes in the beachline (SILVEIRA and
SANTOS, 2006; SANTOS, MENDES and SILVEIRA, 2016; SANTOS et al., 2021; SILVA; SILVA JUNIOR; BAIA,
2022).

The Amazonian forcing acts in the form of water, solid and sediment plume discharge. Water discharge refers
to the average annual flow of approximately 209,000 m3/s, which corresponds to 18% of the total continental
freshwater discharged into the oceans, with maximum values in May (220,000 m3/s) and minimum values in
November (100,000 m3/s). Solid discharge is responsible for the high content of suspended material, being highest
in February/March and lowest in October/November, with an estimated supply of 1.2 x 109 tons/year (MEADE et
al., 1985; MULLER-KARGER et al., 1988; NITTROUER et al., 1995; RANIERI and EL-ROBRINI, 2016).

In turn, the sediment plume is influenced by the high water and sediment discharge (dissolved and
particulate) which mixes with the saline waters of the Atlantic Ocean, whose length and thickness vary according
to seasonality, extending for 150 to 200 km towards the ocean, and can reach between 100-500 km, supplying
sediments on the inner continental shelf (NITTROUER et al., 1991; LENTZ and LIMEBURNER, 1995). According
to Geyer et al. (1996), the estuarine plume reaches varied speeds, 83 cm/s on the middle continental shelf and 46
cm/s on the inner continental shelf; however, it decreases from 46 cm/s at a depth of 32 m to 11 cm/s at a depth of
62 m (MUEHE, 1995; ALLISON et al., 1995; SANTOS, 2006).

In the study area, Aratjo and Rossete (2023), when superimposing use and coverage, observed that the high
fragility of the area is impacted by buffalo farming activities and hydroelectric plants. Santos et al. (2018) Silva
Junior et al. (2021) highlight that the magnitude of the effects of these activities is due to the physiographic
characteristics, linked to the recent nature of the Quaternary deposits, hydromorphic soils with excess moisture
and low load-bearing capacity due to the inconsistent substrate, sensitive to cattle trampling.

Bubalo farming is the main economic activity and has generated numerous discussions about changes in the
morphology of the terrain, with the formation of trails, ramps, ravines and ditches, altering the vegetation cover
and water quality parameters. This argument is solidified when compared to the coast of Pard, where this practice
has been developed for longer and with greater expressiveness, however the effects are smaller considering the
differences in the lithological characteristics (FRANCA and SOUZA-FILHO, 2003).

In turn, the dams of the Cachoeira Caldeirao, Ferreira Gomes and Coaracy Nunes Hydroelectric Power Plants
installed in the middle course may have influenced the process of clogging the mouth of the Araguari River. Studies
carried out on the Nile and Colorado rivers (MILLIMAN and SYVITSKI, 1992; BEST, 2019), Yenisey
(BOBROVITSKAYA, ZUBKOVA and MEADE, 1996), Ebro (BATALLA, GOMEZ and KONDALF, 2004), Danube
(HUDEK, ZGANEC and PUSCH, 2020), Yellow and Yangtze (WANG ET AL., 2007; LUO, YANG and ZHANG,
2012; YANG et al., 2017; REN et al., 2021), Mississippi (MEADE, 1996) and Powder (SYVITSKI and KETTNER,
2007) have identified that clogging and erosion processes are more intense in regions where these projects are
installed, which develop changes in river flow patterns, loss of sediment transport capacity, changes in the
geometry and hydrology of the river, creating imbalances in areas that were previously dynamic and had constant
sediment flow.

This article provides a summary of the particularities, characterization of the dynamics and agents responsible
for the morphological changes in the lower estuarine coastal sector, mapping the areas with the highest rates of
erosion and accretion based on temporal and evolutionary analysis. The environmental impacts on local
communities, the activities carried out and the physiographic vulnerability are also discussed, highlighting the
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actions already taken by the government with a view to assisting in the selection of the best solutions, with
integrated coastal management and engineering works, in the mitigation and adaptation of damages resulting
from coastal dynamics.

5. Conclusions

The lack of management of the impacts resulting from processes affecting the coastal zone of Amapa has led
to isolated and inappropriate mitigation actions, which has contributed to the worsening of the effects of erosion
and the waste of public financial resources. Although the government has acted with social assistance actions,
emergency and calamity decrees, little progress has been made in terms of creating specific public policies to
address this problem in the study area.

These policies need to be planned with long-term actions, adopting holistic approaches and prevention and
adaptation measures, integrating risk management, urban planning, multiple uses of the coastal zone, sustainable
development, social and economic inclusion, recognizing the importance of preparing for future challenges in
order to protect communities and preserve local biodiversity.

It is worth noting that if current trends continue, including the forecasts of increased extreme weather events
and relative sea level rise, more losses of property and land will occur, leading to irreversible changes in
morphology, local hydrodynamics, and resulting problems, in an increasingly shorter time frame.

This trend represents the future of facing severe difficulties and conflicts in maintaining local socioeconomic
activities and, equally, of populations that continue to move their homes away from the banks or take shelter in
creeks without any technical guidance or prior study by the government. This has been triggering new losses and
forcing residents to increasingly choose to leave this region, reducing the number of inhabitants over the years.

In order to have good future prospects, it is necessary to create adaptation measures, implement policies,
invest in studies for continuous monitoring of processes and activities developed on the coast, and establish
indicators for assessing risk and vulnerability of people/goods/ecosystems on a local scale. These studies require
the collection of information on sediment balance, bathymetry, currents, waves, winds, tides and sea level rise,
which are still scarce, which makes the problem even more serious.
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