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Abstract Mangrove swamps are found in intertidal zones along tropical and 
subtropical regions around the world. The spatial distribution of these coastal swamps 
is initially controlled by pristine landscape morphology and coastal processes related 
mainly to tidal ranges, currents, and salinity. This chapter presents the subdivision 
of the Brazilian mangrove coast based on geological, morphological, oceanographic 
and climatic characteristics; their spatiotemporal stability and changes in area from 
1985 to 2020; sea-level changes and mangrove sedimentation evolution during the 
late Quaternary; and the impact of future sea-level rise. Brazilian mangroves repre-
sent the second largest area worldwide in a single country, and even in the face of 
a climate change scenario and a trend of relative sea-level rise over the last century, 
their forest area increased by 2.5%. The paleoenvironmental record of sea-level 
changes during the late Quaternary indicates that mangrove shorelines have a broad 
capacity to adjust to sea-level changes even under trajectories of sea-level rise and 
fall. During this century, the tendency of sea-level rise under a scenario of global 
warming is clear, resulting in at least four models of mangrove sedimentation adjust-
ment based on their response to changes in hydrogeomorphic processes and pristine 
geological conditions.
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Keywords Coastal environments · Tidal flat · Quaternary evolution · Climate 
change 

3.1 Introduction 

Mangroves comprise mainly trees and shrubs that colonize intertidal flats in tropical 
and subtropical regions of the world (Perry et al. 2008). They include vegetation 
uniquely adapted to tidal conditions such as brackish and saltwater, periodic inunda-
tion and exposure, waves and wind, strong currents and runoff, and fine sediments 
(Duke et al. 1998; Tomlinson 2016). In the tidal flat zone, mangroves take the form of 
distinctly vegetated structures ranging from sparse shrubs to verdant closed canopy 
forests that occupy shorelines and upstream estuaries. Worldwide, mangroves cover 
a total area of ∼137,700 km2 distributed in 118 countries and territories (Giri et al. 
2011; Bunting et al. 2018). 

Many mangrove typologies occupy coastal plains, including deltaic, estuarine, 
lagoonal and open coast depositional landforms (Worthington et al. 2020). In this 
context, mangroves are generally limited to tidal flats that always present a narrow 
elevation change close to within the mean tidal level range (McKee et al. 2012). The 
extent of mud, mixed sediment and sand intertidal flats are conditioned by the vertical 
tidal range, referred to as accommodation space, whose sedimentary processes are a 
function of the stage of sea-level change, or maturity of the geomorphological setting, 
of these larger depositional systems (Woodroffe et al. 2016). The distribution of 
mangroves over time is controlled by the interplay of sea-level history and sediment 
supply, resulting in retrogradation, aggradation and progradation of coastal envi-
ronments (Woodroffe 2019); vegetative stabilization; hydrology; and hydrochemical 
processes (Semeniuk 2018). 

Along the 10,959 km of the Brazilian shoreline (IBGE 2020), mangroves present 
a discontinuous distribution from Orange Cape in Amapá State, latitude 4.45° N, to 
Laguna in Santa Catarina State, latitude 28.65° S, comprising 17 states (Fig. 3.1). 
The most recent mapping of Brazilian mangrove forests and shrubs quantified an 
area of 9627 km2 in 2000 (Giri et al. 2011), 11,144 km2 in 2008 (Magris and Barreto 
2010), 11,072 km2 in 2010 (Bunting et al. 2018), and 9900 km2 in 2018 (Diniz et al. 
2019). It is important to emphasize that these authors used different methods of digital 
image processing and mangrove mapping, which preclude accurate intercomparison 
of these figures. According to Bunting et al. (2018), Brazilian mangroves represent 
the second largest area worldwide in a single country, equivalent to 8.1% of the 
global mangrove area.
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Fig. 3.1 Mangrove distribution and sectorization of the Brazilian coast based on geolog-
ical, morphological, oceanographic, and climatic characteristics. N1—Subsector North 1; N2— 
Subsector North 2; N3—Subsector North 3; NE1—Subsector Northeast 1; NE2—Subsector North-
east 2; E1—Subsector East 1; E2—Subsector East 2; and SE1—Subsector Southeast 1. The numbers 
indicate the geographic boundaries of the coastal subsectors: 1—Orange Cape; 2—Norte Cape; 
3—Marajó Bay; 4—Santo Amaro City, Lençois Maranhenses; 5—Calcanhar Cape; 6—Estuary 
of Real River; 7—Estuary of Mucuri River; 8—Arraial do Cabo; and 9—Santo Antônio Lagoon. 
AP—Amapá; PA—Pará; MA—Maranhão; PI—Piauí; CE—Ceará; RN—Rio Grande do Norte; 
PB—Paraíba; PE—Pernambuco; AL—Alagoas; SE—Sergipe; BA—Bahia; ES—Espírito Santo; 
RJ—Rio de Janeiro; SP—São Paulo; PR—Paraná; SC—Santa Catarina; and RS—Rio Grande do 
Sul 

3.2 Environmental Information 

To better understand the influence of geology, climate, and oceanographic condi-
tions on mangrove distribution along the Brazilian coast, regional data and maps are 
required to investigate spatial variability in mangrove distribution. In this section, 
we present the sources of the environmental data used in this chapter.
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3.2.1 Geology 

The third edition of the Geological Map of South America at a scale of 1:5 M (Gomes 
Tapias et al. 2019) was used as the main reference to describe the geology of the 
Brazilian coastal zone (Fig. 3.2). 

The coastal zone along the North Sector is marked by extensive Cenozoic deposits, 
while in the Northeast sector, these deposits occupy a narrow band bordering the 
coastline. In the East sector, Cenozoic and Mesozoic sedimentary rocks and Archaean 
high-grade metamorphic rocks crop out along the coast. The Southeast sector is

Fig. 3.2 Geological map of Brazil (Gomes Tapias et al. 2019) with indication of mangrove subsec-
tors. N1—Subsector North 1; N2—Subsector North 2; N3—Subsector North 3; NE1—Subsector 
Northeast 1; NE2—Subsector Northeast 2; E1—Subsector East 1; E2—Subsector East 2; and SE1— 
Subsector Southeast 1. The numbers indicate the geographic boundaries of the coastal subsectors: 
1—Orange Cape; 2—Norte Cape; 3—Marajó Bay; 4—Santo Amaro City, Lençois Maranhenses; 
5—Calcanhar Cape; 6—Estuary of Real River; 7—Estuary of Mucuri River; 8—Arraial do Cabo; 
and 9—Santo Antônio Lagoon 
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characterized by outcrops of Proterozoic metamorphic rocks bordering the coastal 
zone. 

3.2.2 Climate 

Figure 3.3 shows the Köppen climate class distribution for Brazil from Alvares et al. 
(2013). Air temperature, precipitation, evaporation, and relativity humidity over the 
continent are shown in Fig. 3.4.

The climate in the North sector is defined as tropical monsoon (Am) (Fig. 3.3), 
with average annual precipitation higher than 1800 mm, air temperature ranging 
from 24 to 33 °C, evaporation between 1000 and 1600 mm per year, and air relativity 
humidity between 80 and 90%. Figure 3.4 shows the spatial distribution of these 
meteorological variables. The Northeast sector is characterized as tropical savanna 
(As) (Fig. 3.3), with average annual precipitation ranging from 800 to 1600 mm, air 
temperature ranging from 24° to 35 °C, evaporation between 1600 and 2800 mm 
per year, and air relativity humidity between 70 and 85% (Fig. 3.4). In the East 
sector, the climate is defined as humid tropical without a dry season (Af) (Fig. 3.3), 
with average annual precipitation ranging from 1000 to 1600 mm, air temperature 
ranging from 20 to 33 °C, evaporation between 1000 and 1600 mm per year, and air 
relativity humidity between 75 and 85% (Fig. 3.4). The climate in the Southeast sector 
is defined as temperate oceanic (Cfb) (Fig. 3.3), with average annual precipitation 
ranging from 1200 to 2000 mm, air temperature ranging from 18 to 29 °C, evaporation 
between 800 and 1400 mm per year, and air relativity humidity between 75 and 85% 
(Fig. 3.4). 

3.2.3 Oceanographic Parameters 

Figure 3.5a shows the spatial variation in the M2 tidal amplitude from the AVISO 
Global Tide Model with a horizontal resolution of 0.0625°. Figure 3.5b shows  the  
spatial variation in the significant wave height generated from the ECMWF (ERA5) 
reanalysis for the global climate and weather for the 1979 to 2021 period (Hersbach 
et al. 2020).

Figure 3.6 shows the distribution of mean sea surface temperature, salinity, chloro-
phyll and particulate organic carbon (POC) for the western South Atlantic Ocean. 
The World Ocean Atlas 2018 (WOA2018) was used for sea surface temperature and 
salinity at the ocean surface (Locarnini et al. 2019; Zweng et al. 2018). This clima-
tology used in situ measurements to generate a mean field for the period between 1955 
and 2017 with a horizontal resolution of 0.25°. POC from 1997 to 2021 (Stramski 
et al. 2008) and chlorophyll type 2 from 2002 to 2012 (Doerffer and Schiller 2007) 
were derived from the Global Color project – GLOBCOLOR (https://www.globco 
lor.info/).

https://www.globcolor.info/
https://www.globcolor.info/
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Fig. 3.3 Köppen climate classification map for Brazil (Alvares et al. 2013) with indication of 
mangrove subsectors. N1—Subsector North 1; N2—Subsector North 2; N3—Subsector North 3; 
NE1—Subsector Northeast 1; NE2—Subsector Northeast 2; E1—Subsector East 1; E2—Subsector 
East 2; and SE1—Subsector Southeast 1. The numbers indicate the geographic boundaries of 
the coastal subsectors: 1- Orange Cape; 2—Norte Cape; 3—Marajó Bay; 4—Santo Amaro City, 
Lençois Maranhenses; 5—Calcanhar Cape; 6—Estuary of Real River; 7—Estuary of Mucuri River; 
8—Arraial do Cabo; and 9—Santo Antônio Lagoon

The North sector is characterized by a macrotidal regime with spring tides ranging 
from 3 m to 6.6 m and a mean significant wave height reaching up to 0.5 m (Fig. 3.5). 
The average sea surface temperature is higher than 27 °C, with higher concentrations 
of chlorophyll a (> 1300 mg.m−3), salinity is lower than 35, and POC is higher than 
40 mol.m−3 (Fig. 3.6). 

The Northeast sector has a mesotidal regime with a spring tidal range reaching 
up to 3.8 m and a mean significant wave height reaching 1.2 m (Fig. 3.5). The sea 
surface temperature is higher than 27 °C and the concentrations of chlorophyll a,



3 Mangrove Swamps of Brazil: Current Status and Impact of Sea-Level … 51

Fig. 3.4 Climatological normals for Brazil (1990–2020). a Accumulated average annual rainfall in 
mm, b maximum annual air temperature in °C, c minimum annual air temperature in °C, d average 
annual air temperature in °C, e accumulated average annual evaporation in mm, and f average 
annual relative humidity in %. Data source: Brazilian Institute of Meteorology—INMET, (https:// 
clima.inmet.gov.br/NormaisClimatologicas/)

https://clima.inmet.gov.br/NormaisClimatologicas/
https://clima.inmet.gov.br/NormaisClimatologicas/
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Fig. 3.5 a Alongshore M2 tidal amplitude variation Source AVISO Global Tide Model https://www. 
aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes.html. b Alongshore spatial 
variation in the significant wave height (Hersbach et al. 2020)

salinity, and particulate organic carbon range from 8 to 100 mg.m−3, 24 to 37.5, and 
20 to 30 mol.m−3, respectively (Fig. 3.6). 

The East Sector is characterized by a meso- to microtidal regime with spring 
tides ranging from 1.6 to 2.9 m and a mean significant wave height reaching 1.5 m 
(Fig. 3.5). Sea surface temperature ranges from 21° to 27 °C with concentrations 
of chlorophyll a lower than 100 mg.m−3, salinity of approximately 36, and POC 
ranging from 20 to 50 mol.m−3 (Fig. 3.6). 

The Southeast sector is characterized by a microtidal regime with spring tides 
ranging from 0.8 to 1.7 m and a mean significant wave height reaching 1.5 m 
(Fig. 3.5). Sea surface temperature ranges from 20° to 24 °C with concentrations 
of chlorophyll a, salinity, and POC ranging from 8 to 100 mg.m−3, 35 to 36, and 20 
to 30 mol.m−3, respectively (Fig. 3.6). 

3.3 Mangrove Spatial Distribution Along the Brazilian 
Coast 

The mangrove cover area used in this chapter was generated from the Mapbiomas 
Project (https://mapbiomas.org). The mangrove extension was mapped in the Google 
Earth Engine (GEE) managed pipeline to compute the annual status of Brazilian 
mangroves from 1985 to 2020. Mangrove forests were identified from the use of

https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes.html
https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes.html
https://mapbiomas.org
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Fig. 3.6 Spatial distribution of: a sea surface temperature. b Salinity. c Chlorophyll a. d Particulate 
organic carbon along the Brazilian coast. Data Source a, b) https://www.ncei.noaa.gov/products/ 
world-ocean-atlas; c, d) https://www.globcolor.info/

a spectral index, the Modular Mangrove Recognition Index (MMRI), which was 
specifically designed to better discriminate mangrove forests from the surrounding 
vegetation (Diniz et al. 2019). 

The integration of mangrove mapping with geological, oceanographic, and 
climatic characteristics allowed us to divide the Brazilian coast into five large sectors: 
North, Northeast, East, Southeast, and South (Figs. 3.1, 3.2, and 3.3). Table 3.1

https://www.ncei.noaa.gov/products/world-ocean-atlas
https://www.ncei.noaa.gov/products/world-ocean-atlas
https://www.globcolor.info/
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presents the boundaries and synthesizes the main climatic and oceanographic char-
acteristics of each sector. This division integrates aspects of former classifications 
proposed by Schaeffer-Novelli et al. (1990), Knoppers et al. (1999), Souza-Filho 
et al. (2005), Dominguez (2009), Klein and Short (2016), Lessa et al. (2018), and 
Silva and Torres (2021). 

Along the Brazilian coast, mangroves are found in different environmental 
settings. For instance, on open coasts, associated with wide tidal flats, such as on 
the Amapá coast, mangrove fringes prograde seaward over mud banks (Allison et al. 
1995). This pattern contrasts with the sheltered open jagged coast with macrotidal

Table 3.1 Geographic boundaries and meteorological and oceanographic characteristics of the 
Brazilian mangrove sectors 

Coastal sectors North sector Northeast sector East sector Southeast sector 

Sector 
boundaries 

From Oiapoque 
(AP) to Cabo 
Orange to Santo 
Amaro (MA) 

From Santo 
Amaro (MA) to 
the estuary of the 
Real River (SE) 

From the estuary 
of the Real River 
(SE) to Arraial do 
Cabo (RJ) 

From Arraial do 
Cabo (RJ) Santo 
Antônio Lagoon 
(SC) 

Latitude From 3.847621o 

N to 2.498599o S 
From 2.498599° 
to 11.44249o S 

From 11.44249o 

to 23.014227o S 
From 23.014227° 
to 28.519253o S 

Longitude From 51.836322° 
to 43.250772o W 

From 43.250772° 
to 37.340266o W 

From 37.340266o 

to 42.000135o W 
From 42.000135° 
to 48.773824oW 

Köppen 
Classification 

Monsoon tropical 
climate (Am) 

Tropical savanna 
climate (As) 

Humid tropical 
climate (Af) 

Temperate 
oceanic climate 
(Cfb) 

Air temperature 
(oC) 

24–33° 24–35° 20–33° 18–29° 

Average annual 
precipitation 
(mm) 

> 1800 800–1660 1000–1600 1200–2000 

Evaporation 
(mm/year) 

1000–1600 1600–2800 1000–1600 800–1400 

Air relative 
humidity (%) 

80–90 70–85 75–85 75–85 

Tidal range (m) 3.5–6.6 2.2–3.8 1.6–2.9 0.8–1.7 

Significant 
wave height (m) 

Up to 0.5 Up to 1.2 Up to 1.5 Up to 1.5 

Sea surface 
temperature 
(oC) 

> 27° > 27° 21–27° 20–24° 

Chlorophyll a 
(mg.m−3) 

> 1300 8–100 < 100 8–100 

Salinity < 35 24–37.5 36 35–36 

Particulate 
organic carbon 
(mol.m−3) 

> 40 20–30 20–50 20–30 
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estuaries, characteristic of the Pará and Maranhão states, where mangroves developed 
on the largest tidal mudflats of Brazil, behind dune-beach sandy barriers (Souza-Filho 
et al. 2009). Estuarine mangroves occur in northeastern and southeastern Brazil along 
the margins of tidal channels located in coastal embayments (Rodrigues 2014), while 
mangroves in lagoons and bays have developed behind spits and other sandy barriers, 
such as Sepetiba Bay in Rio de Janeiro State (Dadalto et al. 2022). Mangroves also 
occur in delta plains, for example, in the São Francisco delta, behind sandy barriers 
(Dominguez and Guimarães 2021). The following sections present detailed descrip-
tions of the major mangrove sectors present along the Brazilian coast, emphasizing 
the long-term sedimentation patterns and their stratigraphic framework and showing 
the five major types of mangroves occurring in Brazil: open coast, sheltered open 
coast, estuary, delta, and bay-lagoon. Although these five categories do not encom-
pass all types of occurrences, they represent the most important environments where 
mangroves are found along the coast of Brazil. 

3.3.1 The North Sector 

This sector, on the Amazonian coast, is 4048 km long and forms an embayed shoreline 
and runs from the estuary of the Oiapoque River on the Orange Cape, Amapá State, 
to Santo Amaro City, in the western boundary of the Lençóis Maranhenses dune field 
in Maranhão State (Fig. 3.1). This is a subsiding coast (Rossetti 2014; Souza-Filho 
2000), and it is marked by the presence of the Amazon River mouth and 24 other 
estuaries. Although this sector is subjected to rising sea levels, the coastal zone is 
prograding (Souza-Filho et al. 2009). 

Three subsectors were identified (Fig. 3.7):
Subsector N1 extends from the mud banks of Orange Cape to Norte Cape located 

in the North Channel of the Amazon River (Fig. 3.7). This coastal region is strongly 
influenced by the Amazon sediment plume, which extends northwestward, creating 
extensive mud flats prograding in an open coast (Fig. 3.7a) dissected mainly by 
estuaries draining a wet-muddy-humid hinterland (Allison et al. 1995; Batista et al. 
2009). According to Schaeffer-Novelli et al. (1990), this subsector is characterized by 
homogeneous forests dominated by black mangrove, Avicennia, where Pterocarpus 
is sometimes found. The mangrove trees grow on an open coast forming an extensive 
and continuous mangrove belt 2 km wide, extending up to 30 km upstream in the 
estuaries. Rhizophora occurs in the estuarine portions of rivers close to the shoreline. 

Subsector N2 is bounded by the mouths of the Amazon and Tocantins Rivers 
and Marajó Bay, comprising Marajó Island and a cluster of low-lying islands in the 
Amazon River mouth. This subsector presents evidence of tectonic activity contem-
poraneous with sediment deposition during the mid- to late Quaternary (Rossetti et al. 
2008). Mangrove vegetation is restricted to muddy sandflats around these islands, 
forming fringes up to 4 km in width (França and Souza-Filho 2003, 2006; França 
et al. 2007). Mangroves occur mixed with freshwater swamp vegetation due to the 
high discharges of the Amazon and Tocantins Rivers (Schaeffer-Novelli et al. 1990).
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Fig. 3.7 The Brazilian Mangrove North Sector also depicts sedimentary environments and strati-
graphic frameworks reflecting long-term sedimentation patterns. a open coast mangrove type typical 
of the Orange Cape mud flats common in Subsector N1. b sheltered open coast mangrove type 
typical of the macrotidal sandy dune-beach barriers of the Bragança coastal plain in Subsector N3. 
1—Orange Cape; 2—North Cape, 3—Marajó Bay, and 4—Santo Amaro City

Avicennia germinans occur at higher elevations and lower salinity areas. Low salt 
tolerance might explain the restriction of R. racemosa and R. harrisonii to the Marajó 
Bay region (Menezes et al. 2008). 

Subsector N3 comprises the Amazon macrotidal mangrove coast (Souza-Filho 
2005) and extends from Marajó Bay to Lençóis Maranhenses (Fig. 3.7). Seven-
teen macrotidal estuaries occur along this embayed and jagged coast, comprising 
the largest continuous mangrove belt in the world with an area of approximately 
7500 km2. In this region, the mangrove belt reaches up to 23 km in width (Nasci-
mento et al. 2013; Souza-Filho 2005). This subsector is characterized by wide inter-
tidal mud and sandflats developed under a subsiding macrotidal barrier estuarine 
system (Souza-Filho et al. 2009), characterizing a sheltered open coast (Fig. 3.7b). 
Rhizophora mangle is the most widely distributed mangrove species, dominating 
upstream riverbanks and back basins in macrotidal estuaries and downstream river-
banks and open coast fringe forests over muddy tidal flats. Rhizophora mangle stands
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are backed by Avicennia germinans and A. schaueriana, and Laguncularia race-
mosa stands at higher elevations and less inundated areas under less saline condi-
tions (Menezes et al. 2008), while saline muddy sandflats are colonized by Spartina 
(Schaeffer-Novelli et al. 1990). 

3.3.2 The Northeast Sector 

The Northeast Sector is 2047 km long and extends from Santo Amaro City, Lençóis 
Maranhenses, to the estuary of the Real River, Sergipe State (Fig. 3.8). This Brazilian 
coastal sector has received the smallest volume of sediments in recent geological time 
as a result of the small size of the drainage basins, low relief and low precipitation 
(Dominguez 2009). Geomorphologically, the Northeast Sector is marked by coastal 
cliffs up to ~ 40 m high carved into the Miocene Barreiras Formation (Peulvast et al. 
2006; Rossetti et al. 2013). Quaternary accumulations in this sector include active 
and inactive dune and transgressive aeolian sand sheets, Pleistocene and Holocene 
beach deposits, beach rocks and estuarine deposits (Bezerra et al. 2003; Barreto et al. 
2006). This sector is marked locally by the presence of the deltas of the Parnaíba and 
São Francisco Rivers on the western and southern boundaries, respectively. Between 
these two deltas, 11 mesotidal estuaries occur (Lessa et al. 2018). 

Two subsectors were identified in this sector (Fig. 3.8):

Fig. 3.8 The Brazilian Mangrove Northeast Sector also depicts sedimentary environments and 
stratigraphic frameworks reflecting long-term sedimentation patterns. a estuarine mangrove type 
model exemplified by the mesotidal estuarine system of the Acaraú River in Ceará State (Subsector 
NE1). b wave-dominated deltaic mangrove type exemplified by the São Francisco Delta (Subsector 
NE2). 4—Santo Amaro City, 5—Calcanhar Cape, and 6—Estuary of Real River 
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Subsector NE1 extends from Santo Amaro City to Calcanhar Cape in Rio Grande 
do Norte State (Fig. 3.8). The west–east-oriented subsector is marked by intense 
east–west littoral drifts with sand accumulating in narrow sandy barriers at the foot 
of sea cliffs and at the mouth of mesotidal estuaries located behind transgressive 
beach-dune fields (Hesp et al. 2009; Vital et al. 2016). Figure 3.8a illustrates the 
spatial distribution of this kind of mangrove depositional system developed under 
estuarine mesotidal conditions in the Acaraú River in Ceará State. Mangroves are 
poorly developed along this coast segment due to the lack of freshwater and prolonged 
droughts (Schaeffer-Novelli et al. 1990) and reduced sediment input to build a coastal 
plain. High salt concentrations limit mangrove development that is restricted to estu-
arine channels, dominated by Rhizophora mangle followed by Avicennia schaueriana 
(Costa et al. 2017). 

Subsector NE2 extends from the Calcanhar Cape to the Real River estuary 
(Fig. 3.8). This north–south oriented subsector is also marked by sea cliffs carved 
into the Miocene Barreiras Formation (Rossetti et al. 2013) and extensive active and 
inactive transgressive dune fields (Bezerra et al. 2001). These dunes extend up to 
3 km inland, reaching heights of up to 80–120 m. Beach rocks are discontinuously 
exposed along the shoreline. They are oriented nearly parallel to the shoreline, a few 
kilometers long, with thicknesses from 10 cm to 3 m and widths from 2 to 50 m. 
Most of them are located in the present intertidal zone, which is characterized by 
the presence of gently seaward-dipping stratification (Ferreira et al. 2018; Vieira 
et al. 2017). Due to the high wave energy in this coastal subsector, mangroves are 
restricted to estuarine channels and behind coastal barriers, such as the delta of the 
São Francisco River, where mangroves occur behind sand spits (Fig. 3.8b). In tidal 
flat deposits, basin forests may contain either Avicennia or Laguncularia or mixed 
stands of both species. Either Rhizophora or Laguncularia may appear as pioneering 
species, while Spartina may occur in some accretionary deposits near the shoreline 
(Schaeffer-Novelli et al. 1990). 

3.3.3 The East Sector 

This 1804 km long sector extends from the estuary of the Real River (Sergipe State) 
to the Arraial do Cabo promontory in Rio de Janeiro State (Fig. 3.9). According 
to Dominguez (2009), along this sector, the major escarpment typical of rifted 
passive continental margins has retreated hundreds of kilometers from the coastal 
zone, creating large drainage basins. Furthermore, this coastal sector is characterized 
by classical examples of wave-dominated deltas, such as Jequitinhonha, Doce and 
Paraíba do Sul (Dominguez et al. 1987). In between these major deltas, coastal cliffs 
carved into the Barreiras formation occur locally. This sector is marked by the pres-
ence of the Todos os Santos, Camamu and Vitória bays, in addition to the estuaries 
of smaller rivers (Lessa et al. 2018).

The east sector can be subdivided into two subsectors:
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Fig. 3.9 The Brazilian Mangrove East Sector also depicts sedimentary environments and strati-
graphic frameworks reflecting long-term sedimentation patterns. a bay-lagoon delta mangrove delta 
type exemplified by the mesotidal Todos os Santos Bay in Bahia State. 6—Estuary of the Real River, 
7—Estuary of the Mucuri River and 8—Arraial do Cabo

Subsector E1 is situated between the estuaries of the Real and Mucuri Rivers 
(Fig. 3.9). Siliciclastic sediments occur along a narrow band bordering the shoreline 
extending to the 15 isobaths, while the rest of the shelf is characterized by carbonate 
sedimentation (Dominguez et al. 2013; Halla et al. 2020). Extensive mangroves occur 
associated with the estuaries of major rivers and strand plains and in the large bays 
present in this sector, such as Camamu and Todos os Santos Bay (Fig. 3.9a). This 
ecosystem has a fringe physiognomy with a low bearing that contains Laguncularia 
racemosa, Rhizophora mangle and Avicennia schaueriana (Freitas et al. 2002). 

Subsector E2 extends from the estuary of the Mucuri River (Bahia State) to Arraial 
do Cabo (Rio de Janeiro State) (Fig. 3.9). This subsector is characterized by the two 
largest wave-dominated deltas of Brazil, the Doce and Paraíba do Sul deltas, with sea 
cliffs carved into the Barreiras Formation present in between (Dominguez et al. 1987).
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Interestingly, no major occurrences of mangrove forests are associated with these 
two deltas that do not present significant intrusion of salt water into the channel. The 
largest mangrove forest of this subsector occurs in Vitória Bay, with the dominance 
of Rhizophora mangle and Laguncularia racemosa (Barbirato et al. 2021). In this 
sector, mangroves occur mainly along the margins of microtidal estuaries. 

3.3.4 The Southeast Sector 

The Southeast Sector extends for 2443 km from Arraial do Cabo (Rio de Janeiro State) 
to Laguna (Santa Catarina State) (Fig. 3.10). Geomorphologically, this sector is char-
acterized as a high-relief coast (up to 1000 m), where the Mantiqueira and do Mar 
mountain ranges (Archaean and Proterozoic rocks) border the coastline (Almeida 
and Carneiro 1998). This high relief near the coast forces the major drainages to 
flow toward the hinterland, resulting in an overall small sediment load to the coast 
(Dominguez 2009). Tectonic uplift at the end of the Cretaceous followed by gravita-
tional collapse produced a series of grabens oriented subparallel to the coast, which 
were flooded by the sea and created a number of bays and large estuaries, which 
characterizes this sector (Dominguez 2009). This Southeast Sector is marked by the 
presence of barrier-island lagoon systems and bays such as Guanabara, Santos and 
Paranaguá. The tidal flats occur inside bays and lagoons behind beach-dune barrier 
systems (Fig. 3.10a).

In this sector, the largest mangrove forests occur in Guanabara, Sepetiba, Santos 
and Paranaguá Bays. The mangrove fringes of these regions are dominated by 
Rhizophora mangle, followed by Laguncularia racemosa, Avicennia germinas and 
A. schaueriana (Schaeffer-Novelli et al. 1990). The Santo Antônio Lagoon located 
in the region of Laguna in Santa Catarina State is the southern limit of occurrence 
of mangroves in the western Atlantic Ocean (Soares et al. 2012). 

3.4 Mangrove Changes from 1985 to 2020 

Along the Brazilian coast, mangrove forests exhibited a net increase from 9564 km2 

in 1985 to 9800 km2 in 2020, which represents just 2.5% of the total mangrove 
area. This total area increased by 6.4% from 1985 to 2002, decreasing afterwards by 
3.8% from 2003 to 2020 (Fig. 3.11). Diniz et al. (2019) defined these two periods 
as accretionary and erosive, respectively. Here, we use this timeline to describe the 
mangrove dynamics along the coastal subsectors. Figure 3.11 presents the quantifi-
cation of the mangrove area per sector for 1985, 2002, 2003, and 2020, whereas 
Fig. 3.12a presents the mangrove area changes per subsector for the same years. The 
stable mangrove area representing the unchanged area during the analysis period 
and mangrove area gain (expansion) and mangrove area loss (reduction) for the 
1985–2002 and 2003–2020 periods are presented in Figs. 3.12b, c, respectively.
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Fig. 3.10 The Brazilian Mangrove Southeast Sector also depicts sedimentary environments and 
stratigraphic frameworks reflecting long-term sedimentation patterns. a bay/lagoon mangrove type 
model exemplified by the Sepetiba barrier island system in the State of Rio de Janeiro. 8—Estuary 
of the Mucuri River and 9—Santo Antônio Lagoon in Santa Catarina State

Fig. 3.11 Mangrove area per coastal sector for 1985, 2002, 2003, and 2020

In the North Sector, mangrove forest occupied an area of 7283 km2 in 2020, which 
represents 74.3% of the Brazilian mangroves. From 1985 to 2020, the total mangrove 
area in this sector remained constant. 

Subsector N1 comprised 8.4% of the Brazilian mangroves in 2020. From 1985 
to 2020, mangrove forest decreased by 3.3%. The rate of change, however, was not 
uniform. From 1985 to 2002, the mangrove forest increased by 18.2%, and from 2003 
to 2020, it decreased by 17.9%. Between 1985 and 2002, 665 km2 of mangrove forest
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Fig. 3.12 a Total mangrove area per subsector for 1985, 2002, 2003, and 2020. b Stable mangrove 
area and c mangrove area gain and loss in the 1985–2002 and 2003–2020 periods
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remained stable in this subsector with a gain of 345 km2 and a loss due to coastal 
erosion of 190 km2. However, from 2003 to 2020, the stable mangrove forest area 
remained at approximately 642 km2 with gains of 185 km2 and losses of 366 km2 

(Fig. 3.12). 
Subsector N2 accounted for 3.1% of the Brazilian mangrove forest area in 2020. 

In this subsector, the mangrove area enlarged from 267.6 km2 in 1985 to 300.5 km2 in 
2020, representing a net gain of 12.3%. Stable mangrove areas occupied 220 km2 and 
255 km2 during the 1985–2002 and 2003–2020 periods, respectively. This subsector 
presents the same behavior as Subsector N1, with the largest gain occurring during 
1985–2002 (117 km2) and the largest loss occurring during the 2003–2020 period 
(91 km2) (Fig. 3.12). 

Subsector N3, which comprises the largest mangrove belt in the world (Souza-
Filho 2005), had a total area of 6155 km2 in 2020. This area represents 62.8% of the 
Brazilian mangrove forests. Along this sector, the mangrove area also decreased from 
6160 km2 in 1985 to 6155 km2 in 2020, a reduction of 0.1%. The stable mangrove 
area was 5878 km2 from 1985 to 2002 and 5892 km2 from 2003 to 2020, with the 
largest gain occurring in the first period (422 km2) and the largest loss in the second 
period (399 km2) (Fig. 3.12). 

In the Northeast Sector, mangrove areas totaled 1045 km2 in 2020, which corre-
sponds to 10.7% of the Brazilian mangroves. In general, the mangrove forest area 
increased by 13.1% from 1985 to 2020 (Fig. 3.11). 

Subsector NE1 contained 7% of the total mangrove area of Brazil in 2020. In this 
subsector, the mangrove area increased continuously from 612.3 km2 to 681.6 km2 

from 1985 to 2020, exhibiting a pattern completely different from that in the North 
Sector. From 1985 to 2002, 579.7 km2 of mangrove area remained stable, with a 
gain of 105.4 km2 and a loss of 33 km2. However, from 2003 to 2020, the stable 
mangrove forest area increased to 627 km2, with a gain of 54.3 km2 and a loss of 
58.3 km2 (Fig. 3.12). 

Subsector NE2 comprised 3.7% of the total Brazilian mangrove forests in 2020. 
Its mangrove area also increased continuously from 311.4 km2 in 1985 to 363.4 km2 

in 2020, representing a gain of 15.8%. The stable mangrove area was 220 km2 and 
255 km2 during the 1985–2002 and 2003–2020 periods, respectively. This subsector 
presented the same behavior as Subsector NE1, with a gain of 63.4 km2 and a loss 
of 14.2 km2 during the 1985–2002 period and similar gains (22.4 km2) and losses 
(21 km2) during the 2003–2020 period (Fig. 3.12). 

The East Sector encompassed 946.2 km2 of mangrove forest in 2020, representing 
9.7% of the Brazilian mangroves. The mangrove area increased by 6.3% from 1985 
to 2020, although a small decrease of 0.3% occurred from 2003 to 2020 (Fig. 3.11). 

Subsector E1 comprised 8.9% of the Brazilian mangrove forests in 2020. In this 
subsector, the mangrove area increased from 820 km2 in 1985 to 869.7 km2 in 2020, 
representing a net gain of 6.1%. The stable mangrove area occupied 764.2 km2 and 
812 km2 during the 1985–2002 and 2003–2020 periods, respectively. This subsector 
exhibited the same behavior as Subsectors NE1 and NE2, with gains (101 km2) larger 
than losses (55.8 km2) during 1985–2002 and equivalent gains (57.8 km2) and losses 
(59 km2) during 2003–2020 (Fig. 3.12).
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Subsector E2 had the smallest mangrove area of Brazil, with 76.5 km2 in 2020, 
representing only 0.8% of the total mangrove forest of Brazil. Along this sector, the 
mangrove area increased by 9.3% from 1985 to 2020. The stable mangrove area 
was similar during the two periods of investigation (63.3 km2 during 1985–2002 
and 66.2 km2 during 2003–2020), with the largest gain (13.3 km2) and smaller loss 
(6.6 km2) occurring during 1985–2002 and similar gains (10.3 km2) and losses 
(11.9 km2) occurring during the 2003–2020 period (Fig. 3.12). 

The Southeast Sector has an area of 525.6 km2 of mangrove forest, which repre-
sents 5.4% of the total Brazilian area. From 1985 to 2020, the mangrove area increased 
from 467.4 km2 in 1985 to 525 km2 in 2020. However, from 2003 to 2020, a small 
decrease of 3.2% from 543 km2 to 525.6 km2 was documented. Between 1985 and 
2002, the stable mangrove area totaled 412 km2, with a gain of 129.2 km2 and a loss 
of approximately 55 km2. However, from 2003 to 2020, the mangrove stable area 
increased to 465.4 km2, with gains of 60.2 km2 and losses of 77.6 km2 (Fig. 3.12). 

Summing up the data presented above indicates that overall, the mangrove area in 
Brazil remained stable during the 1985–2020 period in all sectors, although it exhib-
ited changes of a small magnitude. An increase of just 2.5% in the total mangrove 
area in Brazil was documented. 

3.5 Impacts of Sea-Level Changes in the Brazilian 
Mangroves 

3.5.1 Sea-Level Changes and Evolution of Mangrove 
Sedimentation Evolution During the Holocene 

A number of papers have discussed the impact of future sea-level changes 
(Schaeffer-Novelli et al. 2002; Ellison 2015; Duncan et al. 2018) on the sedimen-
tation, morphology, and development of mangrove ecosystems (Cohen et al. 2015; 
Woodroffe et al. 2016; Woodroffe 2019). 

One way to investigate the impact of future sea-level changes in mangrove 
forests is to assess how tidal flats colonized by mangroves have responded to the 
rise in sea- level since the Last Glacial Maximum (LGM). Different responses 
of mangrove shorelines to sea-level change were discussed by Woodroffe (2018), 
including drowning, backstepping, catch-up, keep-up, progradation and emergence. 
The past trajectories of the mangrove shorelines depend on the Holocene sea-level 
history. Along the Atlantic South American coast, it is possible to observe two 
distinct Holocene sea-level histories: (i) a 3–4-m relative sea-level drop since the 
Mid-Holocene (Angulo et al. 2006) observed along most of the northeastern to 
southern Brazilian coast and (ii) a continuous sea-level rise during the Holocene 
along the northern coast of Brazil and the Caribbean (Khan et al. 2015) (Fig. 3.13). 
These differences are a direct effect of Greenland ice sheet (GIS) and Antarctic
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Fig. 3.13 Sea-level behavior from 1993 to 2015 (Elipot 2020) (central panel) and sea-level curves 
for the last 10,000 years for different regions of South America and the Caribbean. Modified from 
Martin et al. (1987), Angulo et al. (2006), Caldas et al. (2006), McKee et al. (2007), Cohen et al. 
(2015), Khan et al. (2015), and Barboza et al. (2021) 

ice sheet (AIS) adjustments (Oppenheimer et al. 2019). These same behaviors are 
mimicked by the modern global mean sea-level (Elipot 2020) (Fig. 3.13). 

The mangrove response and corresponding stratigraphy associated with these two 
sea-level histories observed along the Brazilian coast are illustrated in Fig. 3.14. In the  
North Sector of the Brazilian coast (Fig. 3.14a), transgressive muddy (Subsector N1) 
and sandy (Subsector N3) deposits record the rapid rise of sea-level from the LGM 
to the Mid-Holocene, when the first mangrove deposits accumulated in open muddy 
banks (Subsector N1) and sheltered tidal flats behind barrier islands (Subsector N3). 
In Subsector N3, under conditions of an almost stable sea level, successive barriers 
emerged during the Holocene, allowing for tidal flat progradation resulting in a 
continuous mangrove belt (Fig. 3.14a) up to 36 km wide (Souza-Filho et al. 2009).

In the Northeast, East and Southeast sectors of the Brazilian coast (Fig. 3.14b), 
maximum mangrove development occurred around the Mid-Holocene highstand 
when large bays and estuaries were present in the coastal zone (Dominguez et al. 
1987). As a result of the 3–4 m drop in relative sea-level since that time, many 
of these bays, lagoons and estuaries were infilled, and the shoreline prograded, 
forming beach-ridge terraces (Andrade et al. 2003; Dominguez et al. 1987). The 
exposed estuarine and lagoon sediments were replaced by freshwater swamp envi-
ronments (Fig. 3.14b). From that point on, mangrove development became restricted 
to sheltered areas behind narrow elongated barrier islands.
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Fig. 3.14 Effects of different sea-level histories on the styles of mangrove sedimentation. a North 
Mangrove Sector and b Northeast, East, and Southeast Mangrove sectors

3.5.2 Impact of Future Sea-Level Rise in the Brazilian 
Mangroves 

Mangrove sedimentation during the late Quaternary in response to postglacial sea-
level rise brings important lessons as to how these ecosystems will respond to global 
warming and sea-level rise (SLR). Under the RCP8.5 scenario, the global mean sea-
level (GMSL) will rise by 0.84 m (0.61–1.10 m) by 2100 (Oppenheimer et al. 2019). 
Beyond 2100, GMSL will continue to rise for centuries due to thermal expansion, 
mass loss of glaciers and ice sheets in the Greenland ice sheet (GIS) and Antarctic 
ice sheet (AIS) and land water storage changes. 

The response of the mangrove coasts to this sea-level rise will depend on the envi-
ronmental setting of the mangroves. Figure 3.15 presents four models of mangrove



3 Mangrove Swamps of Brazil: Current Status and Impact of Sea-Level … 67

Fig. 3.15 Four response scenarios of mangrove sedimentation to ongoing sea-level rise 

response to sea-level rise based on their past response to changes in hydrogeomor-
phic processes and pristine geological conditions, including changes in relative sea 
level. 

On open coasts, a rise in sea-level will cause an increase in upstream penetration 
of the salt wedge and landward migration of mangroves along riverine and supratidal 
flats that are progressively converted to intertidal flats (Fig. 3.15a). Hence, mangrove 
zones migrate landward by seedling recruitment and vegetative reproduction as new 
brackish habitat becomes available landward through inundation and concomitant 
changes in salinity, as observed along the Australian coast (Semeniuk 1994). Erosive 
processes at the seaward front can result in mangrove loss along the shoreline (Allison 
et al. 2000; Anthony et al. 2010; Santos et al. 2016). 

If sea-level is rising over a sheltered open coast densely colonized by mangroves 
and bounded landward by inactive cliffs, the muddy tidal flat will experience an 
elevation in the water level and a sedimentary aggradation process. Under this hydro-
morphic condition, the inner tidal flat may also expand laterally, prograding toward 
the estuarine channels and tidal creeks. The landward retreat of the shoreline due 
to the rising sea-level will result in barrier sand deposition over muddy flats and 
mangroves (Fig. 3.15b). This will cause coastal erosion, falling of trees, increased 
salinity, and hydroperiod, frequency, and depth of inundation in mangrove forests 
(Souza-Filho and Paradella 2003; Souza-Filho et al. 2006). 

Along deltaic coasts (Fig. 3.15c), sea-level rise will result in increased salt wedge 
penetration and landward retreat of beach-dune ridges, occasionally burying tidal 
muddy flats colonized by mangroves. Mangrove survival will depend on the ability 
of mangrove species to colonize newly available habitats at a rate that keeps pace with 
the rate of sea-level rise. Hence, it might be possible to see a progressive landward 
migration of mangrove trees over deltaic flood plain deposits due to increased salinity.
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Tropical tidal flats fringing high gradient land regions or human-made obstacles 
such as seawalls and other shoreline protection structures (Fig. 3.15d) will contain 
the mangroves most threatened by sea-level rise. They will be very likely drowned 
“in place” due to a lack of low-lying areas over which they can migrate. Hence, 
the mangroves situated in the Southeast Sector of the Brazilian coast, bounded by 
highland areas, are the ones most threatened by a rise in sea level. Nevertheless, 
the presence of construction, such as dams, roads, and seawalls, common along the 
Northeast and East sectors, may increase the vulnerability of mangroves to the rise 
in sea-level in those sectors (Lacerda et al. 2021). 

3.6 Concluding Remarks 

Brazil hosts the second largest mangrove area in the world. Mangroves develop 
around the mean sea-level and as such are potentially vulnerable to the impacts of the 
ongoing rise in sea level, which will certainly affect their distribution, structure, and 
function, and also impacting their dynamics, health and connectivity with adjacent 
systems. 

Potential changes in the mangrove ecosystem will directly affect key factors that 
determine the survivability of mangrove forests. Such factors are related to abiotic 
processes, such as geomorphology and stratigraphy (Ellison and Stoddart 1991), 
topography, mineralogy and sedimentation (Woodroffe 1995), nutrient distribution 
and microclimate (Ellison 2000), and salt and freshwater in adjacent environments 
(Gilman et al. 2008). 

Mangroves occupy almost the entire coastline of Brazil and developed under 
different environmental conditions. Four large coastal sectors were identified in 
which mangrove forests occur: North, Northeast, East, and Southeast (Fig. 3.1), 
each characterized by different geological-geomorphological, oceanographic, and 
climatic conditions. 

Even in the face of a climate change scenario and a trend of sea-level rise over the 
last century, the Brazilian mangrove forest area has increased from 9564 km2 in 1985 
to 9800 km2 in 2020, which represents an increase of 2.5%. In the North Sector on 
the Amazon coast, which is dominated by macrotides with a monsoon climate, the 
mangrove forest area represents 74.3% of the Brazilian mangroves. In the Northeast 
Sector, a mesotidal coast with a tropical savanna climate, mangrove areas compose 
10.7% of the Brazilian mangroves. The East Sector, a meso- to microtidal coast 
with a humid tropical climate, encompasses 9.7% of the Brazilian mangroves. The 
Southeast Sector, a microtidal coast with a temperate oceanic climate, contains only 
5.4% of the Brazilian mangroves. 

The paleoenvironmental records of sea-level changes during the Holocene indi-
cate that over millennial timescales, mangrove shorelines in the North sector were 
exposed to a continuous sea-level rise, while in the Northeast, East, and South-
east sectors, the sea-level trajectories were completely different, with a highstand at 
approximately 6000–7000 Cal year. BP followed by a 3- to 4-m sea-level drop. These
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records point to a broad capacity of mangroves to adjust to sea-level changes. Four 
models of mangrove response to the ongoing rise in sea-level are proposed based on 
the understanding of past mangrove evolution under these varying Holocene sea-level 
histories. However, given the biogeographic variability of mangroves and environ-
mental conditions along the Brazilian coast, predicting the effect of sea-level rise for 
the different mangrove sectors described herein is still a challenge. Further research 
is still needed to distinguish the effects of different phenomena and trends other than 
sea-level rise, which may affect mangroves on a multidimensional scale. 
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