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As the coastal zone is dynamic and subject to change from both natural and anthropogenic drivers, coastal 
vulnerability assessment is an essential tool for marine spatial planning, adaptation and mitigation of impacts. 
The eastern coastal environments of Marajó Island, the largest river-estuarine island in the world, are partially 
anthropized and vulnerable to erosion due to global (changes in sea level) and local (high-energy conditions on 
a tide-dominated coast) processes. It hosts diverse traditional communities which rely on the ecosystem services 
provided by the coast, as well as growing touristic activity and urbanization on the east coast. Here, vulnerability to 
erosion (Low: 0 to 5; Moderate: 6 to 10; High: 11 to 16) and risk level was assessed on two distinct estuarine beaches 
on the eastern coast of Marajó Island: Praia Grande and Barra Velha. A semi-quantitative analysis considered 
human occupation and natural parameters using remote sensing and in situ data collection techniques. Results 
indicated that Barra Velha beach has moderate vulnerability to erosion (value 10) in the northwestern sector and 
high vulnerability (value 11) in the southeastern sector, due to high erosion rates. These results were more evident 
by a shoreline analysis over a 16-year period (2003 to 2019: ~10 m/year). Praia Grande has moderate vulnerability 
to erosion (value 9) and is a more stable beach. Coastal risk to property and infrastructure was low at Praia Grande 
and at the southeastern sector of Barra Velha, where urbanization is incipient (15% to 17%; and absent, respectively). 
Moderate coastal risk was detected for the northwestern sector of Barra Velha where coastal development  
takes the form of controlled occupation (7% occupancy) due to its location in an environmental conservation area.
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INTRODUCTION
The coastal zone comprises a diverse and 

highly productive geographic space. Its current 

definition has arisen from a system which 
includes the interactions between the atmospheric 
and terrestrial environments, as well as the 
adjacent marine environment (Szlafsztein, 2009; 
Lins-de-Barros and Milanés, 2020). Coastal zones 
are also defined as complex ecological, economic, 
and social systems that result from the interactions 
between natural and anthropogenic activities 
(Lloyd et al., 2013). Traditional, coastal and urban 
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communities must therefore be considered to 
ensure human safety, health, and maintenance of 
socioeconomic activities (Elliott et al., 2014).

Monitoring the coastal zone through integrated 
coastal management is required to mitigate 
impacts such as erosion and its consequences, 
which might be detected and assessed by 
analyzing natural or anthropogenic factors 
(Nascimento and Dominguez, 2009; Silva 
et  al., 2013). Monitoring coastal hazards and 
vulnerability is thus necessary for a proper marine 
spatial planning, considering the multiple uses 
of the coastal areas, and to achieve the Ocean 
Decade goals, such as the fifth outcome: “A safe 
ocean where life and livelihoods are protected from 
ocean related hazards” and the sixth challenge 
“Increase community resilience to ocean hazards” 
(Pearlman et al., 2021; IOC, 2023).

A coastal system’s vulnerability to a particular 
phenomenon is defined as the potential for a 
certain area to be harmed by the impacts derived 
from that phenomenon, and it is quantified by 
comparing the magnitude of the impact with the 
system’s adaptation capacity (Gouldby et  al., 
2009; Bosom and Jiménez, 2011). Vulnerability 
has been addressed in several studies since the 
1940s, leading to a multidisciplinary research 
field dedicated to investigating human populations 
exposed to environmental risks (Iwama et al., 2016).

Several methods and parameters have been 
developed to assess coastal vulnerability to 
different hazards in a wide spectrum of spatial 
and temporal scales, e.g., by analyzing climate 
changes (Abuodha and Woodroffe, 2006; Nguyen 
et al., 2016), sea level rise (Gornitz et al., 1994; 
Pendleton et al., 2010), the resulting coastal erosion 
(Alexandrakis and Poulos, 2014; Parthasarathy 
and Natesan, 2015; Andrade et al., 2019), coastal 
floods (Perini et  al., 2016), and associated high 
energy events (Bosom and Jiménez, 2011).

According to Cutter (2011), erosive coasts in 
less developed places are aggravated by the fact 
that certain populations occupying these coasts 
are often left unsupported by coastal management, 
at risk from natural events. Thus, it is important to 
monitor erosion and the risks associated with it, 
even in sparsely populated areas.

Risk is understood as the probability of direct or 
indirect negative impacts caused by phenomena 

considered dangerous to humans or their property 
(Lins-de-Barros et  al., 2018), and involves the 
imminence of harmful events for populations. 
In vulnerability, this event may not involve pollution. 
Studies show that an area occupied and under the 
effect of coastal erosion is not only susceptible or 
vulnerable, but also at risk.

The eastern coast of Marajó Island presents 
erosion caused by coastal retrogradation 
processes, according to palynological 
and morphodynamic studies (França and 
Souza Filho, 2003, 2006; França et  al., 2007; 
França et  al., 2012, El-Robrini et  al., 2018). 
This part of the island has two cities with different 
characteristics. Soure is on the coastal plain, 
and Salvaterra is mostly on the coastal plateau. 
Consequently, both locations have distinct 
sedimentary deposits (extensive mangroves in 
Soure and an extensive cliff area in Salvaterra), 
as well as different types of human occupation 
(closer to the shoreline in Salvaterra). Additionally, 
we see a trend of growing urbanization in the 
coast due to economic activities such as tourism 
and oil and gas exploration on the continental 
shelf (ANP, 2020).

Although the geomorphology, oceanographic 
processes, and hydrodynamics of the Marajó 
Island beaches have been investigated, studies 
on the risk and vulnerability to erosion are still 
missing. Thus, the present study sought to 
assess the vulnerability to erosion and risk level 
of Praia Grande and Barra Velha beaches on 
the eastern coast of Marajó Island, focusing on 
human interactions and the natural characteristics 
of the tide-dominated estuarine beaches. 
We hypothesize that occupation in Praia Grande 
(Salvaterra) contributes to spatial vulnerability to 
coastal erosion and risk levels, whereas in Barra 
Velha (Soure) oceanographic processes are the 
main responsible.

METHODS
Study area

The Amazon Delta comprises the estuaries of 
the Amazon and Pará rivers, which flow into the 
Atlantic Ocean. The region is influenced by major 
hydrographic basins: the Amazon, the Tocantins-
Araguaia, and the Northern Atlantic Coast basins 
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(Guamá and Capim-Acará). Marajó Island is 
in the middle of the complex estuarine system. 
Its shoreline comprises extensive mangrove areas 
and sandy tides beach (Souza Filho, 2005).

Marajó Island is located between the mouths 
of the Amazon and the Tocantins-Araguaia 
basins, Northern Brazilian coast, with a surface of 
49,000 km² (Barbosa et al., 1974). It is limited by 
the Atlantic Ocean (to the north), the Pará River 
and the Breves strait (to the south), the Amazon 
River (to the west), and Marajó Bay (to the east). 
The island has a semi-diurnal mesotidal range, 
with amplitudes ranging from 2.5 to 3.7 m (Prestes 

et al., 2017), and tidal currents ranging from 1.7 m.s-1 
to 0.27 m.s-1 (El-Robrini et al., 2018). Tide ebb and 
flood periods are 7 hs and 6 hs, respectively, which 
classifies the estuary as asymmetric (Baltazar 
et al., 2011). The study area comprises the beaches 
of Praia Grande and Barra Velha, the coastal 
zone of Salvaterra and Soure, on the eastern 
margin of the island (Figure 1). The main tourist 
beaches of Marajó Island are in these cities, which 
present a diversity of sedimentary environments 
resulting from the action of geomorphological 
processes linked to relative changes in sea level,  
neotectonics, and coastal dynamics.

Figure 1. Map of the study area (Eastern coast of Marajó Island, Brazil). Red lines indicate the 
beaches studied. Sentinel-2A Image from 07/20/2019

Soure’s landscape is characterized by low 
topographic gradients, whereas in Salvaterra the 
coastal plateau approaches the shoreline (França 
and Souza Filho, 2003). Praia Grande, located 
in Salvaterra, is approximately 1.2 km long and 
mostly extends along the foothill of cliffs and rocky 
promontories. Roughly concave, it has a steep 
topographic gradient and medium-grained sands 
derived from the erosion of cliffs and promontories 
reworked by waves (França and Souza Filho, 
2006). It has greater urbanization on the shoreline, 

including hard structures of coastal engineering. 
Barra Velha, located in Soure, is approximately 1 km 
long and is on a low-gradient coast, with muddy 
plains, straight to convex shapes, smooth slopes, 
and very fine, well-sorted sands which border the 
mangroves (França and Souza Filho, 2006).

According to Koppen’s classification, 
the island’s climate in the eastern sector is tropical 
monsoon humid (“Am”) with a mean annual 
temperature of 27 ºC and annual rainfall higher than 
3.000 mm. The rainy season (December to May)  
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has the highest rainfall between February and 
April, and the dry season (June to November) 
has the lowest rainfall between September and 
November (Lima et al., 2005).

Wind, waves, and current dynamics are 
primarily regulated by the weather (equatorial 
climate). Local wave and current patterns are 
also shaped by the physical and sedimentary 
structure of large estuaries that flow into the 
Amazonian coast (e.g., the Pará River) (Ranieri 
et al., 2022).

The main estuary on the eastern coast of 
Marajó Island, the Paracauari River, separates 
the cities of Soure and Salvaterra. During the 
dry period, the influence of marine waters is 
modulated by the tides, with a net flow into 
Marajó Bay of 98.594 m3.s-1. During the rainy 
season, the net flow into Marajó Bay is around 
65.269 m3.s-1 (Ferreira, 2013).

The winds in the Marajó region have a 
dominant northeast direction, with average 
speeds of 7 m.s-1 that varies seasonally. They are 
stronger in the eastern sector compared with the 
western sector due to differences in topography 
and vegetation. Research suggests that the NE 
littoral winds that reach the eastern coast are 
reduced by the coastal vegetation which acts like 
a natural barrier (Lima et al., 2005). 

The north coast is influenced by waves formed 
from the trade winds, which arrive from the open 
sea to Marajó Bay with heights below 1-1.5 m, 
corroborated by data from CPTEC/INPE and 
Oceanweather (El-Robrini et  al., 2018). In bay 
areas, waves generated by local winds break with 
heights of up to 1m and periods of around 8s. 
In low tide conditions, they have a relatively calm 
system, with the presence of small swells inferior 
to 0.3 m in height.

Sampling and data analysis
Methodological procedures included in 

situ data sampling and description of the 
coastal landscape (environmental analysis) to 
assess vulnerability to erosion using a semi-
quantitative method. Two sampling campaigns 
were conducted (September/2019 – dry season; 
and February/2020 – rainy season) on Barra 
Velha and Praia Grande. The beaches were 

divided into two sectors according to the degree 
of human occupation: the relatively urbanized 
northwestern sector, and the preserved 
southeastern sector.

Cross-shore beach profiles (approximately 
150 m apart) were measured during the low 
tide (eight profiles on Praia Grande and seven 
profiles on Barra Velha) using a Topcon ES105 
Total Station and a reflector prism. Topographic 
elevation on high tide and low tide lines was 
processed using Grapher 14 software, enabling the 
projection and overlapping of topographic profiles 
for subsequent sediment volume (Vv) calculation, 
which was used to determine variations in  
foreshore elevation (parameter VII, Table 1).

After observing the existence of stable and 
unstable sediment deposits on the sectors in 
situ (parameter I), the concentration of human 
occupation near the shoreline (parameter II) was 
calculated based on satellite images taken in 2020 
extracted from Google Earth. Total area of each 
beach sector were obtained using ArcGis 10.5, 
extending up to 200 m from the shoreline towards 
the continent, as proposed by Brazilian legislation 
as an ideal condition for non-occupation (Brasil, 
2004). Human-occupied area (m2) was measured, 
and the percentage of occupied area per sector 
was calculated in relation to the total area using a 
simple rule of three.

Natural protective deposits from backshore 
to shoreface and artificial protective structures 
(hard structures) were qualitatively evaluated 
(parameters III and IV). Natural structures/
deposits (III) have the function of minimizing 
local hydrodynamics or providing replacement 
of sediments eroded from beaches. Artificial 
structures modify coastal dynamics (IV) and affect 
sediment exchange with the post-beach.

Surface sediment was sampled simultaneously 
with the topographic profiles and subsequently 
processed in the laboratory. Mean grain size was 
calculated by sieving and the degree of exposure 
to waves (parameter V) was derived using the 
ratio between sediment size and measured 
beach-face slope (Muehe, 2001). Seasonal 
sedimentary changes on the beach face and 
annual changes on the shoreline generate coastal 
erosion or accretion.
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Table 1. Parameters, classes, weights, and definitions for classifying erosion vulnerability, adapted from Dal Cin and 
Simeoni (1994) and Marcomini and López (2007)

PARAMETERS CLASSES WEIGHTS DEFINITIONS

I Stability of sediment deposit 
on the backshore

Stable 0 Inactive cliffs, vegetated dunes, and preserved 
mangroves

Unstable 1 Active cliffs, sand dune scarps, and uprooted 
mangroves

II Human occupation near the 
shoreline

Low 1 Low concentration in the occupied coastal area 
(< 30% of the sector area)

Moderate 2 Intermediate concentration in the occupied coastal 
area (30 to 60% of the sector area)

High 3 High concentration in the occupied coastal area 
(> 60% of the sector area)

III Natural protective deposits 
from backshore to shoreface

Absent 2 Without the presence of natural protection deposits 
(mangroves, dunes, and rocky promontories)

Present 1 Presence of natural protection deposits (mangroves, 
dunes, and rocky promontories)

IV Artificial protective structures 
(hard structures)

Absent 1 Without structures to protect or contain coastal erosion

Present 2 With structures to protect or contain coastal erosion

V Exposure to waves and tidal 
(shoreline position)

Protected 1 Areas protected from the direct action of waves

Semi-exposed 2 Intermediate characteristics between protected and 
exposed beaches

Exposed 3 Areas with a higher incidence of the dominant action 
of waves

VI Shoreline changes

Accretion 0 > 0.5 m/year

Stable 1 0.5 to -0.5 m/year

Erosion 2 0.5 to -1.0 m/year

High erosion 3 > -1.0 m/year

VII Seasonal vertical variations 
in beach profiles

Tendency towards 
accretion 0 Positive sediment balance

Tendency towards 
equilibrium 1 Profiles with erosion and accretion in the same sector

Erosive tendency 2 Negative sediment balance

To obtain shoreline variation rate over 16 years, 
previously orthorectified Landsat ETM 7 satellite 
images taken in 2003, and Landsat OTI 8 satellite 
images taken in 2019 were acquired in geotiff 
format, with UTM (Universal Transverse Mercator) 
map projection, zone 22N, and WGS-84 datum, 
from the Geological Service of the United States 
(https://earthexplorer.usgs.gov). Images were 
selected in low tide conditions, as they do not 
compromise shoreline identification. The images 
were reprojected for zone 22S and improved to a 
spatial resolution of 15 m/pixel using the merge 
of high-resolution panchromatic bands with less 

spatially resolute multispectral bands, a technique 
used for improving visual interpretation.

For each year, a shape (polyline) was 
vectorized following the shoreline obtained from 
the vegetation limit line on Barra Velha beach, 
upper edge of the cliffs, artificial structures and 
vegetation limits in Praia Grande.

All image treatments were performed using 
ArcGIS 10.5. Vectorial data were processed using 
the Digital Shoreline Analysis System (DSAS 4.0) 
extension of the same software (Thieler et  al., 
2017). DSAS allows generating transects (profiles) 
orthogonal to the baseline determined by the user. 
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Shoreline variation rate (parameter VI) is then 
calculated over time based on statistical data. 
Variation statistics in DSAS, the Net Shoreline 
Movement (NSM), was used to show the distance 
(in meters) between the most recent and the 
oldest shoreline; and the End Point Rate (EPR), 
which determines the variation rate between two 
shorelines by dividing the distance of shoreline 
movement by time elapsed (meters per year). 
The latter was the specific parameter (parameter VI) 
used to quantify vulnerability to erosion (Table1). 
To ensure reliable results, the values between 
15 and -15 meters obtained from the corresponding 
NSM were considered shoreline stability since the 
image spatial resolution was 15 meters.

Google Earth images have been employed 
to monitor the evolution of geomorphological 
environments in the years 2006, 2014, 2017, 
and 2019. Image selection started in 2006, 
marking the onset of acquiring high-resolution 
images, which enabled the observation of 
coastline evolution and allowed the correlation 

with oceanographic features like waves, tides, drift 
currents, and sediment dispersion (Dolliver, 2012).

For coastal vulnerability assessment, a semi-
quantitative methodology was adapted from 
models proposed by Dal Cin and Simeoni (1994),  
and Marcomini and López (2007) (Table 1). 
To integrate natural and anthropogenic parameters, 
a weight scale was assigned (0, 1, 2, and 3) 
to all variables, either qualitative or quantitative, 
according to their level of influence on the 
vulnerability to erosion of the studied beaches.

The sum of these parameter weights resulted 
in a scale of erosion vulnerability ranging from 
0 to 16 (Low: 0 to 5; Moderate: 6 to 10; High: 
11 a 16). Risk level (Table 2) was assessed 
for each beach using the shoreline changes 
(parameter VI) and human occupation level 
(parameter II), since erosion indicates hazard in 
the presence of populated areas. As shoreline 
change is a direct indicator of coastal erosion 
and accretion in the study area, it was used as a 
parameter for analyzing the risk level.

Table 2. Classification of risk level

RISK LEVEL SHORELINE CHANGES HUMAN OCCUPATION LEVEL

Low

Accretion Low

Stable Low

Erosion/ High erosion None

Moderate
Erosion Moderate

High erosion Low

High

Erosion High

High erosion Moderate

High erosion High

For a better description and understanding 
of the results regarding vulnerability to coastal 
erosion and risk level, each beach was shown 
in the table with their parameters adequately 
quantified by sector. The map of vulnerability 
to erosion and risk level was created using 
ArcGIS 10.5 through polylines plotted along the 
shorelines of Praia Grande and Barra Velha, 
identifying vulnerability and risk level with 
different colors according to the GPS mapping 
performed on site.

RESULTS
Artificial and natural protective 
structures

Although lacking artificial protection 
structures (parameter IV), Barra Velha has 
uprooted mangroves (Figure 2e and 2f) that 
indicate unstable natural protective structures 
(parameters I and III). Praia Grande does 
not have artificial protection structures in the 
northwestern sector, although active cliffs have 



Coastal vulnerability and beach morphodynamics

Ocean and Coastal Research 2025, v73:e25005 7

Sousa et al.

been replaced by hard structures (seawalls) to 
counter erosion (Figure 3a). Small dune scarps 

were observed in the southeastern sector 
(Figure 3e and 3f).

Figure 2. Artificial structures (A, B, C, and D) in the northwestern sector and 
natural protective structures in the southeastern sector (E and F) of Barra Velha 
beach. Photographs taken 05/02/2021 (B and D) and 09/14/2019 (A, C, E, F)

Figure 3. Artificial structures (A, B, C, and D) in the northwestern sector and 
natural protective structures in the southeastern sector (E and F) on Praia 
Grande beach. Photographs taken 05/02/2021 (A and B) and 9/13/2019 (C-F)
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Human occupation 
Barra Velha had a low human occupation near 

the shoreline. Only 7% of the northwestern sector 
was occupied whereas the southeastern sector 
was unoccupied (Figure 4, Table 3). Since the 
beach is inside a marine protection area (MPA), 
the Soure Marine Extractive Reserve (Soure 
RESEXMAR), only a few wooden restaurants 
are situated on the shoreline in the northwestern 
sector (Figure 2b).

Praia Grande was classified as a beach of low 
human occupation near the shoreline, with 15% of 
the occupied area in the northwestern sector and 
17% in the southeastern sector (Figure 4, Table 3). 

The northwestern sector has approximately 300 m 
of shoreline occupied by bars and restaurants, 
as well as a wall to stop erosion on the waterfront. 
The only building in the southeastern sector is 
a hotel set back approximately 50 m from the 
shoreline (Figure 4).

If the limit adopted for the human occupation 
analysis were changed to more than 200 m from 
the shoreline (for example, 500 m), the result 
would remain unchanged, as the areas under 
study have little expansive urbanization, 
but directly on the shoreline. The low occupancy 
percentage did not significantly affect the degree 
of vulnerability.

Figure 4. Map of human occupation near the shoreline of Barra Velha (left) and Praia 
Grande (right) beaches

Figure 5. Correlation between beach-face slope and grain-size characteristics of the sediment due to wave 
exposure. Average obtained from all beach profiles: Barra Velha (A) and Praia Grande (B). Source: Muehe (2001)
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Table 3. Percentage of human occupation near the shoreline

Barra Velha Praia Grande
NW SE NW SE

Total area (m2) 112.629 76.472 108.761 111.537
Occupied area (m2) 7.887 0 15.772 18.724
Percentage 7 % 0 % 15 % 17 %

Degree of exposure to waves
Barra Velha was classified as a semi-exposed 

beach for both sectors (beach-face slope: 1.17º 
and fine sand: average of 2,4 ɸ). Praia Grande 
was also classified as a semi-exposed beach for 
both sectors (mean slope of 3.75º and medium 
sand: average of 1,3 ɸ) (Figure 5), excepting 
beach profile H (northwestern sector) which 
was classified as an exposed area (near the 
mouth of Paracauari River, with more intense 
wave action).

Shoreline changes 
Over the study period (16 years), the mean 

spatial amplitude was -81.34 m, and only Barra 
Velha retreated, which indicates an erosive 
tendency on the coast (Figure 6). Mean linear 
variation in the northwestern sector was -18.81 m,  
well below the mean linear variation in the 
southeastern sector (-150.2 m). EPR results show 
a mean beach variation rate of -9.93 m/year,  
with -3.15 m/year in the northwestern and  
-9.58 m/year in the southeastern sector (Figure 6).

Figure 6. Shorelines of Barra Velha Beach in 2003 and 2019. Landsat 7/ETM image of 2003 (A) and Landsat 8/OLI 
image of 2019 (B). Annual shoreline development rates measured by End Point Rate (EPR) between 2003 and 2019 (C)

Praia Grande had a mean spatial amplitude of 
-0.54 m from 2003 to 2019, suggesting shoreline 
stability (Figure 7). The northwestern and southeastern  
sectors had mean linear variations of -6.04 and 5.67 
m, respectively. Shoreline variation was extended 
beyond Praia Grande, including the area adjacent 
to the beach (abrasion platform), which extends 
to the mouth of the Paracauari River (Figure 7). 
Considering this larger extension, the mean spatial 
amplitude was -7.49 m. Praia Grande variation 

over the study period was lower compared  
to the rest of the Salvaterra coast, to the northwest.

Mean variation rate in Praia Grande was 
-0.03 m/year, whereas this rate was -0.54 m/year 
in the area encompassed by the beach and the 
abrasion platform to the northwest, suggesting 
erosion in the adjacent area. The northwestern 
and southeastern sectors of the beach had mean 
variations of -0.35 and 0.33 m/year, respectively 
(Figure 7), indicating shoreline stability.
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Figure 7. Praia Grande and adjacent area shorelines on the Paracauari River margins (upstream) in 2003 and 2019. 
Landsat 7/ETM image of 2003 (A) and Landsat 8/OLI image of 2019 (B). Annual shoreline development rates measured 
by End Point Rate (EPR) between 2003 and 2019 (C)

Vertical variations in Beach-Face 
Sediment volume (ΔVv) variation in Barra 

Velha was negative during the transition from dry 
to rainy season in the southeastern sector (profiles 
A-C), indicating a short-term erosive trend. 
In the northwestern sector (profiles D-G) sediment 
volume variation was positive, indicating a trend 
towards equilibrium, as accretion predominated in 

half of the topographic profiles, whereas erosion 
occurred in the other half (Figure 8; Table 4).

Despite the negative values in C and F, 
the sediment volume variation in Praia Grande 
was positive in both sectors during the transition 
from the dry to the rainy period, indicating an 
accretion trend, mainly in the southeast sector 
(Figure 9, Table 5).

Figure 8. Beach profiles of Barra Velha, adapted from Souza and Ranieri (2023). 
Photographs taken on 9/14/2019 (dry season) and 2/13/2020 (rainy season)
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Table 4. Sediment balance (ΔVv) obtained from the topographic profiles of Barra Velha beach. Sector: northwestern (gray) 
and southeastern (white). Vv was obtained from Sousa and Ranieri (2023)

Profiles Season Vv (m3.m-1) ΔVv (m3.m-1)

A
Dry 110

-22
Rainy 88

B
Dry 149

-35
Rainy 114

C
Dry 122

-17
Rainy 105

D
Dry 180

-4
Rainy 176

E
Dry 476

+48
Rainy 524

F
Dry 314

+23
Rainy 337

G
Dry 409

-19
Rainy 390

Figure 9. Beach profiles of Praia Grande, adapted from Souza and Ranieri (2023). 
Photographs taken on 9/13/2019 (dry season) and 2/11/2020 (rainy season)
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Table 5. Sediment balance obtained in the topographic profiles of Praia Grande. Sector: northwestern (gray) and 
southeastern (white). Vv was obtained from Sousa and Ranieri (2023)

Profiles Season Vv (m3.m-1) ΔVv (m3.m-1)

A
Dry 190

+5
Rainy 195

B
Dry 219

+10
Rainy 229

C
Dry 194

-9
Rainy 185

D
Dry 168

+37
Rainy 205

E
Dry 154

+52
Rainy 206

F
Dry 230

-48
Rainy 182

G
Dry 169

+37
Rainy 206

H
Dry 174

+23
Rainy 197

Assessment of coastal dynamics
Analysis of Google Earth images (Figure 10) 

reveals a correlation between both beaches and 
oceanographic features. In the initial year of Barra 
Velha (2006), the shoreline was not detectable, 
with the Araruna channel (purple arrow) serving 
as the primary source of sediment supply. Waves 
(blue arrow) originating from the North reached 
the coast, generating currents (green arrow) that 
transported sediments southward. Afterwards 
(2014), a berm break occurred, likely during high 
spring tides, allowing sediment to advance toward 
the coast and indicating an erosive scenario. 
Simultaneously, the Araruna channel remained 
stable, and a new tidal channel emerged, 
contributing to sediment spreading (purple 
dashed line) in the inter-tidal zone, resulting in 

sediment deposition in Barra Velha. Stratifications 
(purple dashed line) along the beach suggest 
a progradation process like the geomorphology 
observed in deltas. 

In the third year (2017), sediment supply from 
the Araruna channel formed sandy bars through 
sediment accumulation in the inter-tidal zone, 
mitigating waves and tidal energy along the beach. 
A portion of the energy was transported southward 
by drift currents. In the last year (2019), a point bar 
developed northwards of Barra Velha, with the inner 
portion more pronounced than the outer portion due 
to drift currents transporting sediments. Monitoring 
of Praia Grande found no significant changes, 
but the presence of a tidal channel supplied 
sediments to the intermediary portion, fostering 
sediment spreading such as in Barra Velha.



Coastal vulnerability and beach morphodynamics

Ocean and Coastal Research 2025, v73:e25005 13

Sousa et al.

Figure 10. Evolution of geomorphological environments in the northeast portion of Marajó 
Island. Presence of the Araruna channel (purple arrow), the main sediment source for Barra 
Velha, with the incidence of diagonal waves (blue arrow) and presence of the longshore drift 
current (green arrow) (A); the emergence of a delta originating from tidal channel sediments 
and sediment spreading over the coastal region (brown line) (B); the emergence of sandy bars 
and channels that favor sediment exchange (C); development of the point bar and sediment 
entrapment cells due to the influence of the Araruna channel and waves (D); canalization with 
the presence of a delta and sediment transport to the south in Praia Grande (E)

Vulnerability to erosion and  
risk level 

Barra Velha presented two degrees of 
vulnerability to coastal erosion. The northwestern 
sector had  moderate vulnerability and risk 
level, whereas the southeastern sector had high 
vulnerability but low risk level (Table 6, Figure 11). 

Sediment balance was negative in all profiles of 
the southeastern sector, which shows an erosive 
tendency even in a short-period analysis.

Praia Grande had moderate vulnerability to 
erosion for both sectors. Both the northwestern 
and southeastern sectors were classified as low 
risk (Table 7, Figure 11).
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Figure 11. Maps of erosion vulnerability and risk level: Barra Velha beach (A – B, respectively), 
and Praia Grande (C – D, respectively). Modified from Google Earth image (2020)

Table 6. Classification of erosion vulnerability in Barra Velha beach according to determined parameters (I to VII) and risk level, 
based on the vulnerability and human occupation near the shoreline

BARRA VELHA

Sector
Parameter/Weight

Vulnerability Shoreline 
changes

Human occupation 
near the shoreline Risk Level

I II III IV V VI VII Density Level

NW 1 1 1 1 2 3 1 10 (Moderate) High erosion 7 % Low Moderate

SE 1 1 1 1 2 3 2 11 (High) High erosion 0 % None Low

Table 7. Classification of erosion vulnerability in Praia Grande according to determined parameters (I to VII) and risk level, 
based on the vulnerability and human occupation near the shoreline

PRAIA GRANDE

Sector
Parameter/Weight

Vulnerability Shoreline 
changes

Human occupation 
near the shoreline Risk Level

I II III IV V VI VII Density Level

NW 1 1 2 2 2 1 0 9 (Moderate) Stable 15 % Low Low

SE 1 1 2 1 2 1 0 8 (Moderate) Stable 17 % Low Low
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DISCUSSION

Barra Velha
Assessment of different erosion indicators 

revealed a high vulnerability for the southeastern 
sector of Barra Velha, mostly due to shoreline 
retreating trend (mean retreat of 50.2 m 
over 16 years), corroborating the seasonal 
topographic profiles which show sediment output 
on the beach from the dry to the rainy season. 
Each year this loss must be greater than the input 
in the dry period. 

Natural agents (tide and wave) are the main 
controllers of the dynamics in this beach due to the 
propagation of waves along the coast controlling 
sediment transport northwards. Wave action is 
responsible for the beach amplitude configuration 
resulting in less erosion on the northwest sector 
(up to 18.81 m of retraction), partly protected from 
the wave action, whereas the southeast sector 
(up to 150.2 m of retraction) is more exposed 
to the agents, an inference supported by the 
results of the sedimentary balance profiles. 
Likewise, the waves produced longshore drift 
that eroded the right margin of the Araruna 
channel mouth, transporting sediments to 
the south. Kuleli (2010), Traini et  al.  (2012), 
and Hoanget  al.  (2015) also observed intense 
erosion on the shorelines at the mouth of channels 
on other estuarine beaches around the world.

When sediment transport is intense in these 
channels, it leads to sediment accumulation 
in adjacent areas, as the Araruna channel 
contributed with sedimentary supply to developing 
the 2019 shoreline, which is more oblique and 
therefore longer than that of 2003 (Figure 6). 
Sediment transport southeastwards created a 
straight morphology, associated with the increase 
in beach extent.

Google Earth image analyses recorded the 
appearance of a small tidal channel forming 
an ebb delta in front of Barra Velha. Moreover, 
the longshore drift combined with the channel led 
to a decrease in delta deposition and sedimentary 
accumulation to form a sandy bar along the 
beach. This regional setting is characterized 
by lowlands where the tidal force is much more 
influential than the wave force. This phenomenon 

is fundamental to shape the geomorphological 
environment, allowing the growth of mangrove 
trees. During the evolution scenario (Figure10), 
however, the mangroves reduced over time 
due to sediment transport and deposition to the 
southeast, mainly during the rainy period when 
the sediments were more susceptible to transport.

Shoreline change (parameter VI) had the 
highest impact on the final classification of 
both beach sectors at Barra Velha, indicating 
high erosion. We suggest that, besides the 
northwestern sector being classified as moderate 
for vulnerability, the medium- or long-term trend 
is that it might progress to high vulnerability due 
to the expected global sea level rise. Estimates 
show that a two-meter elevation on sea level 
would flood 28% of Marajó Island’s area (including 
Barra Velha). If the increase in sea level reaches 
6 meters, 36% of the island could be flooded 
(INPE, 2016).

These shoreline changes would result in the 
coastal retrogradation of Barra Velha. According 
to França et  al. (2012), these oscillations might 
indicate increased exposure to the influence 
of tides driven by the relative increase in 
sea level, whether it is associated with global 
fluctuations or tectonic subsidence, and/or 
increased river discharge. According to França 
and Souza Filho (2003), França et  al. (2012), 
and Santos et  al. (2016), one of the causes of 
mangrove vegetation regression along the Marajó 
shoreline, especially in Soure, is erosion and 
sand migration towards the continent across the 
muddy sediments of the mangrove (Figure 2c, 
2e, 2f). Sediment deposition in the backshore 
is unstable and as mangrove retreat increases, 
uprooted mangrove becomes evident even on 
the beach face; however, the existing mangrove 
in the shoreline can be considered as a natural 
impediment to even faster erosion rates.

Despite the shoreline retreat in over a 
decade in the northwestern sector, the annual 
sediment balance (vertical variations in beach 
profiles) was even, indicating a sediment input 
during the dry season when a small increase in 
sediment deposition on Barra Velha was noticed. 
Barra Velha beach has limited human occupation 
since it is inside an MPA (Figure 2b and 2d), 
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in compliance with regulations on this activity by 
the federal government (ICMBio, 2018).

Martins et al. (2017), who studied the northern 
sector of the Pernambuco coastal zone (Brazil), 
covering urbanized and non-urbanized beaches, 
considered 7 km of the coast to be highly 
vulnerable. Like Barra Velha (a non-urbanized 
beach), some areas of that sector had low 
population density, but a high shoreline retreat 
rate and higher exposure to local hydrodynamics. 
Conversely, many studies have shown that high 
vulnerability is directly related to anthropogenic 
interventions, ranging from the building of 
restaurants to hard structures for coastal 
protection (Mallmann and Araújo, 2010; Sousa 
et  al., 2013; Martins et  al., 2017; Oliveira Mota 
and Souza, 2017; Shetty et al., 2019). This does 
not seem to occur in Barra Velha, where coastal 
erosion results mainly from natural processes.

Praia Grande
In turn, the erosive effects on Praia Grande 

showed some linkages to human interference. 
This beach presented moderate vulnerability for 
both sectors. Lisbôa (2011) found similar results 
(moderate vulnerability) on the same beach when 
assessing environmental vulnerability in the 
Salvaterra waterfront by seven indicators related 
to changes derived from physical and natural 
factors, and from social or anthropogenic factors.

This moderate vulnerability to erosion was 
due to a group of factors (parameters III, IV, 
and V). Praia Grande is backed by unstable 
natural protective structures (sand dune scarps), 
which were observed discontinuously and not 
extensively. The low occurrence or absence of 
dunes is related both to the larger sand grain size, 
to the natural dynamics of sediment transport 
in this sector, and to the partial deforestation of 
the sandbank vegetation cover due to human 
occupation on these former dunes (Lisbôa, 
2011). A seawall on the waterfront shoreline of 
the northwestern sector (Figure 4a, parameter IV) 
prevents natural sediment exchanges between 
backshore and foreshore, despite the positive 
sediment balance in the transition from dry to rainy 
season (parameter VII) which consequently seems 
to be due to the interaction with the submerged 

portion of the beach. Moreover, Praia Grande was 
classified as semi-exposed to exposed regarding 
wave exposure (parameter V).

Similar to Barra Velha, Praia Grande is 
subject to the influence of wave propagation 
and longshore drift from the northeast. However, 
cliffs in the northeast form part of the coastal 
plateau geomorphological setting. The cliffs 
exhibit instability induced by wave action 
(Muehe, 2006; Szlafsztein and Sterr, 2007). 
On a local scale, the results from profiles C and 
F revealed a negative sedimentary balance, 
potentially attributed to the presence of urban 
structures that disrupt the natural sediment 
dynamics. Despite the influence of these 
anthropogenic elements, other profiles indicate 
a positive balance. This is credited to sediment 
transport from the Paracauri estuary and the 
contribution of sediment from the Caraparu ‘lake’ 
which has developed in a flooded former field.

In a recent study, Andrade et  al. (2019) 
classified some beaches on the coast of São 
Paulo, southeastern Brazil, as having moderate 
vulnerability. Among the analyzed indicators, 
the angle of wave incidence and terrain 
elevation were highlighted. Wave formation was 
an important indicator, as it defines the beach 
exposure level and its response to wave action 
(Andrade et al., 2019). Even though the coast of 
Pará is tide-dominated, the action of waves must 
not be neglected since wave height can reach 
values ​​close to 1 m during the high tide (El-Robrini 
et al., 2018).

Praia Grande was considered stable according 
to the mean shoreline variation rate (-0.03 m/year;  
parameter VI). When comparing the sectors, 
however, we note a slight erosive trend in the 
northwestern sector. This fact might be related to 
the anthropogenic interventions in the first sector, 
such as the building of lodges, restaurants, and the 
contention wall. The area adjacent to the beach 
(mouth of the Paracauari River) had an erosive 
trend (-0.54 m/year) over the years. Around 24% 
of the world’s sandy beaches are undergoing 
erosion at rates greater than 0.5 m/year (Luijendijk 
et al., 2018), many of them at coastal risk.

Risk is directly related to the existence of 
human occupation. Areas in which occupation 
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is nonexistent or low present a low risk, even if 
the natural and/or anthropogenic parameters 
indicate high vulnerability to erosion (Oliveira 
Mota and Souza, 2017). Thus, the studied 
beaches were classified as low to moderate risk 
levels due to low (< 30% of occupied area) or even 
nonexistent occupation. The fact that Barra Velha 
is situated in an MPA probably resulted in low 
human occupation and, consequently, contributes 
to its lower risk in the southeastern sector. 
As for the more populated sector of Praia Grande 
(northwestern sector), the broader the analysis 
area (adjacent region of Paracauari River),  
the higher is the level of expected coastal risk.

Since erosion is affecting mangroves at Barra 
Velha, a possible impact on ecosystem services 
provided by mangroves is expected. Traditional 
coastal communities rely on such services, 
mainly crab extraction and fisheries (Oliveira and 
Frédou, 2011; Gomes, 2012). Erosion progression 
would lead to the migration of artisanal fisheries 
and crab extraction to adjacent areas and its 
unknown consequences. Our results have 
important implications for coastal management, 
marine spatial planning, and even ecosystem-
based fisheries management (Schmidt et  al., 
2019) for the Soure Marine Extractive Reserve 
(ICMBio, 2018), but with potential replication 
through the extensive Amazon coast.

CONCLUSION
Vulnerability to erosion was assessed by 

analyzing human interventions and the natural 
characteristics of two estuarine beaches located 
in Marajó Island, Amazonian coast. Northwestern 
and southeastern Barra Velha had a moderate and 
high vulnerability to erosion levels, respectively. 
The 16-year erosion rate has caused the mangrove 
to retreat due to beach sands advancing over the 
vegetation thereby confirming our hypothesis,  
which emphasizes the greater sedimentary dynamics  
on this beach given its low topographic gradient 
and medium-period shoreline variations, affecting 
the moderate to high vulnerability to erosion. 

In turn, despite presenting more anthropic 
interference that could be enhancing coastal 
erosion, Praia Grande beach showed moderate 
vulnerability. It was considered stable, with a 

slight erosive tendency in the northwestern sector 
partly related to anthropogenic interventions 
in the area. Absence of protective ecosystems 
on the shoreline, replacing artificial structures 
(retaining walls) in the northwestern sector 
were parameters that increased the degree of 
vulnerability in Praia Grande. This reinforces 
that the biggest cause of coastal erosion is the 
high estuarine hydrodynamics on both beaches, 
semi-exposed to waves generated by local winds 
and strong tidal currents.

Although natural forces are preponderant for 
susceptibility to erosion, the coastal risk was low 
to moderate in the beaches due to low occupation 
level near the shoreline.

The present study methodology may be suitable 
for other estuarine areas, specifically regarding 
the morphological changes on beaches, and the 
monitoring of both its natural and anthropogenic 
aspects for coastal management activities. 
We highlight the sensitivity of the methodology 
to anthropogenic variables, as they may result in 
higher levels of coastal vulnerability in urbanized 
areas.

Vulnerability to erosion and risk level are 
important tools for monitoring coastal zones, 
increasing resilience to coastal hazards, as well 
as the dissemination of scientific knowledge 
necessary to advance coastal management  and 
thus contribute to the sustainable principles of the 
Ocean Decade for Sustainable Development.

We highlight the need to collect other physical 
data that complement the present information. 
Our results should be better correlated with 
quantitative data from climate, socio-environmental, 
geological and oceanographic research.
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