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Abstract

This study aimed to evaluate how tidal modulation influences breaking waves on a macroti-
dal beach along the Amazonian coast under varying climatic conditions. The study utilized
medium-term data (2006-2018) from national and international institutions and short-term
data (2012-2014) from in situ measurements at Ajuruteua Beach. Offshore winds and
waves, predominantly from the northeast, were influenced by severe storms associated
with La Nifia and El Nifio events. During these periods, wave heights exceeded 5 m, with
wave periods ranging from 12 to 20 s. Tidal fluctuations (typically 5.0-6.0 m) modulated
nearshore wave heights and periods, with variations determined by offshore conditions
and climatic influences. Wave heights decreased from 2-5 m offshore to 1-2 m nearshore.
At low tide, sandbanks dissipated wave energy, resulting in significantly smaller breaking
waves (0.1-0.5 m) compared with high tide (1-1.8 m). The northern part of Ajuruteua Beach
experienced a progressive retreat, with a total area loss of 0.15 km? and a shoreline retreat
of 0.360 km between 2007 and 2021. The combination of high hydrodynamic energy and
unregulated development led to the destruction of 43 buildings between 2007 and 2013 and
an additional 44 houses between 2013 and 2021 within the intertidal zone. Moreover, the
absence of coastal management strategies has exacerbated erosion, underscoring the urgent
need for planning and regulatory frameworks. Based on the findings of this study; it is
recommended that land use be regulated and both short- and long-term physical processes
be systematically integrated into future coastal protection planning.

Keywords: natural conditions; anthropogenic activities; erosion issues; Amazonian beach

1. Introduction

Coastal processes are governed by various physical drivers, including tides, waves,
currents, riverine discharges, winds, and rainfall, operating at local, regional, and global
scales [1-3]. A standardized understanding of these processes and their variability is
essential for recognizing both spatial and temporal changes [4-7]. At a global scale, studies
on these processes have primarily focused on microtidal (tidal range <2.0 m) and, to a lesser
extent, mesotidal (tidal range between 2.0 and 4.0 m) beaches [8,9]. However, macrotidal
beaches (tidal range >4.0 m) require further investigation, particularly regarding the tidal
modulation of wave breaking [10,11].

Coasts 2025, 5, 29

https://doi.org/10.3390/ coasts5030029


https://doi.org/10.3390/coasts5030029
https://doi.org/10.3390/coasts5030029
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coasts
https://www.mdpi.com
https://orcid.org/0000-0002-3494-3248
https://orcid.org/0000-0003-2598-1864
https://doi.org/10.3390/coasts5030029
https://www.mdpi.com/article/10.3390/coasts5030029?type=check_update&version=2

Coasts 2025, 5, 29

20f 16

Throughout the tidal cycle, tides can influence wave breaking when large subtidal or
intertidal features, such as sandbanks, mudbanks, flats, or coral reefs, are exposed in the
nearshore area [11,12]. During low tide, waves break over these environments, allowing
only locally generated short-period wind waves to reach the shoreline. As the tide rises,
longer-period offshore waves cross the deeper sandbanks and move toward the shoreline,
registering the highest wave heights and periods [13,14].

The Brazilian Amazon coastline is macrotidal and remains protected by nearshore
sandbanks during low tide. However, during high tide in spring tidal periods—when
the difference between high and low water is at its maximum, following a new or full
moon—wave energy (with significant wave heights near 1.8 m) results in the loss of coastal
infrastructure and the degradation of dunes and mangrove forests [15-17].

Additionally, this coastal region is particularly sensitive to climatic events such as El
Nifio, La Nifia, and drought. These events result in extreme climatic conditions, either
causing severe droughts or intense rainfall, driven by variations in sea surface temperatures
in the Tropical Atlantic Ocean (drought event causing drier conditions) or the Tropical
Pacific Ocean (El Nifio event causing drier conditions or a La Nifia event leading to
increased flooding) [18-23].

This situation is particularly concerning given the ecological uniqueness and richness
of coastal ecosystems and landscapes, as well as the lack of studies on local coastal dy-
namics [15,16]. This knowledge gap becomes critical in light of the environmental and
socioeconomic challenges faced in the region—such as coastal erosion and climate change—
whose impacts extend beyond regional boundaries and carry global significance. Within
this context, episodes of coastal erosion have been observed across several Amazonian
beaches, primarily in regions affected by unregulated development, driven by the area’s
intense hydrodynamic energy and climatic conditions [24,25].

Ajuruteua, one of the most frequented recreational oceanic beaches in the Amazon, has
faced documented erosion challenges since the 1990s [26-28]. Despite several mitigation
initiatives aimed at protecting infrastructure and preserving coastal ecosystems, these
efforts have had limited success. One such initiative was the construction of a seawall along
the Ajuruteua beachfront in 2021. However, erosion remains a persistent issue, particularly
during equinoctial spring tides, with periods of the largest tidal range occurring in March
and September when the sun and moon align with the equator. Currently, the study area
lacks a formal beach management plan, leaving these issues unresolved.

Based on these findings, this study emphasizes the necessity for governmental au-
thorities to enforce regulations on local territorial occupation to mitigate environmental,
social, and economic risks and conflicts. Additionally, it highlights the importance of
incorporating physical processes, both short and long term, into future coastal protection
and development initiatives. In this context, the primary objective of this study is to assess
the effects of tidal modulation on breaking waves at this recreational macrotidal beach,
considering different climatic conditions. Given the lack of data on tidal modulation in the
region, this study provides valuable insights that can support future beach management
plans for Ajuruteua and for other Amazonian beaches with similar characteristics.

2. Materials and Methods
2.1. Study Area

The study area lies in the northeast of the state of Pard, specifically within the munici-
pality of Braganga between Maidu and Caeté bays (00°46'-1°00’ S and 46°36'—46°44" W) in
the eastern Brazilian Amazon. This coastal stretch encompasses five beaches—Pescadores,
Ajuruteua, Farol, Chavascal, and Bui¢ucanga—Ilocated on a coastal island framed by the
Caeté River and Taperagu estuaries. The area features extensive dunes, approximately
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25 km of mangrove forest dominated by three mangrove species (Rhizophora mangle L.,
Avicennia germinans L., and Laguncularia racemosa (L.) C.E. Gaertn) [29,30], salt marshes, and
other coastal environments intersected by creeks and tidal channels [31].

The region experiences a humid equatorial climate, with an average annual rainfall
of approximately 2500 mm, 75-85% of which occurs during the rainy season, spanning
from January to June. The peak rainfall typically occurs between March and May [32]. In
contrast, the dry season lasts for the remaining six months, with the driest period falling
between September and November. Seasonal variations also affect wind direction and
speed. During the dry season, stronger northeasterly winds dominate, with mean monthly
speeds ranging from 2.5 to 4.5 m s~! and peaks reaching 7.0 to 9.5 m s~!. In the rainy
season, winds are weaker and come from various directions, with average monthly speeds

between 1.5 and 3.0 m s~}

, increasing to a maximum of 4.0-7.0 m s~ 1[32].

The main local hydrodynamic features include tidal elevations ranging from 4 m (neap
tide) to 6 m (spring tide) over semi-diurnal cycles [33]. The macrotidal regime generates
strong tidal currents with speeds typically reaching 1.5-2.0 m s~ !, following bidirectional
flow patterns which depend on the tidal cycle (flood or ebb tide) [34]. Wave heights are
attenuated from 3—4 m in deep waters to 1-2 m in nearshore areas, with wave energy
modulation influenced by local nearshore sandbanks [11].

Ajuruteua in particular is characterized by a barrier beach ridge that forms an arc along
the NW-SE direction (Figure 1) with two distinct sectors: northwestern and southeastern.
The beach is sandy (composed of fine to extremely fine sand) with a rather low slope and
exposed to high local hydrodynamic energy [15]. The NW sector exhibits more pronounced
erosive characteristics. The Caeté-Taperagu Marine Extractive Reserve encompasses four
of Braganca’s beaches; however, Ajuruteua Beach is excluded from the strict protection
policies of this sustainable-use conservation unit. There, fishing and tourism constitute the
primary economic activities. However, insufficient planning and the absence of effective
municipal management have resulted in various environmental and social challenges, such
as the destruction of buildings and infrastructure, as well as the degradation of dunes and
mangrove ecosystems [15,25].

2.2. Methodology

This study employed two distinct approaches. The first was based on a medium-term
data series (2006-2018) obtained from national institutions, including the Brazilian Institute
of Meteorology (INMET), the National Waters Agency (ANA), and the Hydrography and
Navigation Center of the Brazilian Navy (CHN), as well as from international organizations,
such as the National Oceanic and Atmospheric Administration (NOAA). The second
approach involved short-term in situ data collection of tides and waves at Ajuruteua Beach
conducted between 2012 and 2014. The choice to obtain this data between 2006 and 2018
was due to the occurrence of important climatic events during that period. Another reason
for selecting this timeframe was the availability of reliable data from some of the surveyed
institutions, as certain stations ceased operating after 2019.

Hourly offshore wind intensities (both average and maximum) and directions, as
well as offshore significant wave heights Hys (average height of the highest one-third of
all waves measured), periods T}, (defined as the wave period associated with the most
energetic waves in the total wave spectrum at a specific point), and directions 6, were
obtained from the National Data Buoy Center (NDBC) which holds data from the NOAA
(station 41041). Correlations between offshore wind and wave conditions from 2006 to 2018
were analyzed to identify seasonal variations. Additionally, the Oceanic Nifio Index (ONI)
data, indicating El Nifio and La Nifia intensities, were acquired from the NOAA for the
same period, with events classified according to [22] and government sources [32,35].
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Figure 1. Study area focusing on (A) South America, (B) the Brazilian Amazon coastline, (C) the
Bragantinian Peninsula, including the Caeté and Taperacu estuaries as well as Braganca city, (D) Aju-
ruteua Beach, (E) unregulated development within the intertidal zone of Ajuruteua Beach, and
(F) erosion in the waterfront area of Ajuruteua Beach. The red circle in Figure 1D marks the location
of the oceanographic station.

Monthly precipitation data from 2006 to 2018 were collected by the INMET from a
meteorological station in Tracuateua (1°3'36” S and 46°52'12" W), situated 36 m above
ground and approximately 17 km west of Braganca. Fluvial discharge records for the Caeté
River spanning the same period were sourced from the ANA gauge station (1°2529” S and
46°51'2" W) at Nova Mocajuba, located about 23 km upstream from the upper sector of the
Caeté estuary [36].

Tidal elevation corrections were applied based on the reduction level, set at 2.75 m for
the Salin6polis station (0°36'53" S and 47°21'11” W) according to the Hydrography and
Navigation Center of the Brazilian Navy (CHN).

Hydrodynamic data, including the tide elevation, significant wave height (Hs), and
wave period (T}), were gathered in situ during 10 field campaigns conducted between 2012
and 2014. These campaigns lasted between 25 and 168 h and encompassed four distinct
scenarios (Table 1). Hydrodynamic data were collected using a bottom-mounted mooring
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positioned at 0°49'41” S and 46°36'10” W at a depth of 4.7 m below the mean water level
(MWL), to which wave and tide data loggers (TWR 2050) were attached. Wave sampling
was conducted using 512 samples at a burst rate of 4 Hz, with 10-min sampling periods.
Tidal water level data were recorded every 2 s, with mean values calculated every 10 min.

Table 1. Natural characteristics during field campaigns.

Season Natural Conditions and Months

- When river discharge begins to rise and aligns with equinoctial tides, it

Rainy typically occurs during March and April.
- When the peak of river discharge reaches its highest values, it typically
occurs during May and June.

Dry - When river discharge decreases and aligns with equinoctial tides, this

typically occurs in September and October.
- When local river discharge reaches its lowest levels, it is usually observed
in November and December.

Satellite images obtained from DigitalGlobe were extracted using Google Earth (GE)
software to monitor coastline changes over different periods (5 June 2007, 28 April 2013, and
7 September 2021). Vegetation, dunes, and built structures were visually interpreted and
used as reference markers to define the shoreline in each image. A different color was used
for each year to better visualize the differences between them. Polygons were drawn in GE
to estimate erosion rates and beach retreat over three time intervals (2007-2013, 2007-2021,
and 2013-2021). Colored pins were added to indicate houses that were destroyed in 2007
and 2013 or at risk of destruction in 2021. This information helped further clarify the
erosion processes. The available images depict the beach during high tide in 2007 and 2013
and during low tide in 2021.

3. Results
3.1. Forcing Mechanisms

This section provides an analysis of the wind intensities and directions, offshore
significant wave heights and periods, rainfall patterns, Oceanic Nifio Index (ONI), fluvial
discharge rates, and tidal oscillations. Offshore forces indicate that winds and waves
predominantly originated from the northeast (45° < § < 120° N) throughout most of the
study period, accounting for 90% of the winds and 70% of the waves. The average and gust
wind speeds for these directions were 6.8 = 1.8 m s~! and 8.3 & 2.1 m s}, respectively.
These winds generated significant wave heights (Hos) of 2.0 & 0.5 m, with associated wave
periods of 9.0 £ 2.0 s.

Seasonal analysis revealed that the gust wind speeds were 11% higher during the
rainy season (9.2 + 1.6 m s~ !) compared with the dry season (Figure 2). Consequently, Hos
increased by approximately 10% during the rainy season (2.1 & 0.4 m), accompanied by
wave periods of 9.4 £ 1.9 s. Figure 3 highlights severe storm events recorded in 2007, 2009,
2011, and 2017, where the average and gust wind speeds exceeded 20 m s~!. These storms,
occurring during La Nifia conditions, were associated with Hys exceeding 7 m and wave
periods typically ranging between 12 and 20 s. In 2015, during a strong El Nifio event, the
gust wind speeds also exceeded 20 m s~1, while Hys remained below 5 m (Figure 3).
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Figure 2. Box plot of wind speed (A) and wave height (B) in rainy and dry seasons and seasonal
wind and wave directions (6 °N), as well as a histogram (%) (C) of the wind speed classes (rainy (D)
and dry (E) seasons) and wave height (rainy (F) and dry (G) seasons) from the NOAA (station 41041)
for the period of 2006-2018.
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Figure 3. Offshore (A) wind (intensity in m s~ 1) and (B) wave (height (m) and period (s)) conditions
between 2006 and 2018. The circles mark the maximum values in the dataset.

These climatic events are clearly evidenced in the precipitation and river discharge
records. Between 2008 and 2009, an intense La Nifia event occurred (Figure 4), driving
rainfall levels to 3284.3 mm in 2009, 31.34% higher than the average rainfall recorded
between 2006 and 2018. In 2010, a moderate El Nifio event was accompanied by a drought
event, leading to a 13.44% decrease in rainfall compared with the 2006-2018 average.
Another moderate La Nifia episode was observed in 2011, resulting in a 14% increase
in regional rainfall levels. In 2012 and 2013, an intense and prolonged drought event
occurred, leading to a 45% reduction in rainfall in 2012 and 40% in 2013 compared with
the 2006-2018 average. A significant El Nifio event took place from the latter half of 2015
through November 2016, leading to a 14% reduction in rainfall in 2015 and a 21% deficit in
2016 (Figure 4).

River discharge rates showed a direct correlation with rainfall levels, as shown in
Figure 5, which highlights the impacts of seasonal variations and climate events. During
the first half of the year, elevated rainfall levels significantly boosted the discharge rates of
the Caeté River. Conversely, in the second half, lower rainfall levels resulted in reduced
river discharge. Regarding climate events, the intense La Nifia episode of 2008 and 2009
led to significant rainfall. In May 2009, the rainfall level reached 849.7 mm, and the river
discharge of the Caeté River was 127.7 m3 s~!. This event’s impact was also observed in
2011, when the river discharge reached 109.4 m?3 s~1 with a rainfall level of 503.1 mm in
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April 2011. Drier events, such as the drought and El Nifio, occurred in 2010 and resulted in
s~! in May
2010 (a 54.17% reduction compared with May 2009) under a rainfall level of 379.5 mm. The
2015-2016 El Nifio event also caused lower rainfall levels and river discharge rates, with
the maximum values recorded in April (2015: 84.4 m® s~! and 621.3 mm; 2016: 87.2 m3 s~

lower monthly river discharge, with the maximum discharge reaching 68.8 m3

and 389.1 mm).
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Figure 4. (A) Three-month Oceanic Nifio Index and (B) annual rainfall levels from 2006 to 2018,
emphasizing key climate events (LN = La Nifia; EN = El Nifio; D = drought), alongside the historical

average (red line). Data sources: the NOAA for (A) and the INMET for (B).
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The tidal elevation in the study area is predominantly influenced by macrotides, with
spring tides varying between 5.0 and 5.5 m, while neap tides range from 3.5 to 4.5 m.
Notably, Figure 6, derived from CHN data, excludes the impacts of climate oscillations.

6

5

Tidal range (m)

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 6. Tidal water level data recorded by the CHN at the Fundeadouro de Salinépolis station,
spanning the period from 2006 to 2018.

3.2. In Situ Measurements

Offshore wave heights were attenuated from 2-5 m in deep water to 1-2 m in nearshore
waters. In nearshore waters, wave heights and periods are modulated by semi-diurnal tidal
fluctuations. During low tide, exposed sandbanks dissipate ocean waves, allowing only
short-fetch limited waves to reach the base of the low-tide beach. Consequently, breaking
wave heights varied significantly, ranging from 1-1.8 m at high tide to 0.1-0.5 m at low tide.

The lowest wave heights were observed during spring low tides when the sandbanks
were most exposed, contributing to the wide variation in wave heights (Figure 7). The
highest significant wave heights, being between 1.5 and 1.8 m, were generally accompanied
by wave periods of 9-11 s. June 2012 (Figure 7B) and July 2013 (Figure 7E) saw the lowest
values for both wave heights (<1.0 m) and periods (<8 s). During spring high tides (as
recorded in April 2014; Figure 7H), the water depth across the beach increases by up to
6 m, allowing longer-period ocean waves to cross the sandbanks and surf zone and reach
the beach.

3.3. Shoreline Analysis

The northwestern sector of Ajuruteua has been particularly impacted by erosion.
When comparing 2007 and 2021, the northernmost section of Ajuruteua Beach experienced
a reduction of 0.15 km? in area and a retreat of 0.360 km. The highest erosion rate (80%) and
beach retreat (68%) of the 2007-2021 interval occurred between 2007 and 2013. This period
coincided with two La Nifia events (2008-2009 and 2011) and two drought events (2010
and 2012-2013). Between 2013 and 2021, the most notable occurrence was the 2015-2016 El
Nifio event (Figure 4).



Coasts 2025, 5, 29 10 of 16

Water level
Wave height
Wave period

[=20 S}

Wave period (s)

Water level (m)
S = WA WL

=R e N

0
05/04 06/04 07/04 08/04 09/04  13/04 14/04 15/04 16/04

Water level (m)
S = N W R
w
e
SN B N = -
S
Wave period (s)

20/06 21/06

2 1
.65 1

125 8

082 ¢

o 4

0.4§ 2

0 0

06/09 07/09 08/09 09/09 10/09 16/10 17/10 18/10

Water level (m)
S =W ks
Wave period (s)

S N

Wave period (s)

Water level (m)
S = N W s W O

SN BN = -

28/03 29/03 30/03 31/03 01/04

=2

Wave period (s)

Water level (m)
S = N W kA WO
SN B O = —

04/07 05/07 06/07 07/07 08/07

Water level (m)
S = N W s v
SN A N0 = =
S~

Wave period (s)

[ =2 S

Wave period (s)

Water level (m)
S =N WA WK
SN BN O = ==

0
27/11 28/11 29/11 30/11 01/12 02/12 03/12 04/12 05/12 06/12
2013

(=1 =]

Wave period (s)

Water level (m)
S~ N WAL

SN B N0 = —

0
25/03 26/03 27/03 28/03 29/03 30/03 31/03 01/04 02/04 03/04
2014

Figure 7. Representation of water level (blue line), significant wave heights (Hs, green line), and
wave periods (T, red line) observed during various months in 2012 (A-C), 2013 (D-G) and 2014 (H)
at Ajuruteua Beach.

The satellite images presented in Figure 8 illustrate the distribution of buildings (stilt
houses, hostels, or bars) located in the intertidal zone, marked with pins to highlight
their vulnerability to erosive processes. In 2007 (Figure 8A), the image captured during
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high tide shows 43 houses situated within the intertidal area. By 2013 (Figure 8B), a
reduction of 0.12 km? in surface area and a shoreline retreat of 0.245 km in the northernmost
sector compared with 2007 (Table 2) led to partial destruction of the previously identified
structures. In the same year, due to intensified erosion and a lack of land use regulation,
44 houses were recorded as exposed within the intertidal zone. The 2013 image also
corresponds to a high-tide event, revealing the inundation of several of these structures.
The image for 2021 (Figure 8C) reflects low-tide conditions and an apparent stabilization
in the central portion of the beach, attributed to the removal of the buildings and the
construction of the seawall and boardwalk. That year, only 20 houses remained exposed in
the intertidal zone, all of which were concentrated in the northern sector.

Figure 8. Google Earth satellite image showing the coastline (lines) and house locations (pins) in
three years—(A) 2007 (yellow), (B) 2013 (red), and (C) 2021 (blue)—highlighting the effects of coastal
erosion in the study area. Image (D) illustrates how the coastline changed over the three-year period.



Coasts 2025, 5, 29 12 of 16

Table 2. Maximum beach retreat in NW sector and eroded area for 2007-2013, 2007-2021, and

2013-2021.
Features 2007-2013 2013-2021 2007-2021
Area 0.12 km? 0.03 km? 0.15 km?
Maximal beach 0.245 km 0.119 km 0.360 km
retreat

Photographs documenting unregulated occupation in the intertidal zone and frontal
dunes in 2021 are presented in Figure 9. These images show stilt houses located in the
northwestern sector (Figure 9A-F) as well as destroyed structures—evidenced by the
remaining stilt supports—located in the central portion of the beach (Figure 9G,H).

e IR B ]

Figure 9. Representation of unregulated development across various areas: intertidal beach
zones (A—C), frontal dunes (D-F), and debris from houses located in front of seawalls (G,H).
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4. Discussion

The climate along the Amazon coast is characterized by two main seasons: a dry
and a rainy season [37]. The typical rainfall pattern in this region is also influenced by
large-scale climatic fluctuations [21,34,38]. These fluctuations can lead to a decrease in
rainfall, resulting in drier-than-normal years, typically under the influence of El Nifio or
other drought conditions, as occurred in 2010, 2012-2013, and 2015-2016. On the other
hand, higher-than-normal rainfall levels are usually associated with La Nifia, as observed
in 2008-2009 and 2011 (Figures 4 and 5).

This study recorded some of the most intense climatic events with global impacts in
recent decades, such as those of 2009 (La Nifia), 2010 (El Nifio and drought), 2012 (drought),
and 2015 (El Nifo), as reported in [39—41]. These events had direct effects on offshore data,
with notable peaks in gust wind speeds, wave heights, and dominant wave periods during
the La Nifia episodes of 2007, 2009, 2011, and 2017 (Figure 3A,B). Additionally, extreme
variations in rainfall levels and river discharge were observed during both flooding and
drier conditions, with the highest and lowest peaks recorded in 2009 and 2011 (La Nifia)
and in 2010 and 2012 (drier conditions), respectively, as illustrated in Figures 4 and 5.

At a local scale, the lowest wave heights were recorded during spring low tides when
the sandbanks were more exposed (Figure 7). Conversely, the highest wave heights (H)
and periods were recorded during high tides, though they were also influenced by offshore
wind conditions. For example, on 2-3 October 2013, during a neap tide, the maximal Hy
values were recorded, with offshore gust wind speeds reaching about 13 m s~! on 28-29
September. Similarly, on 30 November and 1 December 2013, the maximal Hs values were
observed between the neap and spring tides, coinciding with maximal offshore gust wind
speeds of 15 m s~ ! in the previous days. While the field campaigns did not cover all
the climatic events mentioned above, the highest wave heights in October 2012 (during a
drought event) were recorded compared with other studied months. These data show that
offshore conditions influence nearshore conditions and, under the effect of climatic events,
these conditions can be exacerbated, as previously demonstrated.

Similar to Ajuruteua Beach, high-energy coastal systems such as those for Normandy
(France), the Bay of Fundy (Canada), and the Yellow Sea coast (South Korea) also exhibit
significant tidal ranges combined with wave exposure [11,42,43]. In many of these regions,
rapid coastal erosion is exacerbated by unregulated or poorly planned development, as
also seen in this study.

To mitigate coastal erosion in these areas and reduce impacts—especially during ex-
treme climatic events—it is essential to consider the short- and long-term physical processes
that affect the shoreline, including tidal dynamics, wave action, and climate interactions.
This approach is crucial for anticipating cumulative impacts and developing more adap-
tive and climate-resilient strategies. Unfortunately, the influence of physical processes on
Amazonian beaches remains poorly studied [11], despite these areas having considerable
tourism potential and facing serious challenges related to unregulated development

In this way, our study plays an important role in demonstrating how short- and
long-term physical processes affect the shoreline, as well as how that coastal zone has
been affected by unregulated development, with the construction of numerous precarious
wooden stilt structures built over mangroves, dunes, and the intertidal zone, which has
exacerbated coastal erosion processes, as shown in Figures 8 and 9. Previous studies
have also documented the severe impacts of erosion in the study area, particularly its
contribution to infrastructure damage and economic losses. According to [44], between
2014 and 2018, erosion resulted in the loss of approximately 50 buildings, including houses,
bars, and hostels, directly affecting 1825 inhabitants. The resulting economic losses were
estimated to be USD 2,578,419.36.
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The construction of seawalls between 2018 and 2021 further intensified this issue by
creating a false sense of security, thereby encouraging the expansion of new buildings in
environmentally sensitive areas, particularly in the northwestern sector, which is the zone
most affected by erosion (Figure 8). Additionally, management decisions appear to have
overlooked the role of tidal modulation, as well as the influence of offshore wind and wave
patterns and extreme climatic events. As a result, signs of erosion are already evident in
recently constructed sections of the boardwalk, which have been repeatedly revitalized due
to the growing tourism interest the area holds (field observation).

Based on the results of this study, it is recommended that land use be properly regu-
lated, and several proposals are suggested: banning irregular occupation in dune fields,
intertidal zones, and mangrove areas; relocating structures situated in the most vulner-
able zones to mitigate impacts, especially during extreme climatic events or equinoctial
spring tides, when wave energy tends to intensify and threaten existing infrastructure;
strengthening the natural protection of the shoreline through the restoration of dunes with

native vegetation; and avoiding hard engineering structures, which have been shown—

particularly in the study area—to exacerbate erosion in adjacent sections.

5. Conclusions

Natural conditions contribute to high hydrodynamic energy, increasing the risk of
erosion, especially during equinoctial periods and extreme climatic events. Offshore
conditions were influenced by La Nifia events, with severe storms recorded in 2008-2009
and 2011. Rainfall exhibited extreme fluctuations during climatic events such as those of
2008-2009 (La Nifia), 2010 (El Nifio and drought), 2011 (La Nifia), 2012-2013 (drought),
and 2015-2016 (EI Nifio). The nearshore waves exhibited moderate energy and variability,
influenced by offshore conditions, tidal modulation, and the climate. Tidal modulation of
breaking waves was observed due to the presence of sandbanks. As a result of this tidal
modulation, the beach experienced low energy during low tides and high energy during
high tides, especially during equinoctial periods and extreme climatic events. In addition,
unregulated development and the lack of beach planning have exacerbated erosion at this
macrotidal beach and the destruction of several structures. This study recommends that
governmental authorities regulate local territorial occupation and consider both short- and
long-term physical processes in future coastal protection projects.
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