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Preface 

This book presents a synthesis of almost a decade of research conducted under the 
umbrella of the National Institute of Science and Technology in Tropical Marine 
Environments (inctAmbTropic), supplemented by contributions of our partners 
(Chaps. 2 and 3). 

The National Institutes of Science and Technology Program (INCTs) were started 
in 2008 and financed by the Brazilian National Fund for Scientific and Techno-
logical Development (FNDCT) in partnership with state research support founda-
tions. This program enabled the configuration of interregional networks of collabora-
tion with national coverage and academic, scientific, and technological performance 
compatible with the best international programs. 

This book synthesizes the current knowledge about the major tropical marine 
environments of Brazil at three spatial scales: (i) the coastal zone, (ii) the continental 
shelf, and (iii) the Tropical Atlantic basin. Additionally, it discusses the impacts and 
implications of the ongoing climate changes in these environments. 

This volume contains eight chapters written by 68 authors who are leading special-
ists in their fields of research and provides a state-of-the-art assessment about the 
Climate Variability and Change in Tropical South America, Mangrove Swamps, 
Deltas, Coral Reefs, Continental Shelf, Zoo- and Ichthyoplankton Communities, and 
Circulation, Biogeochemical Cycles, and CO2 Flux in the Tropical Atlantic Ocean. 

The authors have made an effort to present information in a very didactical way 
so the book can also be used as a textbook for undergraduate and graduate students 
and managers interested in the subject. 
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Chapter 1 
Tropical Marine Environments of Brazil 
and Impacts of Climate Change 

José Maria Landim Dominguez, Moacyr Cunha de Araújo Filho, 
Ralf Schwamborn, Ruy Kenji Papa de Kikuchi, and Helenice Vital 

Abstract Ongoing climate change has the potential to severely affect the tropical 
marine environments of Brazil. This chapter provides a brief overview of these 
environments with a major focus on deltas, mangrove forests, reefs, continental 
shelves, the zoo- and ichthyoplankton communities of pelagic ecosystems and major 
processes operating in the Tropical Atlantic. The impacts of ongoing climate change 
are also summarized. Additionally, the book organization is presented, including a 
brief description of each chapter. 

Keywords Mangroves · Deltas · Coral reefs · Continental shelf · Pelagic 
ecosystems · Tropical Atlantic · Climate variability 

1.1 Introduction 

Climate change will affect the physical, biological, and biogeochemical characteris-
tics of coastal zones and oceans, impacting their ecological structure and the different 
services provided to humankind. These changes have the potential to cause serious 
socioeconomic impacts at the local (coastal), regional (platform and shallow seas), 
and global (ocean) scales. The responses of marine environments to climate change 
will also depend on the natural variability of these systems and other changes intro-
duced by humans as a result of the use of marine resources, making coastal and shelf 
areas more vulnerable to natural hazards.
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2 J. M. L. Dominguez et al.

The tropical region of Brazil presents a unique opportunity to assess how the 
spatial and temporal heterogeneity of tropical marine environments influences the 
response patterns of these environments and their resilience to climate change that 
will affect the region in this century. This region contains the main reef constructions 
of the southwestern Atlantic Ocean, the Brazilian deltas, the second largest area of 
mangroves in the world in a single country, a continental shelf that varies from the 
narrowest to the widest in Brazil, the main islands and seamounts, extreme variations 
in sediment and nutrient flows, and an undeniable importance in interhemispheric 
heat and mass transfer (Fig. 1.1).

This book summarizes the major advances in knowledge of the marine environ-
ments of tropical Brazil as a result of the execution of the National Institute for 
Science and Technology in Tropical Marine Environments (inctAmbTropic) project. 
The National Institutes of Science and Technology Program (INCTs) was started in 
2008 and financed by the National Fund for Scientific and Technological Develop-
ment (FNDCT) in partnership with state research support foundations. This program 
enabled the configuration of interregional networks of collaboration with national 
coverage and academic, scientific, and technological performance compatible with 
the best international programs. 

The inctAmbTropic conducts research at three spatial scales: (i) coastal zone— 
characterized by great physical and biological heterogeneity and the interface of 
interactions between natural and anthropogenic forcings, (ii) continental shelf— 
an area also of great heterogeneity and still poorly understood and (iii) ocean—a 
component of the Earth system influenced by mass transport and its interactions 
with the atmosphere. 

The well-being of human communities intrinsically depends on the availability of 
services that coastal and marine ecosystems provide. This is particularly important 
for the northern and northeastern regions of Tropical Brazil, which has, in some of its 
coastal municipalities, population densities that are among the highest in the country 
(Fig. 1.1). Understanding how different marine environments will react to climate 
change in the coming decades is therefore of strategic importance for the region. 

1.2 The Tropical Marine Environments of Brazil 

The main tropical marine environments of Brazil include (i) the wave-dominated 
deltas, (ii) the main coral reefs of the western South Atlantic, (iii) one of the most 
important mangrove forests on the planet, and (iv) a mostly narrow continental 
shelf bathed by oligotrophic waters, starved of sediments and therefore dominated 
by carbonate sedimentation. Additionally, this region plays an important role in 
biogeochemical cycles, CO2 flux, and circulation in the Tropical Atlantic Ocean. 

From a physiographic point of view, this area is divided into 3 sectors (Dominguez 
2009): (i) the deltaic coast of eastern Brazil, (ii) the sediment-starved coast of 
northeastern Brazil, and (iii) the tidal embayment from the Amazon (Fig. 1.1).



1 Tropical Marine Environments of Brazil and Impacts of Climate Change 3

Fig. 1.1 Major tropical marine environments of Brazil. Ambient population refers to an average, 
or ambient, population that integrates diurnal movements and collective travel habits into a single 
measure (Dobson et al. 2000). Source Landscan Global Population Dataset. FNFernando de Noronha 
Archipelago; AR: Rocas Atoll; SPSP: Saint Peter and Saint Paul Archipelago; TMV: Trindade 
Martin Vaz islands; BC: Brazil Current; SEC: South Equatorial Current; and NBUC: North Brazil 
Undercurrent

1.2.1 The Deltaic Coast of Eastern Brazil 

In this section of the coast, the major escarpment typical of rifted passive continental 
margins (Gilchrist and Summerfield 1994; Seidl et al. 1996; Matmon et al.  2002) 
retreated back from the coastal zone almost 500 km. All major rivers emptying into 
this section of the coast have their headwaters in this escarpment, except for the 
Paraíba do Sul and the São Francisco rivers.
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A combination of large drainage basins with high intrabasin relief has resulted 
in large sediment yields in the major rivers emptying in this section of the coast of 
Brazil, resulting in classical examples of wave-dominated deltas (Parnaíba, Doce, 
Jequitinhonha-Pardo, and São Francisco) examined in detail in Chap. 4 (Fig. 1.1). 

The continental shelf along this stretch varies from very large (south) to very 
narrow (north). The Abrolhos Bank, the widest portion of the shelf, has had its 
origin associated with volcanic activity that occurred between the Paleocene and the 
Eocene (Mohriak 2006). The narrowness of the shelf north of the Abrolhos Bank 
results from the presence of the São Francisco craton, a geotectonic unit of Archean-
Paleoproterozoic age (Heilbron et al. 2017) that intercepts the shoreline in this stretch 
of the coastal zone. Overall, along this sector, the shelf break begins at the 50–60 m 
isobath. Shelf sedimentation away from major river mouths and along the outer shelf 
is carbonatic, having as a major constituent fragments of incrusting coralline algae 
and rhodoliths (Dominguez et al. 2013; Bastos et al. 2015) (see Chap. 6). 

The most important coral reefs of the western South Atlantic have developed on 
the Abrolhos Bank in waters shallower than 20 m in a sediment-starved portion of the 
shelf located between the Jequitinhonha and Doce River deltas (Fig. 1.1). Chapter 5 
presents a detailed characterization of the coral reefs present in this sector. Chapter 6 
details the characteristics of two shelf areas of this sector (Abrolhos and Central 
Bahia). 

1.2.2 The Sediment-Starved Coast of Northeastern Brazil 

This section of the Brazilian coastline currently receives the smallest volume of sedi-
ment from the hinterland as a result of the small size of the drainage basins in asso-
ciation with low intrabasinal relief and low precipitation (Fig. 1.1). This coast is thus 
characterized by a long-term trend of shoreline retreat (Dominguez and Bittencourt 
1996), displaying cemented upper shoreface sands (“beachrocks”), reef build-ups, 
and active sea cliffs carved into early-middle Miocene tablelands. The continental 
shelf is mostly narrow (< 20 km), a result of the combined effects of this region being 
the last to separate from Africa during the Mesozoic continental break-up (Rand and 
Mabesoone 1982), a dominance of transcurrent movements during separation and 
very limited sediment supply. 

Sedimentation is dominantly carbonatic as a result of the very low terrigenous 
sediment influx. Additionally, because of the reduced sediment influx, most incised 
valleys carved into the shelf during the Quaternary lowstands are unfilled and have a 
morphological expression in the bathymetry. Two shelf sectors of this compartment 
are characterized in detail in Chap. 6. 

This sector also contains most of the oceanic islands of Brazil, the Fernando de 
Noronha Archipelago (FN), the Rocas Atoll (RA), and Saint Peter and Saint Paul 
Archipelago (SPSP) (Fig. 1.1).
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The shelf area is characterized by extreme oligotrophy, whose zoo- and ichthy-
oplankton communities are described in detail in Chap. 7. On the other hand, the pres-
ence of oceanic islands alters the oligotrophy of the typical tropical structure, which 
includes a strong, permanent thermocline. This alteration involves upwelling by 
local processes such as surface current divergence, winds, and interactions between 
the currents and submarine relief (Travassos et al. 1999; Araujo and Cintra 2009), 
providing nutrients to the photic zone (Neumann-Leitão et al. 1999). As a result, an 
increase in productivity occurs at numerous trophic levels, ensuring the maintenance 
and increase of the diversity of planktonic communities (Boltovskoy 1981; Melo  
et al. 2012) (see Chap. 7). 

1.2.3 The Tidal Embayment of the Amazon 

This sector extends approximately from the Parnaiba Delta to the Orange Cape, and it 
is characterized by a broad re-entrant in the coastal zone, which extends for more than 
1000 km of shoreline. The combined flows of the Amazon and Tocantins/Pará Rivers 
bring to the coastal zone the largest sediment load in all of South America. This sector 
is also characterized by the highest tides in Brazil (Cartwright et al. 1991; Salles et al. 
2000), with tidal ranges varying from 3 to 6 m. A combination of large sediment 
supply and tidal range has favored the development of extensive progradation of 
the shoreline under tidal dominated conditions, with shoreline progradation of up to 
30 km (Souza-Filho et al. 2006) (see Chap. 3). 

Two deltas occur in this sector: the tide-dominated delta of the Parnaíba (see 
Chap. 4) and the Amazon, which was the subject of a recent synthesis by Nittrouer 
et al. (2021) and therefore was not included in this book. On the shelf, sedimentation 
is mostly siliciclastic, although carbonate sedimentation dominates on the outer shelf. 
More recently, a major reef complex has been described for the outer shelf of this 
region (Moura et al. 2016). 

In the coastal zone, the largest continuous mangrove belt of the world occurs 
occupying a total area of 7500 km2 (see Chap. 3). 

The large continental runoff with macrotidal mangroves originates from estuarine 
plumes on scales of dozens to hundreds of kilometres, which makes this region an 
extremely productive ecosystem. This region is among the most important fishing 
grounds in Brazil and may play an important role in regulating these North Brazilian 
shelf ecosystems. The zooplankton and ichthyoplankton communities along two 
transects in this compartment are presented in Chap. 7. 

1.2.4 The Tropical Atlantic Ocean 

The tropical Atlantic is characterized by permanent oligotrophic conditions outside 
the areas affected by river discharge (Da Cunha and Buitenhuis 2013) due to the
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relatively strong static stability with a well-marked thermocline, which is seasonally 
modulated by the meridional displacement of the ITCZ, controlling precipitation 
and trade wind regimes (Araujo et al. 2011; Assunção et al. 2020). The permanent 
thermocline restricts vertical mixing and nutrients up to photic layers and constrains 
biological productivity (Araujo et al. 2019). 

Additionally, the tropical Atlantic is a complex region with two main current 
systems in play, the equatorial system and the western boundary system. The equa-
torward western boundary North Brazil Current and Undercurrent (NBC–NBUC) 
contributes to the upper Atlantic Meridional Overturning Circulation (AMOC) 
(Fig. 1.1). The currents, winds, precipitation, biogeochemical cycles, and CO2 flux 
are seasonally regulated by the Intertropical Convergence Zone. 

The tropical Atlantic is also the second-largest oceanic source of CO2 to the 
atmosphere after the tropical Pacific (Lefèvre et al. 2010; Ibánhez et al. 2015; Araujo 
et al. 2019). Despite the net CO2 outgassing registered in this region, zones of net 
atmospheric CO2 uptake exist, which are mainly linked to the seasonal cycle of sea 
surface temperature (SST) and its associated thermodynamic effects on the partial 
pressure of CO2 (pCO2) (Ibánhez et al. 2015). 

Under low discharge conditions, the spread of the Amazon plume acts as an 
atmospheric CO2 sink of global relevance (Lefèvre et al. 2010; Ibánhez et al. 2015). 
In contrast, the northeastern Brazil region acts primarily as a CO2 source to the 
atmosphere, with the highest CO2 fluxes associated with periods of high SST in the 
area (Araujo et al. 2019). These aspects are discussed in detail in Chap. 8. 

1.3 Climate Change Impacts 

1.3.1 Deltas 

In addition to the reduction in rainfall in the catchments, another major impact of 
climate change on deltas is sea-level rise and its implications for delta plain inun-
dation and erosional shoreline retreat (Ibáñez et al. 2014). These aspects have been 
aggravated in recent decades by the construction of dams and artificial dikes that 
have reduced the ability of deltas to grow vertically (aggradation) and to feed the 
coastline with sediments (Vörösmarty et al. 2003; Syvitski et al. 2009; Day et al. 
2016). 

In the particular case of the Brazilian deltas, a few aspects must be considered 
when analyzing their vulnerability to climate change, since most of the delta plain 
is composed of beach dune deposits. The top of these beach-dune deposits is signif-
icantly higher than the mean sea level due to wave run-up (berm height is a function 
of the wave height at breaking) and Aeolian deposition (actually, most delta plain 
beach ridges were formed as dune ridges), which further contributes to increasing the 
average elevation of the terrain. Additionally, because they were built in a Glacial 
Isostatic Adjustment (GIA) far field region, the more internal beach deposits are
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approximately 3–4 m higher than those located in the outermost region of the delta 
plain (see Chap. 4). These factors contribute to increasing the resilience of these 
deltas to a rise in sea level. 

Notwithstanding, the pristine tide-dominated delta of the Parnaíba has a vulner-
ability to sea-level rise much higher than the other wave-dominated deltas because 
most of this delta plain is occupied by mangrove swamps. The survivability of 
Parnaíba to current sea-level rise will depend on the capacity of these mangrove 
swamps to build up in response to a rising sea level. 

For all Brazilian deltas, the results of climate models point to a reduction in 
precipitation in the watersheds, implying a reduction in river flows and, consequently, 
in the contribution of sediments to the mouth (Arias et al. 2021). 

1.3.2 Mangroves 

As detailed in Chap. 3, the response of the mangrove coasts to ongoing and future 
sea-level rise will depend on the environmental setting of the mangroves. 

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. However, 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 an open coast sheltered by barrier islands and densely 
colonized by mangroves and bounded landward by inactive cliffs, the muddy tidal flat 
will experience an elevation in water level and a sedimentary aggradation process. 
The landward retreat of the shoreline due to the rising sea level will result in barrier 
sand deposition over muddy flats and mangroves. This will cause coastal erosion, 
increased salinity, hydroperiod frequency, and inundation depth in mangrove forests 
(Souza-Filho and Paradella 2003; Souza-Filho et al. 2006). 

Along deltaic coasts, the rise in sea level will result in increased salt wedge 
penetration and landward retreat of beach-dune ridges, occasionally burying tidal 
muddy flats colonized by mangroves. 

Finally, tropical tidal flats fringing high gradient land regions or human-made 
obstacles such as seawalls and other shoreline protection structures will be the most 
threatened mangroves from sea-level rise. They will likely be drowned “in place” 
due to a lack of low-lying areas over which they can migrate (Lacerda et al. 2021). 

1.3.3 Coral Reefs 

Tropical southwestern Atlantic reefs are affected by a plethora of human stressors, 
including large-scale (global climate change-related processes, such as long-term 
warming, marine heatwaves, ocean acidification, and sea-level rise) or local but
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widespread impacts, such as mismanaged touristic and industrial activities, higher 
nutrient inputs, increased macro- and micro-plastic pollution, environmental disas-
ters (e.g., oil spills and mining dam collapses), overfishing of reef species, and 
invasive species. 

As detailed in Chap. 5, eastern-northeastern Brazil are reef areas that concentrate 
a higher diversity of habitats (reef forms) and major reef organisms, such as coral 
and fish communities. The Abrolhos Bank hosts one of the most important shallow 
water reef complexes of the western South Atlantic Ocean. 

Shallow water coral richness is also higher in these regions, where Mussismilia 
species and milleporids are important constituents of the reef-building fauna. Global 
climate change shifts limit the control and survival of reef-building and dwelling 
organisms. Projections of future habitat suitability show that the most restricted 
species (Mussismilia harttii and Mussismilia braziliensis) can migrate north, a trend 
that can be enhanced by the increase in aridity and possibly an increase in temperature 
and salinity in the shallow shelf areas. On the other hand, turbidity might play an 
opposite role to these prognostications. Mussismilia hispida, on the other hand, might 
benefit from the tropicalization of the temperate realm and migrate south. 

1.3.4 Continental Shelf 

Important abiotic changes associated with climate change are expected to affect shelf 
areas. These include changes in atmospheric circulation that will lead to an increase 
in storm frequency; changes in precipitation affecting terrestrial-derived sediment, 
nutrients and pollutants; changes in salinity and temperature of the coastal ocean; 
and changes in ocean chemistry (pH). These changes will directly affect the shelf 
benthic communities (Holt et al. 2010). Although shelf seas comprise only 7% of 
the global ocean, they provide extremely important services for human society. The 
dominance of hard seabed substrates on the northeastern Brazil Shelf (NEBS) signif-
icantly increases the biodiversity of these regions. Changes in ocean chemistry can 
severely affect calcium carbonate-secreting organisms, such as corals and coralline 
algae, and impact their capacity to create reefs in some locations (Cornwall et al. 
2019). In this respect, coralline algae, which are abundant on the NEBS, are consid-
ered one of the most crucial foundation taxa in the photic zone (Cornwall et al. 
2019). Unfortunately, the NEBS region still lacks robust scientific data to allow a 
more in-depth evaluation of the impacts of climate change on its seabed and habitats. 
At the same time, there is a strong pressure for the use of the NEBS seabed, partic-
ularly from the energy and marine mineral industries, which creates new research 
opportunities to carry out mapping and characterization of the seabed.
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1.3.5 Zoo- and Ichthyoplankton Communities 

The results presented in Chap. 7 show considerable seasonal variability in the zoo-
and ichthyoplankton communities, with large peaks in abundance and biomass, indi-
cating that these planktonic systems are not stable at all but rather highly dynamic, 
with very strong responses to seasonal variations in climate and hydrography. There-
fore, these systems are prone to show strong and exacerbated responses to climate 
variations in the near future, functioning as “amplifiers” of climate signals. Such 
responses may include drastic changes in the productivity of the ecosystem, but they 
may also manifest as unprecedented shifts in the timing of the peaks and blooms, 
leading to a deleterious disarrangement in the food webs, the “trophic mismatch” 
(Thackeray 2012). 

The expected ecosystem responses are highly complex and totally different 
depending on the study area. In tropical oceanic ecosystems, the expected warming 
and deepening of the upper mixed layer (Roch et al. 2021) will most likely lead 
to increased stratification in layers above the permanent thermocline and thus to a 
reduction in primary (Gittings et al. 2018) and secondary productivity in the coming 
decades, with deleterious consequences for carbon sequestration, oceanic fish stocks 
(e.g., tuna and mackerels), seabirds, and other upper trophic levels. 

For tropical pelagic ecosystems on the continental shelf, the situation is completely 
different, since they usually do not have a permanent thermocline. Tides and wind-
driven turbulence usually break up any strong thermal stratification, except for areas 
with estuarine plumes. For the nearshore shelf, coastal and estuarine processes are 
very important, especially continental runoff. Extreme events, such as very strong 
rainfall, have drastic consequences for these nearshore ecosystems. 

1.4 Book Organization 

This book is arranged into 8 chapters. 
This chapter provides a general overview of the subject. 
Chapter 2 provides definitions of what climate variability and change are and an 

overview of observed and projected changes in climate in tropical South America. 
Temperature, rainfall, and drought projections are assessed from an ensemble of 
global and regional model projections under global warming scenarios of 1.5 and 
4.0 °C for various regions of South America. 

Chapter 3 presents a characterization of the mangrove swamps along the coast of 
Brazil and their subdivision based on geological, morphological, oceanographic, and 
climatic characteristics. It also discusses 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. 

Chapter 4 presents a synthesis of the wave-dominated deltas of Brazil, which are 
subject to different climatic zones, tidal regimes and wave climates, and different
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degrees of regulation and human occupation, ranging from pristine to human-
influenced deltas. Vulnerability to climate change is also examined, particularly 
concerning the rise in sea level. 

Chapter 5 synthesizes the main characteristics of the distribution and variability 
of reef and coralline ecosystems of the tropical southwestern Atlantic. These reefs 
are known as marginal reefs because they thrive in environmental conditions (high 
turbidity) far from those considered to be the optimal conditions for framework 
builders (calcareous skeleton-secreting organisms, such as corals). Additionally, 
three endemic coral species (M. hispida, M. harttii, and M. braziliensis) are used 
as proxies of the reef ecosystem to evaluate the trend of environmental suitability 
across the Brazilian Tropical Marine region in the RCP8.5 scenario. 

Chapter 6 reviews the major characteristics of the continental shelves of north-
eastern Brazil, emphasizing seafloor morphology, its associated benthic ecosystems 
and the role of the eustatic variations in their late Quaternary evolution. Major human 
uses are also discussed. 

Chapter 7 investigates zoo- and ichthyoplankton communities in seven Brazilian 
tropical marine environments that differ considerably in their abiotic and biological 
settings, ranging from the extremely wide continental shelf lined by mangroves off 
northern Brazil to the narrow oligotrophic shelf areas located in northeastern Brazil 
and three oceanic areas related to unique Brazilian island systems (Rocas Atoll, 
Fernando de Noronha, and St. Peter and St. Paul’s Archipelagos). 

Chapter 8 summarizes the main characteristics of the circulation, biogeochem-
ical cycles, and CO2 flux variability in the tropical Atlantic Ocean (TA). This is a 
very complex region where ocean–atmosphere interactions, oceanic currents, and 
phenomena such as wave propagations and mesoscale activities occur. The region is 
considered oligotrophic due to relatively strong static stability, with a well-marked 
thermocline. Additionally, the TA is the second-largest oceanic source of CO2 to 
the atmosphere subject to equatorial upwelling, seasonal variations, and large river 
discharges, which drive the exchange of CO2 between the sea and air. 

1.5 Final Remarks 

This book synthesizes the current knowledge about the major marine environments 
of tropical Brazil and how they might be impacted by ongoing climate change. Most 
results presented herein were derived from research conducted under the umbrella of 
the National Institute for Science and Technology in Tropical Marine Environments 
(inctAmbTropic) during the last 10 years. We hope this broad overview on this subject 
will be widely used by students, researchers, and managers interested in the subject 
and a source of inspiration for further studies on the topics discussed. 
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Chapter 2 
Climate Variability and Change 
in Tropical South America 
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Abstract This chapter provides definitions of what climate variability and change 
are and an overview of observed and projected changes in climate in tropical South 
America. We present a review of the findings of the Intergovernmental Panel on 
Climate Change (IPCC) from the First Report launched in 1990 until the Sixth Report 
AR6 released in 2021. This review includes the evolution of models, projections and 
emission scenarios used by the IPCC since the 1990s. We also include a review 
of observed long term hydroclimate variability for some key regions in tropical 
South America that include biomes such as Pantanal, Amazon, the semiarid lands of 
Northeast Brazil and the Paraná-Plata river basin. For these regions, the focus is on 
extremes, such as droughts and floods. Temperature, rainfall and drought projections 
are assessed from the ensemble of global and regional model projections under global 
warming scenarios of 1.5 and 4.0 °C for various regions of South America. Finally, 
we also discuss some societal impacts of climate variability and change as well as 
knowledge gaps that need to be filled with new studies. 
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2.1 Introduction 

2.1.1 Components of the Climate System 

The climate system corresponds to the interaction among their components: atmo-
sphere, hydrosphere, cryosphere, lithosphere, and biosphere (IPCC 2007, 2013, 
2021). Changes in one component directly or indirectly affect the other components 
and are affected by them. Human-induced climate change already affects several 
components of the climate system. 

The atmosphere is a thin layer that surrounds the Earth and is composed of gases 
and aerosols that become less dense as the distance from the Earth’s surface increases. 
In this sense, 90% of the atmospheric constituents are within 15 km of Earth’s surface, 
which corresponds to only 1/400 of the radius of Earth (Trenberth 2020). Carbon 
dioxide (CO2), ozone (O3), methane (CH4) and water vapor (H2O) are examples 
of gases with variable concentrations (also referred to as trace gases). Although at 
small concentrations, these gases are essential for maintaining life, as they contribute 
to the so-called greenhouse effect. The greenhouse effect is a natural process that 
has existed since Earth’s formation. Without this natural effect, the global mean 
temperature of the Earth would be −18 °C, which is almost twice as low as its 
current mean temperature (~15 °C). When solar energy reaches the atmosphere, 
the atmosphere is not able to absorb a large part of the radiation. The shortwave 
radiation provided by the Sun is absorbed by the Earth’s surface and radiated back 
as longwave radiation (infrared wavelength). This infrared radiation is absorbed by 
greenhouse gases such as CO2 and by clouds (remember that clouds are composed 
of H2O). Some of the energy absorbed by the atmospheric constituents will also be 
radiated back, primarily at infrared wavelengths, in all directions. In this process, 
the radiation emitted downward from the atmosphere adds to the warming of Earth’s 
surface by solar radiation. This enhanced warming is due to the greenhouse effect. 
The problem facing the intensification of the greenhouse effect is that anthropogenic 
actions have contributed to increasing the concentration of the greenhouse gases, 
therefore increasing the greenhouse effect and the mean temperature of the planet. 

The atmosphere interacts with other components of the climate system by means of 
feedback mechanisms among the climate system components. The feedback mecha-
nisms are also radiative forcings. The term forcing refers to factors that drive or cause 
changes in the climate system and, as a result, cause climate change. As defined by the 
IPCC (2013), radiative forcing is a measure of the net change in the energy balance 
in response to a perturbation. There are three ways to change the radiative balance 
of the Earth: (a) changing the incoming solar radiation, (b) changing the quantity 
of solar radiation that is reflected back (albedo) and (c) modifying the amount of 
longwave radiation that the Earth radiates back to space (changes in the greenhouse 
gas concentrations) (IPCC 2007). Climate responds to these changes through feed-
back mechanisms that can either amplify (positive feedback) or decrease (negative 
feedback) the effects of a change in the climate.
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2.1.2 Natural Climate Variability and Change 

The Earth’s climate is determined by the balance between incoming energy from the 
Sun and outgoing energy emitted by the Earth/atmosphere system. Balance means 
that what enters in a system leaves this system in the same magnitude. Therefore, 
changes in the incoming or outgoing energy lead to changes in the climate. However, 
what are the drivers of these energy changes in addition to the Sun? Before we explain 
this subject, it is important to define the meaning of climate change and climate 
variability. According to the glossary of the IPCC (2021): 

Climate change: change in the state of the climate that can be identified (e.g., 
by using statistical tests) by changes in the mean and/or the variability of its 
properties and that persists for an extended period, typically decades or longer. 
Climate change may be due to natural internal processes or external forc-
ings, such as modulations of the solar cycles, volcanic eruptions and persistent 
anthropogenic changes in the composition of the atmosphere or in land use. 

Climate variability: change in the state of the climate that can be identified 
(e.g., by using statistical tests) by changes in the mean and/or the variability 
of its properties and that persists for an extended period, typically decades or 
longer. Climate change may be due to natural internal processes or external 
forcings, such as modulations of the solar cycles, volcanic eruptions and persis-
tent anthropogenic changes in the composition of the atmosphere or in land 
use. 

Changes in climate have occurred even in the absence of humans (IPCC 2021). 
Therefore, there are natural drivers contributing to these changes that can be internal 
(components of the climate system) or external (solar luminosity variations, varia-
tions in Earth’s orbit around the Sun, and volcanic eruptions) to the climate system. 
The internal drivers change the climate and are affected by the climate (feedback 
mechanism); on the other hand, the external drivers can only affect the climate and 
cannot be affected by it (Hartmann 2015). Internal drivers that can lead to climate 
change are related to modifications in the thermohaline circulation, ice melting and 
water vapor increase in the atmosphere. However, they are also greatly respon-
sible for climate variability on different time scales (weakly, intraseasonal, seasonal, 
interannual, and decadal). This variability is associated with teleconnection patterns. 

Teleconnection is a term used to refer to local anomalies in the atmosphere, which, 
in general, are caused by a heat source in the ocean (Trenberth et al. 1998) and that 
affects the climate of remote places. Thus, teleconnections also refer to local anoma-
lies in the ocean that disturb the climate system (IPCC 2021). We can also think about 
teleconnection as a perturbation in the climate system caused by its own compo-
nents. For South America, a description of the main teleconnection patterns that
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cause climate variability over South America can be found in Reboita et al. (2021a). 
In particular, considering an interannual time scale, the most studied and widely 
known teleconnection pattern is the phenomenon of the El Niño-Southern Oscillation 
(ENSO). ENSO is an ocean–atmosphere coupled phenomenon that develops in the 
east and central portions of the tropical Pacific Ocean (Wang et al. 2017; McPhaden 
et al. 2020). The positive sea surface temperature (SST) anomalies indicate the ENSO 
warm phase, while the negative anomalies indicate the cold phase (La Niña). During 
an El Niño event, there is a sea-level gradient with lower values in the eastern Pacific 
and higher values in the western Pacific, which weakens the trade winds (opposite 
conditions are observed during a La Niña event). These changes in atmospheric circu-
lation cause anomalous patterns in temperature and precipitation around the globe. 
Over South America, El Niño episodes are responsible for increased precipitation 
over southeastern South America and less rainfall over portions of Amazonia and 
northeast Brazil (Marengo et al. 2017, 2018; McPhaden et al. 2020; Reboita et al. 
2021a). The positive SST anomalies during El Niño events can also contribute to 
boosting global temperatures, increasing global warming in specific years such as 
2016 (McPhaden et al. 2020). In climate change scenarios, changes in ENSO are 
still uncertain, although some models, considering high emission scenarios, indicate 
that extreme El Niño and La Niña events may double in frequency in the future (Cai 
et al. 2014, 2015, 2020). 

Other important systems may be affected by teleconnection patterns in the Atlantic 
Ocean sector, such as the North Atlantic Oscillation (NAO), the Southern Annular 
Mode (SAM) and the Tropical Atlantic SST gradient, which involve variations of 
opposite signs in the sea-level pressure and SST in both hemispheres (Foltz et al. 
2019; Zhang et al. 2021), leading to variations in the position and intensity of the 
Intertropical Convergence Zone (ITCZ). All these systems and their relationship with 
teleconnection patterns are well described in Reboita et al. (2021a). 

2.1.3 Anthropogenic Climate Change 

The Earth’s natural greenhouse effect has been modified by human activities. Humans 
have increased the concentration of greenhouse gases in the atmosphere, leading to 
the warming of the Earth’s surface, as a feedback process in the climate system (IPCC 
2021). The sources of greenhouse gases can be natural and anthropogenic. H2O is the  
most abundant greenhouse gas in the atmosphere. Its concentration increases as the 
Earth’s atmosphere warms, leading to cloud formation and precipitation. However, 
the greatest “villain” for increasing the greenhouse effect is CO2, which has had its 
concentration greatly increased due to human activities. In 1850, the CO2 concen-
tration was 280 parts per million (ppm); in August 2021, it reached 416 ppm, thus 
indicating an increase of approximately 48% during this time interval (https://cli 
mate.nasa.gov/vital-signs/carbon-dioxide/). When greenhouse gases are injected into 
the atmosphere, they have long residence times, i.e., the amounts released into the

https://climate.nasa.gov/vital-signs/carbon-dioxide/
https://climate.nasa.gov/vital-signs/carbon-dioxide/
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atmosphere today will remain in the atmosphere for up to two centuries depending 
on the gas. 

Land use changes are also responsible for anthropogenic climate change. When 
the natural vegetation is changed by agriculture and urbanization, the local albedo 
is modified as well as the water and energy surface budgets. In the case of urban-
ization, the large urban centers are also responsible for heat islands that contribute 
to increasing the air temperature. Agriculture and cattle ranching also contribute to 
climate change through the release of nitrous oxide (N2O) available in fertilizers. 
Another serious issue is deforestation. Forests store large amounts of carbon since 
trees and other plants absorb carbon dioxide in photosynthesis. Carbon dioxide is 
converted into carbon and stored in all parts of the plants and the soil. However, the 
stored carbon is released into the atmosphere in the form of carbon dioxide when the 
forests are burned or cleared. Rainforests also play an important role in cooling the 
local climate. As their canopy helps to trap moisture, it leads to slow evaporation, 
providing a natural air-conditioning effect (Henson 2011). If the forest is removed or 
burned over large areas, hotter and drier conditions are expected. Studies for South 
America using climate models, such as Llopart et al. (2018) and Marengo et al. 
(2021a and references quoted in), have indicated that changing the Amazon Forest 
to grassland would result in an increase in temperature and in the occurrence of a 
contrasting spatial pattern on precipitation over Amazonia and changes in the atmo-
spheric circulation for all South America. Increased deforestation may also affect 
the hydrological cycle in the region, and recent studies by Gatti et al. (2021) have  
shown that while the Amazon region functions as a sink of CO2, the southeastern 
part of the region, along the so-called deforestation arc, behaves as a source of CO2, 
with temperature increases, rainfall and atmospheric moisture reduction during the 
last three decades. 

Anthropogenic warming has resulted in an expansion of the dry climate areas 
and a decrease in polar climates. The poleward shift of the Hadley cell could be 
associated with this impact (Reboita et al. 2019). On the other hand, dry climate 
regions are more vulnerable to desertification. This causes a loss of biodiversity and 
reduces agricultural productivity, such as in the semiarid region of Northeast Brazil 
(Vendruscolo et al. 2021). Marengo et al. (2020 and references quoted in) show 
that with regional warming above 4 °C, semiarid regions become arid, and the risk 
of Caatinga vegetation being replaced by arid vegetation is high, which affects the 
populations in rural areas. On longer time scales, this aridification of the Northeast 
would lead to land degradation, resulting in a desertification process. 

Climate change is also playing an increasing role in determining wildfire regimes 
(Shukla et al. 2019). In addition to the CO2 from fires, bacteria in newly exposed soil 
may release more than twice the usual amount of another greenhouse gas, nitrous 
oxide, for at least two years. Brazilian biomes (Pantanal, Cerrado, Amazon Forest) 
suffered much damage from fires in 2019 and 2020 (Henson 2011). A comprehensive 
review of the increasing fire outbreaks in Brazilian biomes, their contributing causes, 
overall environmental impacts and consequences for human well-being is provided 
by Pivello et al. (2021).
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2.1.4 Main Concepts in Climate Change and Modeling 

Figure 2.1 shows the air temperature frequency distribution for two scenarios: the 
preindustrial period and present/future time. The difference in mean global tempera-
tures between these two scenarios is represented by a shift to the right of the frequency 
distribution. At the same time, changes in both tails of the distribution can be seen, 
which indicates an increase in the frequency of extreme weather events. Thus, in 
statistical terms, climate extremes can be envisioned as a given probability distri-
bution of a specific event, for example, droughts. Extreme events can be classified 
as weather extremes or climate extremes. The former refers to systems with short 
durations, such as intense rain on a specific day; the latter refers to events with longer 
durations, such as cold waves, heat waves, and droughts. 

From observations, we know that our climate is changing, with one example 
being the frequency, duration and intensity of extreme weather and climate events 
(IPCC 2021). However, these extremes can also affect the climate itself. Reichstein 
et al. (2013) highlighted that extremes produce a direct biogeochemical signal in 
the atmosphere with local concentrations, for instance, of pollution. In other cases, 
a climate extreme alters the turnover rate of terrestrial carbon pools, leading to 
prolonged release of CO2 into the atmosphere, such as the injection of CO2 into 
the atmosphere due to vegetation mortality during drought episodes. 

To project changes in future climate, numerical climate models are used. Hence, 
climate models simulate the physical processes taking place in the atmosphere, 
providing us with data concerning atmospheric circulation, temperature, precipi-
tation, etc. If a model can successfully simulate the main features of atmospheric 
circulation, the mean state of the climate (average temperature and precipitation) 
and the frequency of extreme events, it can give us the confidence to apply them 
to future projections. More details on climate models, scenarios, projections, and 
uncertainties are shown in Sect. 2.2.

Fig. 2.1 Schematic representation of the probability density function of daily temperature in the 
preindustrial period and present/future climate 
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2.2 Climate Modeling: A Primer 

2.2.1 Climate Models: Concepts and Evolution 

Since the 1960s, climate models have evolved a long way until the current state-
of-the-art in Earth System Models (ESMs). The first atmospheric models, called 
atmospheric general circulation models (AGCMs), consisted of physical equa-
tions governing atmosphere dynamics, radiative transfer, and other parametriza-
tions. These models were numerically solved using computers and were forced by 
prescribed boundary conditions such as solar radiation, sea surface temperature, sea 
ice, and land surface cover. In parallel, oceanic general circulation models (OGCMs) 
solved similar equations for the ocean and were forced by other boundary conditions, 
such as air temperature and wind. Climate calculations with a combined Atmosphere– 
Ocean Model were first performed by Nobelist Syukuro Manabe at the Geophysical 
Fluids Dynamic Laboratory GFDL (Manabe and Bryan 1969), giving birth to the 
atmosphere–ocean global climate models AOGCMS. 

During the 1990s, global climate models were generally AOGCMs, with hori-
zontal resolutions typically 300–700 km and 12–24 vertical levels in the atmosphere. 
These models were used in the First and Second Assessment Reports of the IPCC 
(IPCC 1990, 1995). The use of individual model ensembles (to account for uncer-
tainties in the initial conditions) was rare. In the early 2000s, the first climate system 
models (CSMs) integrated the four main climate system components. Atmosphere, 
ocean, land cover, and sea ice were dynamically simulated, varying in time and feed-
backing with the other components. In CSMs, the prescribed boundary conditions 
are solar radiation, aerosols (volcanic and anthropogenic), and atmospheric compo-
sition. Typical resolutions at the time were 200 km (horizontal) and 30 levels in 
the vertical direction for the atmospheric model, and asymmetric resolutions for the 
oceans, depending on whether it simulates an oceanic current (15–20 km) or not 
(150–200 km). Land surface and sea ice were usually run at the same resolution as 
the atmospheric model. These models need to be initialized for at least 30 years until 
the shallow ocean temperature reaches equilibrium. The use of individual model 
ensembles became increasingly common (5–100 ensembles). CSMs were the stan-
dard in the Third and Fourth IPCC Assessment Reports (IPCC 2001, 2007) and were 
still used in the Sixth IPCC Assessment Report AR6 (IPCC 2021). 

In the late 2000s, the first ESMs were built. In this type of model, the climate 
system is just a component of the Earth system. In addition to the climate system 
components, the ESMs explicitly simulate the carbon, water and nitrogen cycles, 
atmospheric chemistry, and aerosols, directly simulating sea-level rise. CO2 and 
aerosol emissions are inputs to the model, and since the full carbon cycle is simulated, 
the model computes CO2 concentrations. To do that, these models must be initialized 
by > 1000 years so that the soil and ocean carbon can reach equilibrium. Not all these 
characteristics are present in all ESMs, but to be considered an ESM, the model must 
simulate the full carbon cycle. ESMs are the current standard for the Fifth IPCC AR5 
and Sixth IPCC AR6 Assessment Reports (IPCC 2013, 2021), although only a few



22 J. A. Marengo et al.

models of the Coupled Model Intercomparison Project Versions 5 and 6 (CMIP-5 
and -6, respectively) ensembles are fully integrated ESMs. These models have much 
finer resolutions, sometimes < 100 km for the atmospheric and oceanic models. 

Following the evolution of climate models, the attribution of causes of climate 
change has also been better established:

• The IPCC First Assessment Report (FAR IPCC) (IPCC 1990) concluded that 
while both theory and models suggested that anthropogenic warming was 
already well underway, its signal could not yet be detected in observational 
data against the ‘noise’ of natural variability.

• The IPCC Second Assessment Report (SAR IPCC) stated that the balance 
of evidence suggests a discernible human influence on global climate. The 
SAR stated that ‘the balance of evidence suggests a discernible human 
influence on global climate’ (IPCC 1995).

• The IPCC Third Assessment Report (TAR IPCC) concluded that there is 
new and stronger evidence that most of the warming observed over the last 
50 years is attributable to human activities (IPCC 2001).

• The IPCC Fourth Assessment Report (IPCC AR4) further strengthened 
previous statements, concluding that most of the observed increase in global 
average temperatures since the mid-twentieth century is very likely due 
to the observed increase in anthropogenic greenhouse gas concentrations 
(IPCC 2007).

• The IPCC Fifth Assessment Report (IPCC AR5) assessed that a human 
contribution had been detected to changes in warming the atmosphere and 
ocean; changes in the global water cycle; reductions in snow and ice; global 
mean sea-level rise; and changes in some climate extremes. AR5 concluded 
that it is extremely likely that human influence has been the dominant cause 
of the observed warming since the mid-twentieth century (IPCC 2013).

• The IPCC Sixth Assessment Report (IPCC AR6) establishes that it is 
unequivocal that human influence has warmed the atmosphere, ocean, and 
land. Widespread and rapid changes in the atmosphere, ocean, cryosphere 
and biosphere have occurred (IPCC 2021). 

If we are interested in a more precise representation of the local climate, regional 
climate models (RCMs) are recommended. Their advantage is that they have a higher 
horizontal resolution (< 50 km) compared to GCMs, being able to better represent 
aspects of topography, for example. However, RCMs need both initial and spatial 
boundary conditions, which are provided by GCMs or by reanalysis. A review of the 
fundamental aspects of GCMs is available in Ambrizzi et al. (2019). With the purpose 
of establishing a common framework to facilitate the application and comparison 
of the results obtained with regional climate dynamic and statistical downscaling
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and a common protocol for downscaling experiments in different regions of the 
world, the World Climate Research Program (WCRP) established the Coordinated 
Regional Climate Downscaling Experiment (CORDEX) in the late 2000s (Giorgi 
and Gutowski 2015; Giorgi et al.  2021). 

2.2.2 Evolution of Climate Emissions Scenarios for IPCC 

The IPCC has used a common set of scenarios across the scientific community to 
provide better comparisons between various studies and to make it easier to commu-
nicate model results. In the FAR IPCC (IPCC 1990), idealized emission scenarios 
were assumed, such as greenhouse gas (GHG) emissions growing at a fixed rate 
(e.g., 1% a year). Starting with the SAR IPCC (IPCC 1995), a set of six alternative 
emission scenarios, IS92a-f, were used. These scenarios embodied a wide array of 
assumptions reflecting how future greenhouse gas emissions might evolve in the 
absence of climate policies beyond those already adopted (Leggett et al. 1992). 

Socioeconomic and emission scenarios are used in climate research to provide 
plausible descriptions of how variables such as socioeconomic change, technological 
change, energy, land use, and emissions of greenhouse gases and air pollutants may 
evolve in the future. They are used as input for climate model runs and as a basis 
for assessing possible climate impacts, mitigation options, and associated costs. The 
scenarios from the Special Report on Emission Scenarios (SRES) (Nakicenovic et al. 
2000) were used in the TAR IPCC (IPCC 2001) and IPCC AR4 (IPCC 2007) reports. 
Scenarios were chosen based on our future motivations and emphasis. The A family 
of scenarios assumes we would focus on economic motivations, while the B family 
assumes more environmental motivations. Completing the set, family 1 assumed a 
globalized economy, while family 2 emphasized local communities. The four main 
scenarios (A1, A2, B1, and B2) considered different futures for global population, 
global per capita income, per capita energy consumption, and CO2 emissions per 
unit of energy produced, with outcomes varying from endless comfort and efficiency 
(A1) to a return to nature and community (B2), with a sustainable and equitable 
world in between (B1). 

The modeling process using these emissions scenarios follows the sequence: 
socioeconomic forcings—population, gross domestic product (GDP), and tech-
nology—determine GHG and aerosol emissions, which then determine GHG and 
aerosol concentrations, then radiative forcing, then climate (temperature, precipi-
tation, snow cover, sea ice, sea level, etc.), geophysical impacts (river discharge, 
fires), and impacts on humans and other species (diseases, heat stress, species distri-
bution, etc.). Although this is a logical way of thinking, the uncertainties in the 
modeling processes increase from the beginning to the end of the modeling sequence, 
maximizing uncertainty at the end of the chain.
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The IPCC AR5 (IPCC 2013) scenarios modified this modeling sequence, mini-
mizing the uncertainty at the center of the modeling chain, i.e., at the radiative forcing. 
Scenarios were aggregated at four radiative forcing levels by 2100, above preindus-
trial levels—2.6, 4.5, 6.0, and 8.5 W/m2. Representative concentration pathways 
(RCPs) were modeled to account for the socioeconomic-technologic emissions and 
concentration pathways that lead to the selected radiative forcings (van Vuuren et al. 
2011). 

The IPCC AR6 (IPCC 2021) projected global scenarios based on the shared 
socioeconomic pathways (SSPs) concept. This new set of scenarios synthesizes 
knowledge across the physical sciences, impact, adaptation, and mitigation research. 
The core set of SSP scenarios assumes five main pathways—sustainability (SSP1), 
regional rivalry (SSP3), inequality (SSP4), development based on fossil fuels (SSP5), 
and a middle-of-the-road pathway (SSP2). Each pathway is assigned to one or 
more radiative forcings by 2100 above preindustrial levels: SSP1-1.9, SSP1-2.6, 
SSP2-4.5, SSP3-7.0, and SSP5-8.5, covering a broad range of emission pathways, 
including new low-emissions pathways. In IPCC AR6 (IPCC 2021), emissions 
vary between scenarios depending on socioeconomic assumptions, levels of climate 
change mitigation, and air pollution controls (for aerosols and nonmethane ozone 
precursors). 

2.2.3 Uncertainties in Model Projections and Model 
Limitations 

The Intergovernmental Panel on Climate Change (IPCC) has used an ensemble 
of different climate models to address climate system uncertainties and to avoid 
individual model biases since the TAR IPCC report (IPCC 2001). To standardize 
comparisons between the different models and their differences in grid type, resolu-
tion, and output variables, the climate modeling community developed increasingly 
sophisticated CMIPs. 

Both CMIP3—used in the IPCC AR4 (IPCC 2007)—and CMIP5—used in the 
AR5 (IPCC 2013) included experiments testing the ability of models to reproduce the 
twentieth century global surface temperature trends both with and without anthro-
pogenic forcings (GHGs and aerosols). The CMIP6 models used in the IPCC AR6 
(IPCC 2021) include new and better representations of physical, chemical, and 
biological processes and higher model resolution than climate models considered 
in previous IPCC assessment reports, in addition to improvements in the historical 
radiative forcings. These enhancements improved the simulation of the last century’s 
mean state of most large-scale indicators of climate change and many other aspects 
across the climate system (IPCC 2021). 

In ESMs, the magnitude of feedback between climate change and the carbon cycle 
becomes larger but also more uncertain in high CO2 emissions scenarios (very high
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confidence). However, climate model projections show that the uncertainties in atmo-
spheric CO2 concentrations by 2100 are dominated by the differences between shared 
socioeconomic pathways, i.e., by humankind’s own choices. Additional ecosystem 
responses to warming do not yet fully included in climate models, such as CO2 

and CH4 fluxes from wetlands, permafrost thaw, and wildfires which would further 
increase concentrations of these gases in the atmosphere (IPCC 2021). 

In summary, although scenarios are the major source of uncertainty in climate 
projections, model uncertainty widens the range of possible future climates. These 
uncertainties include inaccurate representation of interannual and interdecadal modes 
of climate system variability and misrepresentation of parametrizations and feed-
backs, mainly those related to clouds. Another example is the impossibility of 
modeling the occurrence of random climate-relevant events, such as volcanic 
eruptions. 

2.3 Observed and Projected Climate Scenarios in Tropical 
South America 

2.3.1 Observed Changes: A Summary 

In the upcoming subsections, a review of climate trends is presented for some regions 
of Brazil. These regions correspond to Brazilian biomes (Fig. 2.2): the Amazon biome 
in the Amazon River basin, the Caatinga biome in the semiarid lands of Northeast 
Brazil, the Pantanal biome, and the Parana-La Plata River basin that covers parts of 
the Cerrado, Atlantic Forest and Pampas biomes.

To study rainfall variability, we consider the standardized precipitation index 
(SPI). The SPI is a drought index proposed by Mckee et al. (1993) to quantify the 
probability of occurrence of a precipitation deficit at a specific monthly time scale. 
To calculate the SPI, precipitation data are fitted to a gamma probability distribution 
function, and then the inverse normal distribution function is used to rescale the prob-
ability values, resulting in SPI values with a mean of zero and a standard deviation of 
one. As the SPI is a normalized index, it allows the comparison of the index between 
different locations and climates, which is important for drought monitoring in a large 
country such as Brazil (Cunha et al. 2019). The time series of SPI-12 months for the 
regions considered below are shown in Fig. 2.2.
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Fig. 2.2 Time series of SPI-12 months for the 5 indicated regions from 1961 to 2021. The regions 
correspond to the Brazilian biomes. Source IBGE-Servico Florestal do Brasil: https://snif.florestal. 
gov.br/es/los-biomas-y-sus-bosques/608-florestas-nos-biomas-brasileiros

2.3.2 Changes in Rainfall and Hydrology in the Amazon 
Region 

Historical trends in Amazonian precipitation vary considerably among studies, 
depending on the dataset, time series period and length, season, and the region evalu-
ated. Most modern rainfall records start in the 1960s, hampering the quantification of 
trends in the Amazonian region. Studies analyzing rainfall trends in the Amazon for 
the past four decades show a north–south opposite trend, including increasing rainfall 
in the northwestern Amazon and a decrease in the southeastern Amazon, particu-
larly in the last decade (Fig. 2.2d and e). These trends may be a consequence of the 
intensification of the hydrological cycle in the region (Gloor et al. 2013; Barichivich

https://snif.florestal.gov.br/es/los-biomas-y-sus-bosques/608-florestas-nos-biomas-brasileiros
https://snif.florestal.gov.br/es/los-biomas-y-sus-bosques/608-florestas-nos-biomas-brasileiros
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et al. 2018; Science Panel for the Amazon 2021). The droughts in 1983, 1998, 2010 
and 2016 affected the entire Amazon, and the drought in 2005 affected mostly the 
southern Amazon. 

This intensification means increased climate variability, reflected by the increase 
in recent extreme hydroclimatic events due to stronger northeast trade winds that 
transport moisture into the Amazon. Recent work by Espinoza et al. (2019) shows that 
while the southern Amazon exhibits negative trends in total rainfall and extremes, the 
opposite is found in the northern Amazon, particularly during the wet season. Wang 
et al. (2018) combined both satellite and in situ observations and revealed changes 
in tropical Amazonian precipitation over the northern Amazon. Due to increasing 
rainfall in the northern Amazon, the overall precipitation trend on a basin scale 
showed a 2.8 mm/year increase for the 1981–2017 period (Paca et al. 2020). 

As shown by Schöngart and Junk (2020), water level data for the Rio Negro at 
Manaus, close to its confluence with the Solimões (Amazonas) River, started being 
recorded in September 1902. The mean amplitude between the annual maximum 
(floods) and minimum (droughts) water levels is 10.22 m (1903–2015). Barichivich 
et al. (2018) indicated a significant increase in the daily mean water level of approx-
imately 1 m over this 113-yr period. Furthermore, the authors observed a fivefold 
increase in severe flood events resulting in the occurrence of severe flood hazards 
over the last two decades in the central Amazon (2009, 2012–2015, 2017, 2019 and 
2021) and droughts in 2005, 2010, and 2016. 

Substantial warming of the tropical Atlantic since the 1990s has played a central 
role in the region’s hydrology, increasing atmospheric water vapor imported by trade 
winds into the northern Amazon basin and increasing precipitation, especially during 
the dry-to-wet and wet seasons. The simultaneous cooling of the equatorial Pacific 
during this period strengthens the Walker circulation and deep convection over the 
Amazon (Marengo et al. 2021a). 

2.3.3 Rainfall and Hydrological Variability in the Pantanal 
Region 

Bergier et al. (2018) used a seasonal rainfall time series from 1926 to 2016 for the 
Pantanal and found a positive trend in the number of rainy days for all seasons. Lázaro 
et al. (2020), using a 42-year historical series, found that the number of days without 
precipitation has greatly increased in the northern Pantanal, as well as the loss of 
water mass in the landscape over the last 10 years, specifically during the dry season. 
Overall, currently, the northern Pantanal has 13% more days without rain than in 
the 1960s (Lázaro et al. 2020). The rainfall during the summers of 2019 and 2020 
was well below normal (Fig. 2.2c) and lower than that during the 1970s. For 2020, 
rainfall was reduced until November. It rained just 160 mm in January, and in March 
and November, it rained half of the expected value. Since August 2019, rainfall was 
below normal, and in October 2019, it rained 50 mm (half of the 100 mm average).
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This suggests a late onset of the rainy season of the hydrological year 2019–2020 
(Marengo et al. 2021b). 

Marengo et al. (2021b) showed that the river levels at Ladário represent the hydro-
logical regime of the Upper Paraguay River Basin, which enables the characteriza-
tion of a given period as drought or flood in the Pantanal. The annual mean level 
of the Paraguay River at Ladário is 273 cm (1900–2020), ranging from 145 cm in 
November to 405 cm in June. In terms of the daily absolute maximum, the five 
events with levels above 600 cm were registered in April 1988 (664 cm) and May 
1905 (662 cm). In April 1988, the river level rose to 664 cm, flooding small commu-
nities along the river’s shores. The year 1970–1971 recorded the largest number of 
days with levels equal to or below 100 cm during the observation period. On the 
dry side, the 5 years with the lowest minimum levels were reported in September 
1964 (−61 cm), September 1971 (−57 cm), October 1967 (−53 cm), September 
1969 (−53 cm), and October 1910 (−48 cm). Negative values indicate observations 
below the zero level of the river gauge. The lowest values were measured from 1962 
to 1973; all 12 years had levels of 100 cm and below. The most recent minimum 
level value was −32 cm in October 2020. This is the lowest level in 49 years since 
the previous lowest minimum in 1971. This is consistent with the SPI values from 
Fig. 2.2c showing negative SPI values in those years. 

2.3.4 Rainfall Variability in Northeast Brazil 

Northeast Brazil (NEB) is under the influence of Atlantic trade winds that converge 
along the Intertropical Convergence Zone (ITCZ). The meridional migration of 
the ITCZ in the semiarid region of NEB determines the rainfall peak season from 
February to May. Years with drought were observed during El Niño in 1983, 1998 
and from 2012–2018 as well as in other years characterized by warm surface waters 
in the Tropical North Atlantic (Fig. 2.2a). The 2012–2018 drought was associated 
with a warmer tropical North Atlantic and aggravated by an El Niño event in 2016 
(Marengo et al. 2020). Influences from the tropical Pacific Ocean by means of El 
Niño and from a warmer tropical North Atlantic that moves the ITCZ anomalously to 
the north are the main causes of rainfall deficiency and drought in the region (Brasil 
Neto et al. 2021). 

The drought that started in 2012 left 1717 municipalities of NEB (96% of total) 
in a state of emergency, which included rural food insecurity (Marengo et al. 2017, 
2020; Brito et al. 2018; Alvala et al. 2019; Cunha et al. 2019; Vieira et al. 2020). 
During the 2012–2018 drought, the volume of water in the reservoirs on the São 
Francisco River (Cunha et al. 2019), an important Brazilian river that crosses the 
region, was reduced to minimal levels. This was coupled with an increase in demand 
for irrigation water and evaporation from the reservoirs. As a result of the sharp 
reduction in the São Francisco River flow since 2012, it became necessary to modify 
the operation of the reservoirs—which were designed in the 1970s—to maintain a
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baseflow capable of sustaining the various water uses, mainly the water supply to 
several cities along the river and large irrigation projects (Marengo et al. 2021a). 

2.3.5 Rainfall and Hydrological Variability in the Paraná-La 
Plata River Basin 

Since the 1960s, seven droughts (1977, 1984, 1990, 1992, 2001, 2012 and 2014) have 
reduced reservoir storage for São Paulo state in Brazil (Fig. 2.2c) (Naumann et al. 
2021). In some parts of the La Plata Basin (LPB), such as the Upper Paraná River 
Basin, severe-to-exceptional hydrological drought conditions have been present since 
2014. Nevertheless, in the last two years, 2020–2021, this situation has worsened. 
Indices of precipitation indicate that the precipitation in the Paraná River basin 
(Fig. 2.2c) has been below average in recent years (Naumann et al. 2021). Several 
dry and rainy cycles since the early 1900s have been observed, with the most severe 
drought on record taking place from December 1968 to September 1971, peaking 
in March 1969. However, it is important to note that, at that time, the water demand 
throughout the Paraná River basin was much lower than at present (Cunha et al. 
2019). Levels of the Paraná River at Corrientes (Naumann et al. 2021) show that the 
low levels detected in 2020 and 2021 are comparable to those experienced during 
the two most severe low-level events in recorded history, i.e., 1934 and 1944. 

2.3.6 Cyclones Over the South Atlantic Ocean 

Different types of cyclones develop over the South Atlantic Ocean: extratropical, 
subtropical and tropical (Reboita et al. 2021b, c, e). Extratropical cyclogenesis is 
the most frequent, and tropical cyclogenesis is the rarest, even though the east coast 
of Brazil is a region with the potential for tropical cyclogenesis most of the year 
(Andrelina and Reboita 2021). Extratropical cyclones have a higher frequency in the 
latitude band of 45° S, whereas subtropical and tropical cyclones occur along the 
east and south coasts of Brazil. As these systems develop close to the coast, they may 
cause strong winds, heavy rain and floods. 

Projections for the end of the century (2080–2099) under the RCP8.5 scenario 
through an ensemble with the Regional Climate Model (RegCM4) nested in different 
CMIP5 global climate models (GCMs) and an ensemble with GCMs indicate 
(Fig. 2.3): (a) extratropical cyclones over the South Atlantic Ocean are projected 
to decrease in frequency due to the decrease in near-surface baroclinicity (Reboita 
et al. 2021c; Marrafon et al.  2022); on the other hand, intensity may be equal to 
or higher than the historical period (1995–2014), and they can cause more intense 
rainfall and winds. While the total frequency of extratropical cyclones is projected 
to decrease, the number of explosive cyclones (deepening rate of ~ 24 hPa/24 h) is
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Fig. 2.3 Projected trends in the frequencies of extratropical, explosive and subtropical cyclones at 
the end of the century (2080–2099) under the RCP8.5 scenario compared to the historical period 
(1995–2014) 

projected to increase (Reboita et al. 2021c); (b) subtropical cyclones are projected to 
decrease in frequency in part due to the intensification of the South Atlantic subtrop-
ical anticyclone (de Jesus et al. 2021; Reboita et al. 2019). On the other hand, intense 
convection may cause this kind of cyclone to become stronger; and (c) for tropical 
cyclones, there are no trends in their frequency by the end of the century (Marrafon 
et al. 2022). 

2.3.7 Changes in Mean Climate and Extremes Based 
on CMIP6 and CORDEX Models Under Various Levels 
of Warming (from 1.5 to 4 °C) 

Recent work by Almazroui et al. (2021) shows the results of an analysis of a large 
ensemble of models from CMIP6 over South America for future changes in slices 
2040–2059 and 2080–2099 relative to the reference period (1995–2014) under four 
shared socioeconomic pathways (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5). The 
CMIP6 models successfully capture the main climate characteristics across South 
America for the reference period. Future precipitation exhibits a decrease east of 
the northern Andes in tropical South America and the Amazon and an increase over 
southeastern South America and the northern Andes, consistent with earlier CMIP
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Fig. 2.4 Changes (relative to 1995–2014) in mean annual temperature (T in °C) projected by 
CMIP6 models (under scenario SSP5-8.5) considering 1.5 (a) and 4.0 °C (b) global warming levels 
and for CORDEX models (under RCP8.5 scenario) and considering 1.5 (c) and 4.0 °C (d) global 
warming levels (GWLs). Boundaries of IPCC AR6 Atlas regions are shown in the upper left corner 
of the panel. The same regions are used in Figs. 2.5 and 2.6 

(3 and 5) projections. In contrast, temperature increases are robust in terms of magni-
tude even under SSP1-2.6. Future changes mostly progress monotonically from the 
weakest to the strongest forcing scenario and from the mid-century to late-century 
projection period. Furthermore, an increasingly heavy-tailed precipitation distribu-
tion and a rightward shifted temperature distribution provide strong indications of a 
more intense hydrological cycle as greenhouse gas emissions increase. The authors 
found no clear systematic linkage between model spread about the mean in the refer-
ence period and the magnitude of simulated subregional climate change in the future 
period. 

In this subsection, we consider the Northern South America (NSA) and South 
American Monsoon (SAM) AR6 regions to represent the Amazon Basin and the 
Northeastern South America (NES) AR6 region to represent Northeast Brazil (Itur-
bide et al. 2021) (Fig. 2.4). Various levels of warming are considered. For tropical 
South America, we also include Southeastern South America (SES) so that the entire 
region (tropical South America) is treated as NSA, SAM, NES and SES. In addi-
tion, we are working under a new methodology, employing global warming levels 
(GWLs) (1.5, 2.0, 3.0, and 4.0 °C), instead of decades. Nevertheless, it is important to 
highlight that such levels of warming can be translated in terms of time (decades), as 
demonstrated by Seneviratne et al. (2021). For example, the 1.5 °C GWL (relative to 
the recent past, 1995–2014) will be achieved around the 2050s under the SSP5-8.5 
scenario, while the 4.0 °C GWL will be achieved around the 2090s using SSP5-
8.5 (see Table 4.2 in Chap. 4—IPCC 2021). Considering the preindustrial period 
(1850–1900), the 1.5 °C GWL will be reached in 2030 for all scenarios. 

2.3.8 Temperature Projections 

The mean temperature (T ), minimum temperature (TN), and maximum tempera-
ture (TX) are used to assess the change in the average temperature magnitude. The
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minimum of minimum temperatures (TNn) and the maximum of the maximum 
temperatures (TXx) are used to evaluate the change in the extreme temperature 
magnitudes, while days with TX above 35 °C (TX35) and days with TX above 
40 °C (TX40) are used to assess the changes in the frequency of warm temperature 
extremes. The enhanced warming over high-latitude oceans is apparently attributed 
to the positive snow and sea ice albedo feedback effect in these regions (Goosse et al. 
2018). The smallest warmings occur in the tropical region of both hemispheres. 

Table 2.1 summarizes projections of changes in air temperature and its extremes 
for NSA, SAM, NES and SES considering 1.5 and 4.0 °C GWLs under the SSP5-8.5 
(RCP8.5) scenario for CMIP6 (CORDEX) models relative to 1995–2014. For the 
1.5 °C GWL, the NSA, SAM, NES and SES heat up approximately half of that value 
(approximately 0.7 °C). However, as the level of warming rises, this difference is 
reduced. For the 4.0 °C GWL, in the NSA, SAM, NES, and SES, the temperature 
increases between 2.9 and 4.2 °C in the CMIP6 and CORDEX models. The same 
behavior is observed for TN, TX, TNn and TXx. Regarding the frequency of warm 
extremes (TX35 and TX40), the increase from 1.5 to 4.0 GWLs are very high, mainly 
for SAM, where it will reach almost 92 (107) days with TX above 40 °C, considering 
CMIP6 (CORDEX) results.

Both the projected magnitude of warming and the frequency of occurrence of 
hot extremes are higher for SAM than for all South American regions (Fig. 2.4). 
This feature is also presented in Chou et al. (2014), Reboita et al. (2014), López-
Franca et al. (2016), Teichmann et al. (2021) and Coppola et al. (2021). Chou et al. 
(2014), using the Eta Regional Climate Model forced by two global climate models, 
HadGEM2-ES and MIROC5, under two RCP scenarios (8.5 and 4.5), show that in 
the future, the major warming area will be located in the central part of Brazil. In 
Coppola et al. (2021) and Teichmann et al. (2021), the results from two regional 
models nested in three GCMs from CMIP5 and RCP2.6 and RCP8.5 show the most 
warming over the NSA, SAM and NES. López-Franca et al. (2016), using 4 RCMs 
driven by 3 GCMs and projections for 2079–2098, show greater increases in warm 
nights and warm days over northern South America. Additionally, Reboita et al. 
(2014) projections, using RegCM3 nested in ECHAM5 and HadCM3 MCGs under 
the A1B scenario, indicate general warming throughout all South American regions 
and seasons, which is more pronounced in the far-future period. 

According to the IPCC (2021), it is virtually certain, compared with the recent 
past (1995–2014) and compared to the preindustrial period (1850–1900), that all of 
South America will have an increase in the intensity and frequency of hot extremes 
and a decrease in the intensity and frequency of cold extremes under a 4.0 °C GWL. 
Additionally, according to this report, it is virtually certain that the mean air temper-
ature will rise across all of South America, with the largest increases occurring in 
the Amazon Basin (NSA and SAM).
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Table 2.1 Changes in the magnitude and frequency of temperature indices for 1.5 and 4.0 °C 
GWLs using CMIP6 models under the SSP5-8.5 scenario and CORDEX models under the RCP8.5 
scenario 

Temperature 
index and unit 

AR6 
region 

1.5 °C 4.0 °C 

CMIP6 CORDEX CMIP6 CORDEX 

T (°C) NSA 0.8 (0.2–1.2) 0.7 (0.5–1.1) 3.8 (3.1–4.5) 3.2 (3.2–4.8) 

NES 0.7 (0.3–1.1) 0.7 (0.4–1.0) 3.1 (2.7–3.6) 3.5 (3.0–4.3) 

SAM 0.8 (0.3–1.3) 0.8 (0.5–1.2) 3.9 (3.2–4.6) 4.2 (3.4–5.0) 

SES 0.6 (0.2–0.9) 0.6 (0.3–0.8) 3.0 (2.5–3.4) 2.9 (2.4–3.5) 

TN (°C) NSA 0.7 (0.2–1.1) 0.7 (0.4–1.1) 3.6 (3.0–4.3) 3.4 (2.9–4.0) 

NES 0.6 (0.2–1.0) 0.7 (0.4–1.0) 3.1 (2.5–3.8) 3.2 (2.6–3.7) 

SAM 0.8 (0.3–1.3) 0.8 (0.5–1.1) 4.0 (3.4–4.6) 4.0 (3.2–4.7) 

SES 0.6 (0.2–0.9) 0.6 (0.3–0.8) 3.1 (2.4–3.5) 3.0 (2.5–3.6) 

TX (°C) NSA 0.9 (0.2–1.4) 0.8 (0.5–1.1) 4.2 (3.3–5.2) 3.9 (3.0–5.0) 

NES 0.8 (0.2–1.3) 0.7 (0.4–1.0) 3.8 (3.1–4.6) 3.3 (2.9–3.8) 

SAM 0.9 (0.3–1.6) 0.9 (0.5–1.3) 4.5 (3.4–5.5) 4.4 (3.5–5.2) 

SES 0.7 (0.1–1.1) 0.6 (0.2–0.9) 3.1 (2.2–3.8) 2.9 (2.3–3.5) 

TNn (°C) NSA 0.7 (0.2–1.0) 0.7 (0.4–1.1) 3.5 (2.6–4.4) 3.8 (3.1–4.5) 

NES 0.7 (0.3–0.9) 0.6 (0.4–0.9) 3.2 (2.6–4.1) 3.3 (2.6–3.7) 

SAM 0.8 (0.3–1.3) 0.7 (0.3–1.1) 3.7 (2.9–4.5) 4.1 (3.1–5.1) 

SES 0.6 (0.2–1.2) 0.5 (0.0–0.8) 2.9 (2.4–3.4) 2.6 (1.7–3.2) 

TXx (°C) NSA 1.0 (0.3–1.6) 0.9 (0.5–1.2) 4.5 (3.7–5.2) 4.2 (3.3–5.0) 

NES 0.9 (0.3–1.6) 0.8 (0.5–1.2) 3.9 (3.3–4.5) 3.9 (3.4–4.3) 

SAM 1.3 (0.4–2.4) 1.2 (0.6–1.9) 6.1 (4.3–8.0) 5.5 (4.3–7.0) 

SES 0.9 (0.4–1.4) 0.8 (0.3–1.3) 4.1 (3.2–5.0) 3.9 (3.1–4.5) 

TX35 (days) NSA 16.1 (1.7–28.4) 18.1 (7.1–26.6) 89.7 
(33.0–109.1) 

98.1 
(69.3–122.1) 

NES 8.5 (1.7–24.8) 10.5 (3.8–25.6) 43.3 
(33.9–100.3) 

57.5 
(33.9–87.3) 

SAM 17.8 (4.5–31.4) 20.1 (9.6–37.3) 91.7 
(43.3–153.0) 

106.7 
(80.7–132.4) 

SES 5.7 (1.9–10.7) 6.0 (1.0–9.1) 28.2 
(16.6–36.2) 

34.1 
(19.8–47.5) 

TX40 (days) NSA 4.3 (0.0–16.1) 6.0 (0.0–12.9) 39.2 
(1.6–77.7) 

52.6 
(11.0–104.9) 

NES 1.9 (0.0–9.7) 1.8 (0.1–4.6) 18.4 
(0.8–37.1) 

21.6 
(5.7–43.3)

(continued)
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Table 2.1 (continued)

Temperature
index and unit

AR6
region

1.5 °C 4.0 °C

CMIP6 CORDEX CMIP6 CORDEX

SAM 3.9 (0.2–13.1) 8.5 (1.5–17.8) 29.4 
(4.1–55.2) 

57.0 
(28.5–101.2) 

SES 2.3 (0.4–5.2) 1.4 (0.2–2.3) 10.8 
(6.0–19.4) 

12.6 
(5.4–22.1) 

Source Interactive Atlas—IPCC AR6 (Iturbide et al. 2021) 
Displayed are median values and, in parentheses, the 5–95% ranges over NSA, SAM, NES, and 
SES relative to the period 1995–2014

2.3.9 Precipitation Projections 

The total precipitation (PR) is used to indicate the change in the amount of precipita-
tion, and the maximum 1-day and 5-day precipitation (RX1day and RX5day) are used 
to show the change in the magnitude of precipitation extremes. Unlike the results for 
temperature, precipitation and its extremes exhibit a more heterogeneous behavior 
and, in most regions, with no agreement between the models (see precipitation global 
maps at https://interactive-atlas.ipcc.ch/). Moreover, for the near future (2021–2040) 
or for the low GWLs (1.5 °C and 2.0 °C), even considering the most pessimistic 
scenarios (SSP5-8.5 and RCP8.5), the sign of change is very weak, with no agree-
ment between models. Figure 2.5 presents the change in annual precipitation (PR) 
for 1.5 and 4.0 °C GWLs relative to 1995–2014 using CMIP6 and CORDEX models 
under the SSP5-8.5 and RCP8.5 scenarios, respectively. The only robust signs of 
projected changes in annual precipitation and where there is an agreement between 
the models (Fig. 2.5b and d) occur in the east of the NSA, with a 12% reduction 
(median) in PR, as well as in southwestern South America (SWS). Projections of 
increases in PR are observed over SES and in the extreme west of northwestern 
South America (NWS). The drying (wetting) conditions over NSA and SAM (SES) 
are also presented in Chou et al. (2014), Llopart et al. (2014), Reboita et al. (2014), 
Coppola et al. (2021), Teichmann et al. (2021), and Teodoro et al. (2021).

Chou et al. (2014) showed a reduction in summer precipitation over northern and 
central South America and an increase in PR over southern South America. Llopart 
et al. (2014), using the regional climate model RegCM4 driven by the HadGEM, 
GFDL and MPI GCMs under RCP8.5 and, more recently, Teodoro et al. (2021), 
have also shown projections of reduced precipitation over the broad Amazon and 
central Brazil region and increased precipitation over the La Plata basin and central 
Argentina. According to Llopart et al. (2014), the tendency toward an extension of the 
dry season over central South America is due to a late onset and an early retreat of the 
SAM. Reboita et al. (2014) also projected dry conditions in all seasons over northern 
South America and an increase in precipitation over the SES mainly in spring and 
summer. More recent work by Coppola et al. (2021) points out that extreme wet and 
flood prone maxima are projected to increase over the La Plata basin (SES).

https://interactive-atlas.ipcc.ch/
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Fig. 2.5 Changes (relative to 1995–2014) in mean annual precipitation (PR, in %) projected by 
CMIP6 models (under scenario SSP5-8.5) considering 1.5 (a) and 4.0 °C (b) GWLs and  for  
CORDEX models (under RCP8.5 scenario) considering 1.5 (c) and 4.0 °C (d) GWLs. GWLs. 
Red circles and ellipses indicate areas with robust signs of projected changes in annual precip-
itation and where there is an agreement between the models. See Fig. 2.4 for names of regions 
delimited in figure

Regarding the behavior of the magnitude of extreme precipitation (RX1day and 
RX5day), there is an increase over most of South America, including the Amazon 
and Northeast Brazil. It is important to highlight that extreme precipitation is deter-
mined by local exchanges in heat, moisture, and other related quantities (ther-
modynamic changes) and those associated with atmospheric and oceanic motions 
(dynamic changes) (Seneviratne et al. 2021). The increase in water vapor leads to 
robust increases in precipitation extremes everywhere, with a magnitude that varies 
between 4 and 8% per degree Celsius of surface warming (thermodynamic contribu-
tion) (Fischer and Knutti 2016; Sun et al. 2020). However, the dynamic contributions 
show large differences across models and are more uncertain than thermodynamic 
contributions (Shepherd 2014; Trenberth et al. 2015; Pfahl et al. 2017). 

Increases in extreme precipitation magnitude and frequency over NSA, SAM, 
NES, and SES are projected for the end of the century using a 4 °C GWL  (Li et al.  
2021). However, using RCMs, Chou et al. (2014) and Coppola et al. (2021) projected 
negative changes in precipitation extremes over the NSA. Regarding SAM, NES, and 
SES, Coppola et al. (2021) project positive changes, while Chou et al. (2014) project 
negative changes, except for SES. 

In summary, IPCC (2021) projections indicate that for mean precipitation there 
will be a drying (wetting) signal for NSA and NES (SES). IPCC (2021) states that an 
intensification of heavy precipitation is projected with medium confidence, compared 
to the recent past (1995–2014) and with the preindustrial period (1850–1900) for 2 
and 4 °C GWLs, for NSA, SAM, and NES and particularly for SES. 

2.3.10 Drought Projections 

Consecutive dry days (CDD) are used to assess changes in meteorological drought. 
Figure 2.6 presents changes in CDD for 1.5 and 4.0 °C GWLs relative to 1995–2014
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Fig. 2.6 Changes (relative to 1995–2014) in consecutive dry days (CDD, in number of days 
projected by CMIP6 models (under scenario SSP5-8.5) considering 1.5 (a) and 4.0 °C (b) GWLs  
and for CORDEX models (under RCP8.5 scenario) considering 1.5 (c) and 4.0 °C (d) GWLs. See 
Fig. 2.4 for the names of the regions delimited in the figure 

using CMIP6 and CORDEX models under the SSP5-8.5 and RCP8.5 scenarios, 
respectively. The increase in CDD over the Amazon basin is remarkable, indicating 
a drier climate in the future, both in CMIP6 and CORDEX models. Over NES, the 
models also show an increase in CDD. Over the SES, there is no agreement between 
the models, but the model results show an overall decrease in precipitation at 1.5 °C 
GWLs. According to Chou et al. (2014), Coppola et al. (2021), and Reboita et al. 
(2021d), positive changes in CDD over NSA, SAM and NES are projected in the 
far-future. 

2.4 Impacts on Natural and Human Systems 

2.4.1 Impacts on Natural Ecosystems 

The drought that started in 2012 highlights the vulnerability of NEB. Arid condi-
tions have been detected during recent years mainly in the central semiarid region, 
covering almost 2% of NEB (Marengo et al. 2020). The projections of vegetative 
stress conditions derived from the empirical model for the vegetation health index 
(VHI) are consistent with projections from vegetation models, where semidesert 
types typical of arid conditions would replace the current semiarid bushland vegeta-
tion (“caatinga”) by 2100 (Marengo et al. 2020). Therefore, there is a possibility that 
under permanent drought conditions with warming above 4 °C, arid conditions would 
prevail in NEB since 2060, which would lead to land degradation and desertification. 

The drought situation in 2019–20 in the Pantanal and the Upper Paraguay River 
basin has been unusually harsh, with dry and warm conditions favoring the prop-
agation of fires. The increased number of fires affects human activities and biodi-
versity. These fires and droughts aggravated the situation of vulnerable fauna and 
flora. Changes in the quality of the rainy season can also affect wetland hydrology,
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and droughts can seriously affect the living conditions of biological populations 
(Marengo et al. 2021a). 

Drought and flood events in Amazonia have produced impacts such as an increased 
risk of forest fires, extreme warming, floods and inundations, which can affect the 
human population and flora and fauna both on land and in lakes and rivers (Davidson 
et al. 2012; Marengo et al. 2013; Brando et al. 2014; Doughty et al. 2015). While 
droughts increase the risk of tree mortality, the combination of severe droughts and 
floods can put additional stress on Amazon forests, especially if the flooding regime 
of regularly inundated areas is perturbed outside of their natural range (Langerwisch 
et al. 2013). It also affects riverine carbon balance by outgassing carbon from the 
Amazon River and the amount exported to the Atlantic Ocean, with nonlinear effects 
to be expected if deforestation is also considered (Langerwisch et al. 2016). 

2.4.2 Potential Impacts on Society 

Due to the impacts of the 2012–2017 drought in NEB, public policies have been 
implemented to reduce social and economic vulnerability for small farmers. In the 
long term, to make the semiarid region less vulnerable to drought, strengthened 
integrated water resource management and a proactive drought policy are needed 
to restructure the economy. Integrating drought monitoring and seasonal climate 
forecasting provides a means of assessing the impacts of climate variability and 
change, leading to disaster risk reduction through early warning. In a future scenario 
with a high risk of drought and possible desertification in regions with warming 
above 4 °C, agricultural activities can be affected by severe water stress and may be 
devastating for local populations. This condition can make drought irreversible, and 
prolonged water stress could lead to aridity and land degradation (Marengo et al. 
2020). 

Changes in the rainfall regime and the flood pulse in the Pantanal are likely to 
disrupt the processes that maintain these landscapes; furthermore, landscape modi-
fication may dramatically alter wetlands (Ivory et al. 2019; Marengo et al. 2021b). 
Many human activities in the region rely on the ecosystem services provided by 
the Pantanal, including professional and touristic fishing and contemplative tourism 
(Bergier et al. 2018). The available land for cattle ranching and farming is dependent 
on the extent of flooding during each wet season. Due to these flooding events, local 
ranchers struggle to survive. Because of drought, fires spread and affect the natural 
biodiversity in the Pantanal region as well as the agribusiness and cattle ranching 
sectors. The uncontrolled fires occurring in the dry season are of anthropogenic 
origin. They are directly related to deforestation, cleaning, and reforming pastures. 
Improper practices and the use of fire as a management practice without control 
techniques endanger conservation (Aragão et al. 2018; Alho et al. 2019). 

It is important to mention that in the Amazon region, the perception of drought and 
flood by the population may be different when compared to other regions, and low 
or high river levels are better indicators of drought or floods, respectively, compared
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to rainfall anomalies. Through their close dependency on water levels, local people 
are well placed to detect variability in both climate and hydrological regimes and 
can respond to early warning signals to cope with potential impacts on their activ-
ities (Pinho et al. 2015; Marengo et al. 2018). Development in the Amazon region 
has pushed the agricultural frontier, resulting in widespread land cover change. As 
agriculture in the region has low productivity and is unsustainable, the loss of biodi-
versity and continued deforestation will lead to high risks of irreversible changes in 
Amazon forests (Nobre et al. 2016). 

2.4.3 Governance Actions to Mitigate Climate Change: 
Examples for Northeast Brazil (NEB) and Amazon 

In this section, we focus on two regions of South America that have high social 
and biodiversity vulnerability in tropical South America, NEB and Amazon, respec-
tively. In NEB, current-drought emergency relief measures include water distribu-
tion by trucks (“carros pipa”), plus cash transfer and state-sponsored microinsurance 
programs for smallholders (Magalhães 2016). Actions are heavily concentrated on 
water distribution, initially to rural but also to urban and coastal communities that 
depend upon water supply originating in the semiarid regions. In addition, recent 
anti-poverty programs, such as education, health and extreme poverty alleviation, 
have significantly improved the life conditions in the region (Alvala et al. 2019; 
Marengo et al. 2020). Despite significant improvement in quality-of-life indicators 
in the past 15 years, levels of vulnerability remain high, especially in rural house-
holds that are more dependent on agriculture (Engle and Lemos 2010). In a recent 
work, Marengo et al. (2021c) presented a list of initiatives that can be considered 
adaptation options to cope with drought in NEB in the long term. Some are tech-
nical options, while others can be considered more political. However, others are 
related to monitoring and early warning of drought and seasonal climate forecasts 
from national and regional agencies. The target of all these actions is the protection 
of vulnerable populations and small-scale farming in the semiarid region of NEB. 

The challenges of governance of climate change in the Amazon region are related 
to the fact that even though the region will be impacted, drivers of deforestation 
are linked to economic activities such as logging, cattle ranching, soy harvesting, 
and mining, as well as to public investments in infrastructure such as roads and 
hydropower plants (Science Panel for the Amazon 2021), all of which have played 
a significant role in the economic growth of the region and of Brazil. 

Amazonian municipalities of Brazil are involved in global climate governance. 
The actions are linked to the national policy to control deforestation. Other actions can 
be characterized by the initiatives taken by municipalities to become involved in inter-
national negotiation processes focusing on the United Nations Framework Conven-
tion on Climate Change (UNFCCC) and the Reducing Emissions from Deforestation 
and Forest Degradation (REDD+) mechanisms. These initiatives have strengthened
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subnational, national, regional and transnational networks and have created commit-
ments to mitigate and find ways to adapt to global climate change. This is relevant to 
the goals of deforestation reduction proposed by Brazil during the Paris Agreement 
in 2015 (IPCC 2021). 

2.5 Gaps, Limitations and Future Lines of Work 

With the likelihood of more frequent droughts, there is a need for a better perception 
that adaptive capacity is still low, as shown by the consequences of recent droughts in 
tropical South America. Science has assembled enough knowledge to underline the 
global and regional importance of the Amazon, Pantanal and Parana-Prata regions, 
which can support policy-making to keep these sensitive ecosystems functioning. 
This major challenge requires substantial resources and strategic cross-national plan-
ning and a unique blend of expertise and capacities established in the regions’ coun-
tries and from international collaboration. While science can still advance further 
in this area, we have also assembled enough knowledge to underline the global 
and regional importance of an intact Amazon region to support policy-making and 
to keep this sensitive ecosystem functioning. Measures and strategies for drought 
preparedness could be strengthened by regional, national and international financing 
mechanisms to provide for disaster risk reduction and disaster risk management in 
the long term. 

A multiannual drought has been affecting the Plata Basin since mid-2019. The 
lack of rainfall, mainly in the upper part of the basin, has led to a considerable 
decrease in the flow of the Paraguay and Paraná rivers. Due to its prolonged duration 
and severity, this drought has already produced many impacts on several different 
socioeconomic sectors and has also severely affected ecosystems. These include 
water supply disruptions, forest fires, reduced agricultural yields, decreased river 
transport on the Paraguay and Paraná rivers, and a considerable reduction in hydro-
electric energy production (Naumann et al. 2021). The impacts of this drought need 
to be assessed in the context of cross bordering collaboration. 

On the governance side, governments and institutions are critical determinants of 
adaptive capacity and resilience in NEB, from the municipal to the federal levels. 
Other actions on the scientific side include preventive activities, such as risk moni-
toring and early warning systems for weather and climate extremes that can trigger 
natural disasters that would impact human and natural systems. These actions include 
seasonal climate forecasts for the region, spanning from model development to risk 
communication to the public and decision-makers. Also, it is necessary to consoli-
date disaster risk management in Brazil, which requires exploring synergies between 
all the institutions involved. It is necessary to create mechanisms for the integration 
and articulation of technical and scientific knowledge of the various dimensions of 
risk by ensuring a linkage between policies related to disaster risk reduction, climate 
change adaptation, and the UN Sustainable Development Goal 13 (Climate Action).
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Chapter 3 
Mangrove Swamps of Brazil: Current 
Status and Impact of Sea-Level Changes 
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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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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,
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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/


54 P. W. M. e Souza-Filho et al.

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
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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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Chapter 4 
The Wave-Dominated Deltas of Brazil 

José Maria Landim Dominguez 

Abstract This chapter presents a synthesis of the existing knowledge on the wave-
dominated deltas of Brazil (Parnaíba, São Francisco, Jequitinhonha, Doce, Paraíba 
do Sul). One of these, Parnaíba, is also strongly influenced by tides. These deltas 
are subject to different climatic zones, tidal regimes and wave climate, and different 
degrees of regulation and human occupation, which causes them to range from pris-
tine deltas (Parnaíba) to human-influenced deltas (all others). Additionally, all these 
rivers flow in this area are controlled to greater or lesser extent controlled by the South 
American Monsoon System (SAMS). During the Holocene, the construction of these 
deltas was affected by variations in SAMS intensity associated with a progressive 
increase in Southern Hemisphere summer insolation. During the last decades, the 
reduction in river flows has triggered extensive erosion at the river mouth. Neverthe-
less, no significant losses in the delta plain area have been detected, and the eroded 
sediments are distributed to the regions lateral to the river mouth following patterns 
determined by the angular wave climate. Vulnerability to climate change is also 
examined, particularly concerning the rise in sea level. Parnaíba was determined to 
be the most vulnerable of the examined deltas, despite its almost pristine state. 

Keyword Deltaic sedimentation · Climate change · Quaternary evolution ·
Vulnerability 

4.1 Deltas—Hot Spots of Vulnerability to Climate Changes 

Deltas are considered hot spots of vulnerability to climate change due to a number 
of factors (Day et al. 2019): (i) delta plains are lowland areas built under an approxi-
mately stable sea level, (ii) they experience high subsidence rates due to the progres-
sive compaction of delta front muds, (iii) they have high-fertility soils and therefore 
are areas of intense agricultural activity and high population densities, (iv) they are 
very sensitive to variations in rainfall in their catchments, which affect river flows
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and therefore sediment supply to the delta plain, (v) their rivers have been extensively 
regulated due to the construction of dams, and (vi) they have high biodiversity and 
offer a variety of environmental services. Even in the absence of ongoing climate 
change, many deltas have already had their resilience to environmental changes 
irreparably compromised due to the magnitude of human interventions. 

The construction of modern delta systems began more or less synchronously 
around the world due to the stabilization of sea level after 8000 years (Stanley and 
Warne 1994). Delta construction in association with climate stabilization during the 
Holocene allowed the emergence of great agricultural civilizations in many regions 
of the world (Day et al. 2007), such as in the Tigris-Euphrates delta (Kennett and 
Kennett 2006). It is estimated that more than 500 million people currently live in 
deltas (Giosan et al. 2014). 

Man has intensively exploited the delta’s natural resources for centuries and 
in some cases for more than a few thousand years. There is even a proposition 
that some Mediterranean deltas are human creations (Maselli and Trincardi 2013). 
Human population expansion in the catchments and the consequent deforestation 
have substantially increased the solid discharge of the Mediterranean rivers, causing 
delta progradation (Anthony et al. 2014; Besset et al.  2019). Moreover, because most 
delta plains are composed of fine sediments, deltas will only be geomorphologically 
sustainable if their long-term vertical build-up is greater than the magnitude of sea-
level rise (Day et al. 2019). This vertical build-up is made possible by the input of 
mineral sediments during major floods, when the river overflows its bed and inun-
dates the low areas of the delta plains. According to Giosan et al. (2014), almost all 
large deltas with areas greater than 10,000 km2, and most deltas with areas between 
1000 and 10,000 km2, do not receive enough mineral sediment input to offset the 
1 m sea-level rise by 2100. This is particularly true for deltas made up mainly of fine 
sediment, which experience high subsidence rates and have their rivers regulated. 
Smaller deltas made up of sandy sediments, such as wave-dominated deltas, have a 
larger portion of the delta plain located above sea level and therefore are less vulner-
able to sea-level rise (Giosan et al. 2014). Notwithstanding, the ongoing climate 
changes and their effects on sea level, river discharge, and the increased frequency of 
extreme events have the potential to significantly alter the sustainability of all deltas. 

On the coast of Brazil, in addition to the Amazon, there are 5 other deltas (Parnaíba, 
São Francisco, Pardo-Jequitinhonha—hereafter named Jequitinhonha, Doce, and 
Paraíba do Sul) (Fig. 4.1), with areas ranging from 2400 km2 (Paraíba do Sul and 
Doce) to 1000–800 km2 (Parnaíba, São Francisco, and Jequitinhonha). With the 
exception of the Parnaíba, which experiences an expressive influence of the tides, the 
São Francisco, Jequitinhonha, Doce, and Paraíba do Sul deltas are typical examples 
of wave-dominated deltas (Dominguez et al. 1987).

These 5 deltas extend from 22°S (Paraíba do Sul) to almost the equator (Parnaíba) 
and thus are subject to different climatic zones, tidal regimes, and wave climates and 
different degrees of regulation and human occupation, which causes them to range 
from pristine deltas (Parnaíba) to human-influenced deltas (all the others) (sensu 
Ibáñez et al. 2019). Additionally, all these rivers have their flows to a greater or 
lesser degree controlled by the South American Monsoon System (SAMS) (Marengo
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Fig. 4.1 Location of the five Brazilian deltas and their catchments, plotted on the Digital Elevation 
Model for eastern Brazil. Additionally, depicted are: Tidal range (Salles et al. 2020) and annual 
suspended sediment discharge (QSS) (Fagundes et al. 2021). The Pardo River catchment was also 
included in Figs. 4.2, 4.3 and 4.4, because it discharges in the Jequitinhonha delta

et al. 2012a, b), which has experienced variations in its intensity during the Holocene 
(Shimizu et al. 2020). These variations, documented through the study of speleothems 
(Cruz et al. 2009; Ward et al.  2019; Utida et al. 2020) and other paleoclimate proxies 
(Chiessi et al. 2021), have caused changes in precipitation in the river catchments 
and consequently in their flows, with direct repercussions on the construction of delta 
plains, as recently documented for São Francisco (Dominguez and Guimarães 2021).
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In this way, these five deltas offer a great opportunity to investigate how the spatial 
variation in the delta controlling factors (e.g., waves, tides, river flows, sea level) and 
past climate changes controlled the evolution of these features. Such analysis can 
then be used to assess the responses and sustainability of these deltas to ongoing 
climate change. 

4.2 Wave Versus Tide Dominance in the Brazilian Deltas 

Deltas are very dynamic depositional environments sensitive to changes in marine 
and terrestrial environments and have been classified according to a triangular scheme 
where the vertices correspond to the relative dominance of fluvial inputs and wave 
and tidal energy in the receiving basin (Galloway 1975; Anthony 2015). 

In the particular case of receiving basins with high wave energy, there is direct 
feedback between river inputs and the orientation of the coastline close to the river 
mouth. The greater the solid discharge from the river, the greater the deflection or 
reorientation of the shoreline in relation to its original orientation in the absence of 
the river. This deflection in turn increases the longitudinal transport that diverges 
from the mouth until a steady state situation is reached (Ashton and Giosan 2011). 
However, if the river discharge is very large, there will not be a coastline orientation 
large enough to allow the removal of sediments from the river mouth by the waves 
(Nienhuis et al. 2015). Based on this reasoning, these authors proposed an index 
R called the “fluvial dominance ratio”, expressed by the ratio between the fluvial 
sediment flux (Qr) and the maximum possible total coastal transport to both sides of 
the mouth (Qsmax) calculated from the wave climate for the region. When the value 
of R < 1, there will be a theoretical shoreline deflection that will allow the waves to 
remove sediments from the mouth as soon as they are introduced by the river. When 
R > 1, the delta is classified as fluvial dominated. An important implication derived 
from this reasoning is that wave-dominated deltas are usually associated with medium 
to small rivers, with reduced Qr values. Nienhuis et al. (2015) calculated a value of 
R = 0.3 for the São Francisco delta, which should not be much different for the 
other wave-dominated deltas present on the east coast of Brazil, considering that the 
significant wave height along the stretch of coast investigated here is approximately 
1–2 m and the solid discharges of the other rivers are lower than that of São Francisco 
(Fig. 1.4 and Table 1.4). There is thus a marked dominance of wave action in the 
Brazilian deltas. Of the five deltas investigated here, only the Parnaíba, in addition 
to wave action, is also highly influenced by tides. 

The most striking morphological effect of the tides in river mouths is the increase 
in the width of the river channel (Langbein 1963) because when the tidally driven 
discharge is much larger than the river discharge, the channel width must increase 
downstream. Additionally, the tides tend to keep abandoned river channels on the 
delta plain open (Nienhuis et al. 2018). These authors proposed an index T called 
the “tide dominance ratio” expressed by the following relationship:
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T = Qtide/Qriver 

where Qtide is the characteristic tidal discharge amplitude at the river mouth (m3/s) 
and Qriver is the mean annual fluvial discharge (m3/s). 

Thus, if the value of T is greater than 1, the delta is considered to be dominated 
by tides. In the absence of tides (T = 0), the discharge upstream of the delta is 
approximately equal to that at the mouth, resulting in a channel with an approxi-
mately constant width. When the value of T = infinite, the discharge at the mouth is 
completely controlled by the tides, and the channel cross-sectional area will depend 
on the tidal prism (Stive and Rakhorst 2008). 

In fact, for the Brazilian deltas, the ratio between the channel width at the river 
mouth and at the point where it enters the delta plain increases from south to north 
following the increase in tidal amplitude from a microtidal to mesotidal regime 
(Fig. 4.1). This ratio varies from 1.25 at Paraíba do Sul, 1.16 at Doce, and 1.14 at 
Jequitinhonha to 2.36 at São Francisco and 4.5 at Parnaíba (Table 4.1).

Although we have not calculated the value of the T index for the Brazilian deltas, 
the significant increase in channel width at the river mouth, the absence of beach 
ridges and the dominance of mangrove swamp muds on the deltaic plain would 
justify classifying the Parnaíba as tide dominated, although it is also influenced by 
waves and is exposed to significant wind action. 

These distinctions are important because the way these deltas will respond to 
ongoing climate change and other anthropogenic influences will depend on the 
relative dominance of river, wave and tidal action, among other aspects. 

4.3 Regional Setting 

4.3.1 Catchment 

With the exception of the Parnaíba, whose catchment drains Paleozoic sediments 
of the Parnaíba sedimentary basin, the other rivers flow dominantly on Precambrian 
rocks (Fig. 4.2). The upper and middle courses of the São Francisco River run entirely 
within the São Francisco craton, a geotectonic unit of Archean-Paleoproterozoic 
age (Heilbron et al. 2017), while the other rivers and the lower course of the São 
Francisco River drain the Brasiliano (Neoproterozoic) fold belts that surround the 
craton (Fig. 4.2). Table 4.1 presents the main characteristics of these catchments. 
It is worth noting that a 1300 km-long sector of the São Francisco catchment in its 
middle portion acts as a terrestrial sink (Fig. 4.2) (Nyberg et al. 2018) and traps 
a considerable volume of alluvial and aeolian sediments that otherwise would be 
available for delta construction. This might also be the reason why the São Francisco 
delta is small compared to the other deltas.

In general, significant portions of the Parnaíba, São Francisco, and Jequitinhonha 
catchments are subjected to an arid to semiarid climate, mainly in their middle
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Fig. 4.2 Geology of the catchments of the five Brazilian deltas (from CPRM—Brazilian 
Geological Service—http://www.cprm.gov.br/publique/Geologia/Geologia-Basica/Carta-Geolog 
ica-do-Brasil-ao-Milionesimo-298.html). Additionally, shown are the limits of the São Francisco 
craton and of the terrestrial sink located in the middle catchment of the São Francisco (Nyberg et al. 
2018)

portions, but extending in some cases to the river mouth (Fig. 4.3). In the Parnaíba 
and São Francisco deltas, the combination of a climatic regime characterized by 
more than 3 dry months during the year, persistent trade winds and abundant sedi-
ment input favored the development of expressive coastal dune fields (Barbosa and 
Dominguez 2004).

http://www.cprm.gov.br/publique/Geologia/Geologia-Basica/Carta-Geologica-do-Brasil-ao-Milionesimo-298.html
http://www.cprm.gov.br/publique/Geologia/Geologia-Basica/Carta-Geologica-do-Brasil-ao-Milionesimo-298.html
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Fig. 4.3 Annual rainfall in the catchments of the five Brazilian deltas (Alvares et al. 2013). Addi-
tionally, depicted are the major dams built and their types: run of the river (black circles) and 
reservoir (magenta triangles) (From Agência Nacional de Águas: https://www.ana.gov.br/sar/sin) 

The rains in these watersheds occur mainly in the austral summer (DJF) and early 
autumn (MAM—in north—northeastern Brazil) months and are controlled by the 
South American Monsoon System (SAMS), which is responsible for more than 70% 
of the annual precipitation over Tropical South America, associated with the south-
ward migration of the ITCZ and formation of the South Atlantic Convergence Zone 
(SACZ) (Chiessi et al. 2021) (Fig. 4.4). These summer rains are mainly concen-
trated in the upper reaches of these rivers (Fig. 4.4). The SACZ is currently located

https://www.ana.gov.br/sar/sin
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at approximately 20–22°S coincident with the Doce and Paraíba do Sul watersheds 
(Fig. 4.4). Although the ITCZ is primarily a Northern Hemisphere phenomenon 
during extreme El Niño episodes, it extends to the Southern Hemisphere (Takahashi 
and Battisti 2007). 

Fig. 4.4 Summer rainfall in the catchments of the five Brazilian deltas (based on Climate Predic-
tion Center Merged Analysis of Precipitation (CMAP) data for the period 1979–2004) and the 
major features associated with the South America Monsoon System (SAMS). SACZ—South Amer-
ican Convergence Zone. ITCZ—Intertropical Convergence Zone. NE Low—Nordeste Low is the 
descending limb of the regional Walker circulation characterized by very low humidity
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Overall, Paraíba do Sul (17 dams), Doce (8 dams), and São Francisco (8 dams) 
are the most regulated rivers when compared to Jequitinhonha (2 dams) and Parnaíba 
(1 dam) (Fig. 4.3) (Agência Nacional de Águas: https://www.ana.gov.br/sar/sin). 

4.3.2 Receiving Basin 

In general, the shelf in front of the Brazilian deltas is narrow, with widths ranging 
between 85 km (Paraíba do Sul) and 22 km (Jequitinhonha) measured in front of 
the mouth (Fig. 4.5 and Table 4.1); however, it should be noted that in almost all of 
these deltas, substantial portions of the delta plain have accumulated in very shallow 
areas, such as the Abrolhos (Doce) (189 km wide) and the Royal Charlotte banks 
(Jequitinhonha) (107 km wide) (Figs. 4.1 and 4.5). With the exception of the southern 
portion of the Paraíba do Sul, in all other deltas, the continental shelf in almost its 
entirety is shallower than 60 m. In only two deltas, submarine canyons occur in the 
immediate vicinity of the river mouths, Jequitinhonha and São Francisco (Fig. 4.5), 
but only in the latter is there a direct connection between the river mouth and the 
canyon, as documented in detail by Ribeiro et al. (2021) (Fig. 4.5).

Overall, there is very limited information about the submerged portion of the 
Brazilian deltas. Mud deposits are, as a rule, restricted to the inner shelf up to the 
isobath of 10–20 m forming a narrow strip parallel to the coastline (Doce, Paraíba 
do Sul, and Jequitinhonha) (Murillo et al. 2009; Dominguez et al. 2013; Lopes and 
Frazão 2018; Vieira et al. 2019) or partially infilling the incised valleys excavated 
by these rivers (e.g., Jequitinhonha) (Dominguez et al. 2013) (Fig. 4.5). The low 
expressiveness of these fine sediments and therefore of a subaqueous delta clinoform 
is a direct consequence of the fact that these deltas have developed on very shallow 
platforms, with limited accommodation space. Only in São Francisco exists a muddy 
deltaic clinoform more than 30 m thick, whose development was favored by the 
presence, on the shelf, of a bathymetric low surrounding the head of the homonymous 
canyon (Rangel and Dominguez 2019). This bathymetric low has provided additional 
accommodation space on an otherwise extremely shallow platform, thus allowing 
for the accumulation of the muddy clinoform (Fig. 4.5b). 

Incised valleys are still visible in the present day bathymetry in all deltas, except 
for Doce (Fig. 4.5). 

Data from the WaveWatchIII model (National Weather Service—NOAA) show 
that the significant wave height (Hs) at all deltas varies from 1 to 2 m. The wave 
angular distribution in relation to the river mouth is quite variable. In the Parnaíba, 
São Francisco and Paraíba do Sul deltas, the distribution is asymmetric, while in 
the Jequitinhonha and Doce Rivers, it is approximately symmetrical (Fig. 4.5). 
This angular distribution was fundamental in controlling various aspects of the 
Holocene evolution of these deltaic plains (e.g., presence/absence of a groyne effect) 
(Dominguez et al. 1987; Bhattacharya and Giosan 2003) and will exert a marked

https://www.ana.gov.br/sar/sin
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Fig. 4.5 Simplified geology of the Parnaíba, São Francisco, Jequitinhonha, Doce and Paraíba do Sul 
deltas modified from Dominguez et al. (1987) and Martin et al. (1993a, b). Additionally, shown are 
the major isobaths (from Brazilian Navy Admiralty Nautical Charts). Limits of incised valleys were 
inferred from bathymetry and from the following sources: São Francisco - Rangel and Dominguez 
(2019), Jequitinhonha—Lopes and Frazão 2018), Doce—Dessart (2009), and Paraíba do Sul— 
Carelli et al. (2018) and Carvalho et al. (2019). Distribution of fine grained sediments on the shelf 
are from: São Francisco—Araújo et al. (2018), Jequitinhonha—Dominguez et al. (2013), Doce— 
Vieira et al. (2019), and Paraíba do Sul—Murillo et al. (2009). No information on distribution of 
fine sediments is available to the Parnaíba. Insets show the angular wave climate (WaveWatchIII— 
National Weather Service—NOAA)

influence on the future evolution of these deltas in a scenario of progressive reduc-
tion of rainfall in the hydrographic basins (Milly et al. 2005; Marengo et al. 2010; 
Marengo et al. 2012a, b) (see Sect. 4.7 below).
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4.3.3 Holocene Climate Changes 

During the Holocene, there has been a progressive intensification of the SAMS in 
southeastern Brazil, where the total amount of rainfall is higher today when compared 
to the Early—Mid Holocene (Cruz et al. 2009; Shimizu et al. 2020). This intensi-
fication during the Late Holocene is a response to increased insolation during the 
austral summer and a more southern position of the ITCZ during this period (Haug 
et al. 2001). 

Specifically, in northeastern Brazil, the long-term average climatic conditions are 
a result of the South American subtropical anticyclone and a persistent subsidence 
related to the Northeast Low in the upper troposphere (Lenters and Cook 1997) 
(Fig. 4.4). An intensification of the SAMS strengthens South America’s subtropical 
anticyclone, resulting in a drier climate in the northeast. The Northeast low is linked to 
the large-scale subsidence maintained in response to condensational heating over the 
Amazon basin (Lenters and Cook 1997). On the other hand, during periods when the 
SAMS is weakened, precipitation increases in the northeast region. Thus, the north-
east region of Brazil presents antiphase behavior in relation to the south-southeast 
region. Studies carried out using speleothems and cores collected on the continental 
margin complemented by climate modeling indicate that the northeast region of 
Brazil was considerably wetter at approximately 6 ka compared to what occurs today 
(Shimizu et al. 2020). General circulation models (GCMs) also show that around this 
time, the entire coastal region of eastern Brazil received a greater volume of rainfall 
when compared to the current conditions (Cruz et al. 2009). Currently, approximately 
50% of the total annual precipitation in the northern portion of northeastern Brazil, 
where the Parnaíba delta is located, occurs during the period between March and 
April, when the ITCZ reaches its southernmost position in the northeastern region of 
South America (Chiessi et al. 2021), a period when the highest flows in the Parnaíba 
River occur. 

Utida et al. (2020) also showed that during the Holocene, the abrupt climatic 
transition that occurred at approximately 4.2 ka and marks the base of the Meghalayan 
chronozone is characterized by the onset of drier conditions in northeastern Brazil 
(Oliveira et al. 1999; Zular et al. 2018). Speleothem records from the region show 
that the period extending from 9 to 5 ka was much wetter than today. Between 4.8 
and 4.2 ka, there was an abrupt change in precipitation coinciding with a reversal in 
the insolation trend (increase) in South America at approximately 5 ka (Utida et al. 
2020). 

Chiessi et al. (2021) interpreted the upper core decrease in Fe/Ca and Ti/Ca values 
in a core collected in the continental margin off the Parnaíba River as a result of a 
decrease in the inflow of siliciclastic sediment from that river since the Mid Holocene. 
This decrease in the siliciclastic input was attributed by these authors to a latitudinal 
contraction of the ITCZ migration range in association with an intensification of the 
descending limb of the regional Walker circulation (Northeast Low) (Fig. 4.4).
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Finally, during the last millennia, a number of palaeoprecipitation records point 
to an intensification of the SAMS, with a wider SACZ during the Little Ice Age 
(Campos et al. 2019). 

These changes in the SAMS regime during the Holocene have high potential to 
have affected sedimentation in the Brazilian deltas, as exemplified by Dominguez 
and Guimarães (2021) for the São Francisco River delta. 

4.3.4 Sea-Level History 

The fact that the continental shelf in front of the Brazilian deltas is very shallow 
(<60 m) has two important implications: (i) during most of the last glacial cycle, the 
shelf was exposed, favoring the incision of valleys by these rivers, and (ii) flooding 
of the shelf only began after the Younger Dryas (12.9–11.7 ka), when the sea level 
was on average positioned 60 m below the current level (Bard et al. 2010). Thus, the 
stratigraphic record of delta sedimentation during the 125 m rise in sea level since 
the Last Glacial Maximum (LGM) was most likely not preserved due to the lack 
of accommodation space; otherwise, this record was potentially preserved only in 
the interior of the incised valleys excavated by these rivers on the shelf (Fig. 4.5). 
However, this preservation is probably incomplete because in most of these deltas, 
the incised valleys have not yet been completely infilled and still have a bathymetric 
expression. In this regard, the delta of São Francisco deserves attention because it 
was entirely built in a bathymetric depression that developed around the head of the 
homonymous canyon (Fig. 4.5b) (Rangel and Dominguez 2019). The bottom of this 
depression is situated at a depth of 120 m, providing additional accommodation space 
and thus allowing for the accumulation of a complete sedimentary record of sea-level 
rise since the LGM. For São Francisco, the main episode of delta construction during 
the last deglaciation occurred during the Younger Dryas. Afterward, this delta was 
completely drowned during the Melt Water Pulse 1B (Rangel and Dominguez 2019). 

Finally, given that most of the Brazilian coast is located in a GIA far field region, a 
relative drop in sea level of approximately 3–4 m since the mid-Holocene is expected 
(Peltier 2007). In fact, numerous sea-level reconstructions for the region indicate a 
high sea level of this magnitude approximately 5700 years ago (Kenitiro et al. 1985; 
Martin et al. 2003; Angulo et al. 2006). The major exception is the Parnaíba delta, 
which is located in a region where the GIA far-field effects were insignificant (Peltier 
2007; Hammond et al. 2021). This is corroborated by the fact that no higher-than-
present Holocene sea-level records have yet been found for that region. 

4.4 Geology-Geomorphology of the Deltas 

The delta plain of a wave-dominated delta is characterized by well-sorted beach sand 
deposits that form terraces capped by beach dune ridges. These ridges indicate the
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successive positions occupied by the shoreline, left behind as a result of progradation. 
With the exception of the Parnaíba delta, in all other deltas on the east coast of Brazil, 
there are two generations of beach deposits (regressive littoral sands) (Fig. 4.5). 

Pleistocene beach deposits that accumulated during the high sea level of the MIS5e 
isotopic stage (Martin et al. 1988). These terraces have altitudes of approximately 8 m 
above present sea level and usually occupy the innermost portion of the deltaic plains 
(Figs. 4.5 and 4.6). These altitudes agree reasonably well with similar deposits in 
other regions of the world (Polyak et al. 2018). They were deposited against currently 
inactive sea-cliffs carved into the Barreiras Formation of Early-Mid Miocene age 
(Rossetti et al. 2013). In the Paraíba do Sul delta, in particular, these deposits reach 
their greatest expression in the area and constitute the entire southern half of the delta 
plain, even reaching the present day coastline (Fig. 4.5e). MIS5e beach deposits have 
not yet been found in the Parnaíba delta. Likewise, inactive sea cliffs carved into the 
Barreiras Formation are absent in that region.

Holocene beach deposits associated with the current marine isotopic stage (MIS1) 
are found in all east coast deltas, but they are virtually absent in the Parnaíba delta, 
where they occur as sand spit deposits scattered on the western portion of the delta 
plain (Fig. 4.5a). This might be derived from the fact that Parnaíba has characteristics 
more akin to those of tidal-dominated deltas. An important morphological aspect of 
the Holocene beach deposits is that overall, their altitudes increase toward the interior 
of the delta plain as a result of the 3–4 m GIA far-field drop in relative sea level since 
the Mid Holocene (Peltier 2007) (Fig. 4.6). Additionally, as already mentioned, in 
the Parnaíba, transitional deposits indicative of a higher than present Holocene sea 
level have not yet been documented, which seems to derive from the fact that this 
delta is located in a region where the far-field effects of the GIA are significantly 
small when compared to the east coast (Peltier 2007). 

In the outermost portions of the Paraíba do Sul, São Francisco and Parnaíba 
deltas, there is an asymmetry in facies distribution between the updrift (continuous 
sand sheet of beach deposits at the Paraíba do Sul and São Francisco, and aeolian 
deposits at the Parnaíba) and the downdrift (sandy spits separated by low lying 
regions occupied by mangroves) portions of the delta plain (Fig. 4.7), resulting from 
the so-called groyne effect (Dominguez et al. 1987; Bhattacharya and Giosan 2003). 
The groyne effect is common in river mouths subjected to an asymmetrical wave 
angle climate, where the solid and liquid discharges from the river act as a kind of 
hydraulic jetty, retaining in the updrift portion of the mouth the sediments transported 
by the regional littoral drift while the downdrift portion is fed dominantly by river 
sediments. As the fluvial input is episodic and concentrated in major flood events, 
the shoreline progradation downdrift of the river mouth is intermittent. After major 
floods, river-borne sediments are reworked by the waves, originating sandy spits that 
extend longitudinally and isolate portions of the shoreface. The resulting lowland is 
later infilled with fine sediments and colonized by mangroves. This process has been 
described in detail by Rodriguez et al. (2000) and Fraticelli (2006) for the Brazos 
River delta in the Gulf of Mexico. The formation and longitudinal extension of the 
sandy spits is facilitated by the high angle that the waves form with the downdrift
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Fig. 4.6 Topographical profiles extracted from copernicus-DEM digital elevation models produced 
by the European Space Agency (absolute vertical accuracy: < 2 m for slopes below or equal 20%). 
Note that Copernicus-DEMs do not distinguish vegetation from bare soil, which might result in 
overestimation of elevation. We have tried to avoid this by extracting elevation from regions of 
the DEM with rarified vegetation cover, which was not always possible. Some spikes caused by 
arboreous vegetation are indicated by small black arrows. See Fig. 4.5 for legend of all units but for 
the Holocene beach deposits. Roman numerals indicate major stages of delta construction during 
the Holocene (see Figs.  4.8 through 4.12 and text for more details)
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coastline (Nienhuis et al. 2012). In the updrift portion of the mouth, progradation 
occurs more regularly, originating a continuous sand sheet. 

At the Doce and Jequitinhonha deltas, subject to a more symmetrical wave-angle 
climate, the groyne effect is absent. 

Dune fields are only present in the São Francisco and Parnaíba deltas (Fig. 4.5a, 
b). The development of dunes in these two regions results from the combination of 
two main factors (Dominguez et al. 1992; Barbosa and Dominguez 2004): (i) the 
existence of at least 3 consecutive dry months during the year, coinciding with the 
highest wind speeds, and (ii) the wide availability of fine sediments contributed by 
both rivers. It is well known that the longer a river is, the greater the proportion of 
fine sediments contributed to the mouth (Gasparini et al. 2004; Frings 2008), which 
is the case of Parnaíba and São Francisco. It should also be noted that in the Parnaíba, 
aeolian sand deposits are the main sand accumulations of the deltaic plain (Fig. 4.5a).

Fig. 4.7 Details of the delta plains emphasizing the groyne effect a, b, e, truncations in beach-
dune ridge orientation c, d, e, and significant dates of episodes of delta construction. Additionally, 
shown are the angular wave climate (WaveWatchIII—National Weather Service—NOAA) and the 
regional longshore transport. Dates are from the following sources: Parnaíba—Szczygielski et al. 
(2015), São Francisco—Dominguez and Guimarães (2021), Jequitinhonha—Dominguez (1982) 
and Rodrigues (2018), Doce—Dominguez and Wanless (1991) and Martin et al. (1993a, b) and  
Paraíba do Sul—Rocha et al. (2019) 
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Fluvial deposits are usually of secondary importance in the Brazilian deltas and 
restricted to those areas marginal to river channels. This derives from the absence of 
distributaries in these deltas and from the extensive reworking by waves and tides 
of the riverine sediments. Fluvial deposits are also more restricted to the innermost 
portions of delta plains that were built around the mid-Holocene, suggesting that 
fluvial sedimentation was more important in the early phases of delta development. 
Thus, the vertical delta plain build-up, which is so important in fluvial-dominated 
deltas, is secondary in importance in the Brazilian deltas, with the exception of the 
Parnaíba, where a large portion of the delta plain is occupied by mangroves. 

4.5 Holocene Evolutionary History 

The first works on the Brazilian deltas consisted mainly of mapping delta plain 
deposits, with special emphasis on the geometry of the beach dune ridges, their trun-
cation patterns and their dating by the radiocarbon method (Martin and Suguio 1992; 
Martin et al. 1993a, b). From these data, Holocene evolutionary models have been 
proposed, consistently emphasizing the changes in the relative sea level, mainly its 
lowering since the mid-Holocene (Suguio and Martin 1981; Dominguez et al. 1987). 
In these models, river-borne sediments were always considered secondary when 
compared to the sediment supply supposedly derived from the 3–4 m drop in the rela-
tive sea level, following the inverse of Bruun’s rule (Dominguez and Wanless 1991). 
However, this hypothesis has never been examined in greater depth or effectively 
tested. 

Additionally, in these evolutionary models, the low-lying zone that usually sepa-
rates the Pleistocene from the Holocene beach deposits was interpreted as a paleola-
goon (currently, they would be more appropriately classified as an estuary) formed 
during the maximum Holocene transgression by analogy with the coastal evolution 
models available for the North American eastern and Gulf coasts. In the Brazilian 
models, the rivers would have initially built intralagoonal deltas, and later with 
sea-level lowering since the Mid Holocene, the paleolagoons would become emer-
gent, and the rivers would begin to flow directly into the open sea, constructing 
the Holocene portion of the delta plain (Suguio and Martin 1981; Dominguez et al. 
1987, 1992). The best example of this model would be represented by the Doce 
delta, where several abandoned distributaries, interpreted as belonging to an intrala-
goonal delta, occur in the central portion of the delta plain (Suguio and Martin 1981; 
Dominguez and Wanless 1991) (Fig. 4.5e). These models would apply mostly to 
the wave-dominated deltas of eastern Brazil. For the tidal-dominated Parnaíba, to 
date, there are no proposed evolutionary models, although more recent works have 
advanced in this direction (Szczygielski et al. 2015). 

Little or no attention was given in these earlier models to the role played by the 
incised valleys excavated by these rivers during lowstands. In fact, if we consider that 
the mean sea level during the last million years was positioned between 45 and 60 m 
below the current level (Blum et al. 2013), the eastern-northeastern continental shelf
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of Brazil was exposed to subaerial conditions most of the time. Thus, the development 
of expressive incised valley systems associated with these rivers is expected. The 
presence of these valleys must have played an important role in delta development 
during the post-LGM sea-level rise by generating additional accommodation space 
on an otherwise very shallow shelf. As already mentioned, this aspect has been very 
well documented for the São Francisco River (Rangel and Dominguez 2019) and 
can certainly be applied to the other deltas investigated here. Incised valleys are 
still visible in the present day bathymetry in all deltas except for Doce (Fig. 4.5) 
or have been documented in high-resolution seismic surveys (Jequitinhonha and 
São Francisco—Lopes and Frazão 2018; Rangel and Dominguez 2019) or through 
boreholes in the delta plain (Paraíba do Sul, Doce and São Francisco—Dessart 2009; 
Guimarães 2010; Carelli et al. 2018; Carvalho et al. 2019). 

During the Holocene transgression, estuarine/deltaic sedimentation took place 
essentially inside these valleys. Only after they were infilled in their most proximal 
regions could the fluvial sediments be used to prograde the shoreline, which for the 
deltas discussed herein took place essentially in the shallow areas lateral to these 
incised valleys. The greater shoreline progradation in these shallow marginal areas 
is possibly due to the smaller accommodation space available in them. Thus, in the 
Doce and Jequitinhonha rivers, most of the Holocene delta plain was built in the 
adjacent shallow shelf areas represented by the Abrolhos and Royal Charlotte banks, 
respectively (Fig. 4.5c, d). In the Paraíba do Sul, the Holocene delta was built in 
the shallower shelf area located to the north of the cape of São Tomé (Fig. 4.5e). In 
the Parnaíba Delta, the continental shelf surrounding the incised valley is extremely 
shallow and characterized by large areas with depths less than 20 m. In the delta’s 
updrift portion, there are a series of reefs very close to or along the present day 
coastline (e.g., at Pedra do Sal, where rocks from the crystalline basement outcrop) 
(Figs. 4.5a and 4.6a) influencing the coastline geometry and showing how reduced 
the water depths in this stretch are. The São Francisco delta is a special case since the 
entire delta (deltaic plain and subaqueous clinoform) was built inside a bathymetric 
depression (Fig. 4.5b) (Rangel and Dominguez 2019) that surrounds the head of the 
São Francisco canyon. Even so, the progradation was slightly more expressive in the 
northeastern portion of the plain where the antecedent topography of the bathymetric 
low was shallower (Dominguez and Guimarães 2021). 

Based on these elements and their integration into the literature, Holocene evolu-
tionary models for each of the Brazilian deltas are proposed and presented in Figs. 4.8, 
4.9, 4.10, 4.11 and 4.12.

4.6 Holocene Climate Changes and Delta Construction 

There is a vast body of literature discussing how changes in watershed precipitation 
influenced delta construction in different regions of the world, such as the Nile (Revel 
et al. 2010; Marriner et al. 2012), Volga (Overeem et al. 2003), Rhone (Fanget et al. 
2013, 2014), and Ebro (Xing et al. 2014). More recently, Dominguez and Guimarães
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Fig. 4.8 Proposed evolutionary scheme for the Parnaíba delta: a Last Glacial Maximum: shelf 
exposed subaerially and inception of the incised valley. b Delta construction began sometime during 
the Mid-Holocene and extended up to 4.2 ka (Szczygielski et al. 2015). c By 4.2 ka, an abrupt climate 
transition took place marked by the onset of drier conditions in northeastern Brazil (Utida et al. 2020) 
associated with an intensification of the SAMS. This interruption in delta construction resulted in 
shoreline retreat and reworking by wind and formation of an aeolian sand sheet in both sides of the 
river mouth. d In more recent times, since at least 0.2 ka (Szczygielski et al. 2015) progradation 
restarted apparently coinciding with the southward migration of the ITCZ during the LIA. Small 
arrows indicate the regional longshore transport and local reversals. See Fig. 4.5 for legend

(2021) documented how changes in precipitation in the watershed controlled the 
main episodes of delta construction in São Francisco. 

These variations in precipitation at various time scales and their effects on river 
flows are recorded in the delta plains in the form of the geometry of the sedimentary 
accumulations and the patterns of orientation and truncation of the beach dune ridges. 
In Brazil, beach-dune ridge geometries and truncation patterns have been extensively 
used as indicators of changes in regional littoral transport deriving from changes in 
wave climate (Dominguez et al. 1983; Martin et al. 1985; Dominguez et al. 1992). 
This interpretation, however, is questionable since it is very difficult to change the 
regional wave climate to the point of reversing the direction of regional transport. It is 
much easier to explain the beach dune ridge geometries and truncations as a result of 
variations in river discharge and associated morphodynamic adjustments. As already
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Fig. 4.9 Proposed evolutionary scheme for the São Francisco delta. a Last Glacial Maximum: 
shelf exposed subaerially and inception of the incised valley connecting river mouth and canyon. b 
Maximum of the Holocene transgression and beginning of episode I of delta construction 7.3–5.7 ka. 
c, d and e major episodes of delta progradation (II—5.7–4.8 ka, III—3.2–2.3 ka, and IV—1.1–1.0 ka) 
associated with periods of increased humidity in the catchment as recorded in speleothems (Stríkis 
et al. 2011; Novello et al. 2012) and coinciding with Bond events 4, 2 and 1. During episodes II 
and III the river mouth migrated updrift of the regional longshore transport. f After episode IV of 
delta construction the shoreline remained approximately stable. Small arrows indicate the regional 
longshore transport and local reversals. Based on Dominguez and Guimarães (2021). See Fig. 4.5 
for legend of all units but for the Holocene beach deposits

mentioned, there is direct feedback between river inputs and the orientation of the 
coastline close to the river mouth. The greater the solid discharge from the river is, 
the greater the deflection or reorientation of the shoreline in relation to its original 
orientation in the absence of the river (Ashton and Giosan 2011). 

Based on the evolutionary models presented in Figs. 4.8, 4.9, 4.10, 4.11 and 4.12, 
the major aspects important to understanding the impact of Holocene climate changes 
on delta construction are summarized below.
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Fig. 4.10 Proposed evolutionary scheme for the Jequitinhonha delta: a Last Glacial Maximum: 
shelf exposed subaerially and inception of the incised valley connecting the river to the Jequitin-
honha canyon. b Maximum of the Holocene transgression (5.8 ka). c, d and e During the Holocene 
three different episodes of delta construction (I, II, and III) occurred in association with the south-
ward migration of the lower river course with the most recent episode beginning approximately 
2.5 ka (Based on Dominguez et al. 1987). Note that most of the mangrove swamps in the delta are 
concentrated around the head of the incised valley which is also responsible for a slight concavity in 
the present day shoreline. Small arrows indicate the regional longshore transport and local reversals. 
See Fig. 4.5 for legend of all units but for the Holocene beach deposits

Parnaíba—based on the dates published by Szczygielski et al. (2015) at approxi-
mately 4.2 ka, a substantial portion of the delta plain had already been built (Figs. 4.7a 
and 4.8b). After this date, the coastline remained apparently stationary or even expe-
rienced an erosional retreat, which favored the development of dunes that migrated 
toward the interior of the plain (Fig. 4.8c). Apparently, only in a much more recent 
period (0.2 ka) (Szczygielski et al. 2015) did the shoreline restart, in association with 
a pronounced groyne effect (Figs. 4.7a and 4.8d). 

São Francisco—according to Dominguez and Guimarães (2021), almost half of 
the delta plain was built up to 4.8 ka (Fig. 4.7b). Since then, there has been a progres-
sive reduction in progradation rates, accompanying a progressive increase in the 
aridity in the middle-lower catchment. Major episodes of delta construction coincided 
with increased precipitation in the catchment, as indicated by speleothem studies 
(Dominguez and Guimarães 2021). The last major episode of shoreline progradation 
also took place at approximately 1.0 ka in association with a pronounced groyne 
effect (Figs. 4.7b and 4.9e). Apparently, the coastline has changed very little in the 
last 1000 years (Dominguez and Guimarães 2021). 

Jequitinhonha—a significant portion of the delta plain was built after 2.5 ka, 
when the lower river course reached its southernmost position (Dominguez 1982)
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Fig. 4.11 Proposed evolutionary scheme for the Doce delta: a Last Glacial Maximum: shelf 
exposed subaerially and inception of the incised valley. b Maximum of the Holocene Transgres-
sion (5.8 ka) with beginning of the development of a large bay head delta in the most proximal 
portions of the incised valley (Dominguez and Wanless 1991). c, d and e Three major episodes of 
delta construction (I, II, and III) have been documented by Dominguez and Wanless (1991) and  
Martin et al. (1993a, b). The last episode of delta construction began approximately 2.5 ka. Note 
that during most of the time riverborne sediments were preferentially transported northward. Small 
arrows indicate the regional longshore transport and local reversals. See Fig. 4.5 for legend of all 
units but for the Holocene beach deposits

(Figs. 4.7c and 4.10e). The large area occupied by the third delta may be the result 
of reduced accommodation space, as it was built on the Royal Charlotte bank, or 
may derive from an increase in river input. In fact, during the construction of delta 
3 (Figs. 4.7c and 4.10e), there were important variations in the fluvial flow that 
produced systematic truncations in the beach dune ridges (Fig. 4.8c). Of these trun-
cations, the most important appears to have occurred approximately 500 years ago 
according to LOE ages reported by Rodrigues (2018) (Fig. 4.7c). After this episode of 
severe erosional retreat, caused by a decrease in river flow, the coastline prograded 
approximately 2 km (Fig. 4.7c). This progradation was once more interrupted by 
another episode of severe erosion that occurred in the beginning of the nineteenth 
century (Fig. 4.7c). Afterward, the shoreline was more prograded by almost 1 km.
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Fig. 4.12 Proposed evolutionary scheme for the Paraíba do Sul delta. a Last Glacial Maximum: 
shelf exposed subaerially and inception of the incised valley. b Maximum of the Holocene trans-
gression (5.8–4.3 ka) (Martin et al. 1993a, b)—Construction of a bay head delta in the head of the 
incised valley. c At least two episodes (I, II) of delta construction have been documented for the 
Holocene. Episode I from 4.1 to 1.6 ka, and episode II starting approximately 1.0 ka (Rocha et al. 
2019). Small arrows indicate the regional longshore transport and local reversals. See Fig. 4.5 for 
legend of all units but for the Holocene beach deposits

Doce—the most important shoreline progradation associated with the current river 
course also took place after 2.5 ka (Dominguez and Wanless 1991; Martin et al. 1993a, 
b; Martin et al. 1996). Unfortunately, good chronological control is not available for 
this last episode of progradation. However, the inspection of historical maps from 
the seventeenth and eighteenth centuries shows that the Doce River mouth protruded 
more pronounced seaward and was referred to as the Doce cape. This is corroborated 
by the beach-ridge geometries to the north of the present river mouth, which marks 
the position of a subrecent mouth that was later abandoned and truncated (Fig. 4.7d). 

Paraíba do Sul—in this delta, the most expressive progradation of the coastline 
during the Holocene occurred after 1.5 ka according to LOE ages reported by Da 
Rocha et al. (2019) (Fig. 4.7e). During this period of rapid progradation, a pronounced 
groyne effect came into action, resulting in more deflected beach dune ridge sets 
separated by truncation discontinuities indicative of river flow variations (Fig. 4.7e). 

In summary, it can be said that while in the São Francisco and Parnaíba deltas, 
the most expressive progradation took place before 4 Ka, in the Jequitinhonha, Doce 
and Paraíba do Sul, there was an increase in the progradation after 2.5 ka. Perhaps 
this behavior can be explained by the intensification of the SAMS since the Mid
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Holocene as a result of the increase in summer insolation in the Southern Hemi-
sphere (Utida et al. 2020). An intensification of SAMS strengthens South America’s 
subtropical anticyclone, resulting in a drier climate in the northeast. Speleothem 
records in the Northeast region indicate that between 4.8 and 4.2 ka, there was an 
abrupt change in precipitation, coinciding with a reversal in the summer insolation 
trend (increase) at approximately 5 ka in South America (Utida et al. 2020). In São 
Francisco, the decrease in shoreline progradation rates after 4.8 ka was more gradual 
than that in Parnaíba, perhaps because even though the middle and lower portions of 
its catchment may have been affected by the increased aridification that occurred in 
the Northeast region, the upper catchment, from which 50% of the river’s flow orig-
inates (Dominguez and Guimarães 2021), has its rainfall controlled by the SAMS, 
which has intensified since the mid-Holocene. 

This SAMS intensification and its effect on increasing river flows in the Paraíba do 
Sul, Doce and Jequitinhonha Rivers, particularly after 2.5 ka, were also accompanied 
by great variability in precipitation, as is clear from the beach dune ridge geometries 
and truncation patterns, particularly in the Jequitinhonha and Paraíba do Sul deltas 
(Fig. 4.7c, e). 

In all deltas, but for São Francisco, the most accentuated deflections of the coast-
line in the immediate vicinity of the mouths, implying greater fluvial flows, occurred 
in a much more recent period (last few centuries) and could be associated with the 
great intensification of the SAMS during the Little Ice Age (LIA) (Bird et al. 2011; 
Vuille et al. 2012; Novello et al. 2018). The absence of a more detailed chronological 
control, however, does not allow for a more in-depth testing of this hypothesis. 

The concomitant increase in progradation in the Parnaíba delta during the same 
period is apparently contradictory to the speleothem records, according to which, 
during the LIA, extreme aridity dominated in the northeast region of Brazil. However, 
as already mentioned, between March and April, the ITCZ reaches its southernmost 
position in the northeast region of South America, a period in which the largest 
outflows occur in the Parnaíba River. Thus, a more southern position of the ITCZ 
during the LIA could also explain the marked progradation experienced in this delta 
during the last 200 years. However, this more southern ITCZ position apparently did 
not imply increased precipitation in the middle-lower catchment of São Francisco, 
which is more affected by the intensification of the descending limb of the regional 
Walker circulation (NE Low) (Cruz et al. 2009). This could explain why, at least from 
1857 to 1978, the coastline in this delta remained apparently stable (Dominguez and 
Guimarães 2021). 

4.7 Recent Coastline Changes 

The comparison of satellite images from different dates allowed us to evaluate the 
losses and gains in the delta plain area, whose results are summarized in Table 4.1 and 
Fig. 4.13. Only in São Francisco did the losses significantly surpass the gains in the 
delta plain area, likely due to sediment removal from the shoreline by wind action. In
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the other extreme is the Paraíba do Sul, where gains did surpass losses, although this 
is one of the more regulated rivers and has had its mouth even temporarily sealed by 
a sand spit in October 2019 (https://www.jornalterceiravia.com.br/2020/01/12/mud 
anca-da-foz-retrata-problemas-enfrentados-pelo-paraiba-ha-decadas/). In the other 
deltas, gains and losses cancelled each other approximately. 

In all deltas, the greatest losses in area occurred in the immediate vicinity of the 
river mouth with the eroded sediments redistributed to the lateral areas, which in 
this way experienced progradation. In deltas subject to a greater degree of angular 
asymmetry of the wave climate, the eroded sediments were preferentially transported 
to one side of the deltaic plain (e.g., São Francisco and Paraíba do Sul) (Fig. 4.13). 

Nienhuis et al. (2013) examined the effect of the angular asymmetry of the wave 
climate onshoreline decay in wave-dominated deltas after river abandonment. They

Fig. 4.13 Area losses and gains at the delta plains determined by comparison of Landsat infrared 
spectral band imagery, for the following time intervals: a Parnaíba (1987–2020), b São Francisco 
(1984–2019), c Jequitinhonha (1986–2020), d Doce (1985–2020), e Paraíba do Sul (1984–2021). 
See Table 4.1, for quantitative information. Insets show the angular wave climate (WaveWatchIII— 
National Weather Service—NOAA) 

https://www.jornalterceiravia.com.br/2020/01/12/mudanca-da-foz-retrata-problemas-enfrentados-pelo-paraiba-ha-decadas/
https://www.jornalterceiravia.com.br/2020/01/12/mudanca-da-foz-retrata-problemas-enfrentados-pelo-paraiba-ha-decadas/
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identified four distinct shoreline decay modes according to their geomorphological 
expression: (i) smooth diffusive shoreline, (ii) discontinuous shoreline, (iii) growing 
spit, and (iv) decaying shoreline sand waves. Although these models have been 
developed for a delta abandonment scenario, with a complete cut off of the sediment 
supply for the river mouth, they still help us to understand the current and future 
behavior of the coastline in the Brazilian deltas in a scenario of decreasing flows. 

The Parnaíba, Jequitinhonha, and Doce deltas show a “smooth diffusive” type 
of behavior (Fig. 4.13a, c, d). This mode occurs when, before the abandonment or 
reduction of sediment input, the delta had a cuspate geometry where both the updrift 
and the downdrift sides had stable coastlines, that is, when the diffusivity is greater 
than zero, meaning that the waves reach the coastline at an angle of less than 45°. 
In this case, the abandoned delta will maintain its general shape, with erosion at 
the mouth and deposition on the lateral flanks. In the specific case of the Parnaíba, 
the above statement seems at first sight contradictory, since the delta exhibits a 
pronounced groyne effect typical of an asymmetric angular wave climate. However, 
since the coastline downdrift of the mouth has significantly prograded before the 
onset of the current erosional retreat, it became more susceptible to the action of 
waves coming from the north, promoting a significant redistribution of sediments to 
updrift of the regional longshore transport. 

The São Francisco delta fits better in the “discontinuous shoreline” type of 
behavior (Fig. 4.13b). This mode appears when the downdrift shoreline is marginally 
unstable, i.e., the diffusivity is close to zero. After abandonment, a quick rearrange-
ment occurs at the mouth with the eroded sediments transported in the downdrift 
direction. The discontinuity represented by the delta cusp will eventually dissipate 
as the shoreline flattens. 

Finally, Paraíba do Sul presents a “decaying shoreline sand wave”-type behavior 
characteristic of very asymmetric angular wave climates, which result in a highly 
unstable downdrift coastline, triggering the formation of sand waves along the down-
drift shoreline (Fig. 4.13e). Here, after leaving the mouth, the eroded sediments are 
also transported in the downdrift direction. The discontinuity represented by the delta 
cusp tends to persist longer compared to the other modes. 

Briefly, in all deltas analyzed, the degree of shoreline deflection in the immediate 
vicinity of the mouth was much more pronounced in the recent past (decades to 
centuries), with deltaic cusps much more prominent than currently. Today, all these 
delta cusps are experiencing decay due to the combined effect of rainfall decrease in 
the catchments with river regulation and sediment retention in dam reservoirs. For the 
São Francisco River, Dominguez and Guimarães (2021) demonstrated that erosion 
at the river mouth is the result of a combination of these two factors. A reduction in 
flows in recent decades has affected all of these rivers and will be exacerbated in the 
coming decades due to ongoing climate change (Arias et al. 2021).
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4.8 Vulnerability to Ongoing Climate Change 

There is extensive literature published over the last decades discussing the impact 
of climate change on deltas (Tessler et al. 2015; Day et al. 2019; Prado et al. 2019; 
Hoitink et al. 2020). Much of this literature is focused on the great deltas of Southeast 
Asia and the Mediterranean Sea due to their high population densities and intensive 
use for agricultural purposes. In addition to the reduction in rainfall in the catchments, 
another major impact of climate change on deltas is sea-level rise and its implications 
for delta plain inundation and erosional shoreline retreat (Ibáñez et al. 2014). These 
aspects have been aggravated in recent decades by the construction of dams and 
artificial dikes that have reduced the ability of deltas to grow vertically (aggradation) 
and to feed the coastline with sediments (Vörösmarty et al. 2003; Syvitski et al. 2009; 
Day et al. 2016). 

In the particular case of the Brazilian deltas located on the east coast, a few 
aspects must be considered when analyzing their vulnerability to climate change, 
since most of the delta plain is made up of beach dune deposits. This results in 
some important implications: (i) the soils are very poor in nutrients, therefore with 
limited use for agriculture which results in low population contingents in the delta 
plain, concentrated as a rule in a few urban centers (Table 4.1), (ii) the top of these 
beach-dune deposits is significantly higher than mean sea level due to wave run-up 
(berm height is a function of the wave height at breaking), and aeolian deposition 
(actually most of the delta plain beach ridges were formed as dune ridges), which 
further contributes to increase the average elevation of the terrain (Fig. 4.6). In the 
particular case of the São Francisco delta, the development of dune fields has caused 
some regions of the delta plain to have altitudes higher than 20 m (Fig. 4.6b), and (iii) 
because they were built in a GIA far-field region, the more internal beach deposits 
are approximately 3–4 m higher compared to those located in the outermost region 
of the delta plain (Fig. 4.6). These three factors contribute to increasing the resilience 
of these deltas to a rise in sea level (Fig. 4.14). In these deltas, the areas of greatest 
vulnerability to sea level rise are those occupied by alluvial or freshwater swamps 
(São Francisco and Paraíba do Sul) (Fig. 4.14b, e) and mangrove swamps (São 
Francisco and Jequitinhonha) (Fig. 4.14b, c). In the particular case of Jequitinhonha 
and Doce, the vertical build-up of the river’s natural levees makes the alluvial plain 
less susceptible to inundation (Fig. 4.14c, d). At Doce, in particular, the northern 
portion of the delta plain is very prone to inundation by sea level rise, although 
situated in an area of beach-dune ridge deposits (Fig. 4.14d). A possible reason for 
the existence of such an extensive low-lying area may be because these beach ridges 
were deposited during a small fall in sea level between 4.6 and 3.8 cal ka and later 
invaded by the sea at approximately 3.5 ka, as hypothesized by Dominguez and 
Wanless (1991).

For the tidal-dominated delta of Parnaíba, the vulnerability to sea level rise is 
much higher than that of the wave-dominated east coast deltas because most of this 
delta plain is occupied by mangrove swamps (Fig. 4.14). The survivability of the 
Parnaíba do sea-level rise will depend on the capacity of these mangrove swamps
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Fig. 4.14 Depiction of delta plain regions (red) more susceptible to inundation by a rise in sea 
level. In preparing these figures we have used Copernicus DEMs to simulate a 2 m rise in sea level, 
to emphasize the existing low-lying areas. We are aware that sea level rise projections by the end 
of this century are much lower but since Copernicus DEMs do not differentiate between vegetation 
from bare soil, a 1 m rise in sea level produced irrelevant results. Additionally, areas occupied by 
mangrove swamps were traced manually in Landsat 8 images and later incorporated in these figures

to build up in response to a rising sea level. However, this capacity will certainly be 
compromised by future changes in rainfall in the catchment over the next decades 
and by further river regulation (Rudorff et al. 2021). The least vulnerable areas of the 
plain are the sandy terraces that are made up of aeolian deposits. These deposits are 
almost exclusively interdune in origin and were left behind by barcan dune migration. 
The vertical aggradation during dune migration has produced sandy terraces with 
elevations as high as 6 m above current sea level (Fig. 4.6a). Therefore, Parnaíba, 
although still considered pristine, is the most vulnerable delta to climate change in 
Brazil. 

For all Brazilian deltas, the results of climate models point to a reduction in 
precipitation in the watersheds, implying a reduction in river flows and, consequently, 
in the contribution of sediments to the mouth (Arias et al. 2021). This indicates that 
the decay process of the deltaic cusps presently taking place in all deltas will continue
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in the coming decades. It is possible that a significant decrease in the delta plain area 
will not occur; instead it there might be just a redistribution of sediments to the sides 
of the delta as the shoreline bulge decays. 

4.9 Research Opportunities 

In the last decade, a wealth of paleoclimatic data was produced in Brazil. These 
proxies are concentrated in two categories: (i) δ18O and 87Sr/86Sr, measured in 
speleothems with a good latitudinal distribution from northern to southern Brazil, 
complemented by records collected in other regions of South America, have allowed 
us to investigate variations in the intensity of SAMS, responsible for most of the 
rainfall in Brazil and therefore in the catchments of the deltas investigated herein 
(Cruz et al. 2009; Stríkis et al. 2011; Novello et al. 2018; Ward et al.  2019; Utida 
et al. 2020) and (ii) bulk sediment Ca, Ti and Fe elemental intensities, δ2H, TOC, 
and other sediment properties in cores collected in the Brazilian continental margin 
near major river mouths (Mulitza et al. 2017; Chiessi et al. 2021; Bahr et al. 2021) 
or in lakes in the continent (Utida et al. 2019) to reconstruct rainfall changes in the 
catchment of major rivers. 

The next step would be to integrate these proxies with the evolutionary history 
of the Brazilian deltas, as done by Dominguez and Guimarães (2021) for the São 
Francisco delta. 

Specifically, for the Paraiba do Sul and Jequitinhonha deltas, this application 
would be very promising due to the following aspects: (i) the catchments of these 
deltas are located in different climatic zones. While the Paraíba do Sul basin is located 
directly in the SACZ, Jequitinhonha is located further north in an area marginal to 
the SACZ (Bahr et al. 2021). (ii) In the outermost portions of these plains, built 
during the last 2.5 ka, there is a series of beach-dune ridge sets, with apparently 
cyclical truncation patterns indicative of variations in river flows. The mapping and 
establishment of a detailed chronology of these beach dune ridges using LOE would 
be essential to recover the palaeohydrology of these two rivers during the last 2.5 ka. 
Currently, existing age determinations are very limited and practically restricted to the 
radiocarbon method, which imposes several limitations in establishing an accurate 
chronology. 

Another aspect that deserves attention is the study of subaqueous delta clino-
forms due to their importance as archives of environmental signals in the watershed 
(changes in climate, sea level variations, anthropogenic activities, etc.) (Cattaneo 
et al. 2004; Liu et al. 2004; Bianchi and Allison 2009; Fanget et al. 2014). The delta 
clinoforms are characterized by high deposition rates, allowing for the preservation 
of different environmental records, unlike what happens, for example, in regions 
further away from the mouths, where the lower sediment input often results in the 
dominance of erosion, producing incomplete environmental records (Cattaneo and 
Steel 2003; Zecchin et al. 2011; Green et al. 2014). Bahr et al. (2021) present one 
of the few documented cases of environmental information reconstruction (rainfall
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variation) off the coast of Brazil using a core collected in a muddy accumulation on 
the continental shelf, located northeast of the Jequitinhonha River mouth. 

The two most promising areas for carrying out studies of this nature are the 
São Francisco delta, which has the most expressive muddy delta clinoform of all 
Brazilian deltas (Rangel and Dominguez 2019), and the Jequitinhonha delta, which, 
although not presenting a well-developed subaqueous clinoform, has an expressive 
mud accumulation partially infilling its incised valley in the shelf (Fig. 6.5e). 

In addition, other equally important research opportunities include (i) detailed 
assessment of the vulnerability of these deltas to climate change and (ii) integration 
of their evolutionary history with paleoclimate proxy records. 

4.10 Concluding Remarks 

The Brazilian deltas present an excellent opportunity to assess how the spatial vari-
ability in physiographic, oceanographic, and climatic factors determined their char-
acteristics, Holocene evolution, and vulnerability to climate change. Of the five 
deltas investigated here, the four located on the east coast (Paraíba do Sul, Doce, 
Jequitinhonha and São Francisco) can be classified as wave-dominated, while the 
Parnaíba on the north coast is tide-dominated, although it is also strongly influenced 
by waves. This results in contrasting characteristics in the types of deposits present 
in the deltaic plains, with that of the Parnaíba consisting predominantly of mangrove 
swamps, while in the other four, sandy beach-dune ridge deposits dominate. This 
makes Parnaíba the most vulnerable delta to climate change due to the combined 
effects of projected sea-level rise and decrease in precipitation in the watershed, 
although of all the Brazilian deltas, it is the only delta that can be considered pristine. 

Finally, these deltas and their clinoforms are important archives of variations in 
environmental signals in their catchments (e.g., precipitation, sediment retention in 
dams), which until now have been only incipiently explored. 
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Chapter 5 
Reefs of the Western Tropical South 
Atlantic Ocean: Distribution, 
Environmental Impacts and Trends 
on Environmental Suitability Due 
to Climate Changes 
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Abstract Reefs that grow in the western tropical South Atlantic are known as 
marginal reefs because they thrive in environmental conditions (e.g., elevated 
turbidity) far from those considered to be the optimal conditions for framework 
builders (calcareous skeleton secreting organisms, such as corals). This is assumed 
to be one reason for the lower taxonomic richness in coral species and relatively 
higher endemism compared to reefs in other regions of the world, such as the 
Caribbean and the Pacific. These reefs, considered hot spots of biodiversity and 
home to turbidity-tolerant corals, are increasingly affected by local anthropogenic-
driven impacts (pollution, dredging-related sedimentation, overfishing, unregulated 
tourism, and bioinvasions), global climate changes (warming, heatwaves, acidifi-
cation, and sea-level rise) and their synergic effects. As a consequence, ecosystem 
goods and services are severely affected. Reef location in relation to the coastline and 
to urbanized areas are key points of vulnerability to the impacts of climate change.
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In this chapter, we synthesize the main characteristics of the distribution of reef 
and coralline ecosystems of the tropical southwestern Atlantic. Finally, we use three 
endemic coral species (Mussismilia hispida, Mussismilia harttii and Mussismilia 
braziliensis) as proxies of the reef ecosystem to evaluate the trend of environmental 
suitability across the Brazilian Tropical Marine region in the RCP8.5 scenario. 

Keywords Marginal reefs · Coralline environments · Coral distribution · Fish 
diversity · Global change 

5.1 Introduction 

Reefs that grow in the southwestern Atlantic thrive in environmental conditions 
that are far from optimal. They are subject to turbidity and sedimentation higher 
than what is considered the normal condition for reef builders (calcareous skeleton 
secreting organisms, such as corals). This is why they are known as marginal reefs 
(Kleypas et al. 1999; Suggett et al. 2012). This condition is assumed to be one reason 
for the lower diversity in coral species and relatively higher endemism compared 
to reefs in other ecoregions, such as in the Caribbean and in the Pacific (Laborel 
1969; Leão and Ginsburg 1997; Leão et al. 2003). Thus, despite being hot spots of 
biodiversity and the home of turbid-tolerant corals, a synergy of local anthropogenic-
driven impacts (pollution, dredging-related sedimentation, overfishing, unregulated 
tourism, and bioinvasions) and of globally controlled climate changes (warming, 
heatwaves, acidification, and sea-level rise) have enhanced their vulnerability. As a 
consequence of this increase in impacts, ecosystem goods and services are severely 
affected (Elliff and Kikuchi 2017). Reef location in relation to the coastline and 
to urbanized areas are key points of vulnerability to the impacts of climate change 
(Kikuchi et al. 2010). Adding to the current stress on some selected sites, an orphan 
oil spill occurred in 2019/2020, affecting many unique reef sites, previously pristine 
or already affected by local impacts (Soares et al. 2020). 

In this chapter, we synthesize the main characteristics of the distribution and 
variability of reef and coralline ecosystems of the Western Tropical South Atlantic 
Ocean. We also synthesize the distribution of coral richness and fish diversity and 
the main impacts that affect the reef ecosystem along the Brazilian coast and shelf. 
Finally, we use three endemic coral species as proxies of the reef ecosystem growth to 
evaluate the trend of environmental suitability across the Brazilian Tropical Marine 
region in the RCP8.5 climate change scenario.
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5.2 Reef Distribution Along the Continental Shelf 
and Seamounts 

Reef ecosystems occur along the continental shelf in most of the Tropical and 
Subtropical Western Atlantic, comprising shallow water (euphotic), mainly in the 
Tropical region, to the deep realm, mapped mostly on the Subtropical Atlantic. The 
transition of the shallow water reef realm to the mesophotic realm is set at 30 m 
depth. The mesophotic realm ranges down to 150 m deep, from which the deep reef 
realm begins (Lesser et al. 2009) (Fig. 5.1).

In this chapter, we will focus on the shallow reefs of the Western Tropical South 
Atlantic realm. We use a regional classification proposed by Kikuchi et al. (2022) 
(Fig. 5.1) that assumed the definition of an ecoregion as the smallest scale unit in the 
marine system area where species composition is relatively homogenous and clearly 
distinct from adjacent systems (Spalding et al. 2007). The present classification was 
proposed on the basis of reef morphology distribution, seasonal migration of the 
South Equatorial Current (SEC) and the biogeography of fish and of milleporids 
(Pinheiro et al. 2023). Following this classification, Brazilian shallow coral reefs 
occur in seven ecoregions (Table 5.1) grouped into two marine provinces: the North 
Brazil Shelf and the Tropical Southwestern Atlantic.

The North Brazil Shelf province corresponds to the Amazon (AMZ) ecoregion, 
whereas the Tropical Southwestern Atlantic province includes five ecoregions: the 
São Pedro and São Paulo islands (ASPSP), the Fernando de Noronha islands and Atol 
das Rocas (FNAR), North Northeastern Brazil (NNEB), East Northeastern Brazil 
(ENEB), Eastern Brazil (EB) and Trindade and Martin Vaz islands (TMV). 

As a general trend, shallow reefs are rare in the AMZ and in the NNEB ecoregions. 
Shallow reefs occupy larger areas in the ENEB ecoregion and are widely distributed 
in the EB ecoregion. The mesophotic reefs megahabitat was widely mapped in the 
AMZ (Moura et al. 2016) and NNEB (Carneiro et al. 2022) ecoregions and in the 
Abrolhos region, situated in the EB ecoregion, approximately 17°S (Fig. 5.1). 

In the AMZ ecoregion, known shallow reef structures are the Parcel de Manuel 
Luiz reefs located 90 km off the state of Maranhão coastline (Fig. 5.1) (Coura 2016). 
They grow as giant pinnacles to depths of approximately 25–30 m, and their tops 
reach up to 2 m of water depth. During spring low tides, some of these reefs are at 
sea-level (Amaral et al.  2007; Coura 2016). 

In the FNAR ecoregion, the Fernando de Noronha Archipelago (03° 5′ S— 
32° 25′ W) comprises 21 islands and islets of volcanic origin. It is located approxi-
mately 350 km off the coast of Rio Grande do Norte state (Fig. 5.1). These islands are 
part of the Fernando de Noronha volcanic mountain chain (Almeida 1955). Abundant 
coral fauna grows on some of their rocky shores (Maida and Ferreira 1997; Amaral 
et al. 2009), and coralline algae crusts occur on the eastern side of the main island. 
The Rocas atoll (03° 51′ S—33° 49′ W) developed on a flat top of a seamount. It has 
an elliptical shape with the larger axis (3.5 km long) oriented E-W and the minor 
axis (approximately 2.5 km long) oriented N-S. The reef ring is open on its western 
and northern faces. Despite its small dimensions, all of the characteristic features
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Fig. 5.1 Reef distribution on ecoregions of the Brazilian Economic Exclusive Zone (EEZ), 
according to Kikuchi et al. (2023)

of a reef can be distinguished, such as the reef front, reef flat and a shallow lagoon 
(Kikuchi and Leão 1997). 

The NNEB ecoregion (from approximately 4–5° S) is oriented east–west and 
extends from the mouth of the Parnaíba River (Piauí State) to Cape Calcanhar (Rio 
Grande do Norte State) (Fig. 5.1). Patch (Fig. 5.3a, b) and bank reefs (Fig. 5.3c, 
d) have been mapped on their inner (Laborel 1969; Laborel-Deguem 2019; Santos 
et al. 2007), middle and outer shelves (Soares et al. 2016; Gomes et al. 2020a, b;
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Table 5.1 Ecoregions of the Southwestern Atlantic region according to Kikuchi et al. (2023). 
Ecoregions are drawn in Fig. 5.1 

Realm Province Acronym Ecoregion Code 

Tropical Atlantic North Brazil Shelf AMZ Amazon 72 

Tropical Southwestern 
Atlantic 

SPSP São Pedro and São 
Paulo Islands 

73 

FNAR Fernando de Noronha 
and Atol das Rocas 

74 

NNEB North Northeastern 
Brazil 

75 

ENEB East Northeastern 
Brazil 

75 

EB Eastern Brazil 76 

TMV Trindade and Martin 
Vaz Islands 

77 

Temperate Atlantic Warm Temperate 
Southwestern Atlantic 

SEB Southeastern Brazil 180 

RG Rio Grande 181 

Code refers to a numeric identification of the ecoregion according to Spalding et al. (2007)

Carneiro et al. 2022). More recently, De Araújo et al. (2020) and Carneiro et al. (2021) 
provided revisions of the occurrences of discontinuous shallow substrates found in the 
intertidal zone that constitute a reef morphotype that was named cemented terraces 
(Fig. 5.2a, b).

The ENEB ecoregion extends from Cape Calcanhar at approximately 5°S to 
the São Francisco River mouth, at approximately 10°S the borderline between the 
Alagoas and Sergipe states (Fig. 5.1). The major reef types found in this ecoregion 
are fringing (Fig. 5.2c, d) and patch reefs (Fig. 5.3a, b). Fringing and bank reefs that 
originate from lines of beach rocks (Fig. 5.2e, f) are common as well (Dominguez 
et al. 1990; De Araújo et al. 2020). Some of these linear reefs are attached to and 
fringe the coastline, and others are several kilometers offshore, generally aligned 
parallel to the coast at depths of approximately 5–10 m, but can also be found at 
20–25 m depth (Testa 1997; Santos et al. 2007) and may constitute former coastlines 
(Gomes et al. 2020a). 

The EB ecoregion extends from the São Francisco River mouth to Arraial do 
Cabo mouth at approximately 23°S. This is the largest and richest coral reef area 
along the entire Brazilian coast. In this ecoregion, most of the reef types are found. 
Shallow isolated bank reefs (Fig. 5.3c, d) of various sizes occur between the beaches 
of Abaí and Praia do Forte (Leão et al. 2003). Deeper reef structures occur toward the 
continental shelf break (Kikuchi and Leão 1998). In the area from Todos os Santos 
Bay to Camamu Bay, shallow bank reefs are observed inside these bays (Leão et al. 
2003). Near Camamu Bay, a line of shallow fringing reefs borders the shores of the 
Tinharé and Boipeba Islands (Fig. 5.2c, d), and a series of lines of elongated bank 
reefs (approximately north–south) (Fig. 5.2e, f) occur down to depths of 20–30 m
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Fig. 5.2 Schematic illustrations of major reef types: a and b cemented terrace exemplified by the 
Pedra Rachada beach, state of Ceará, in the North Northeastern Brazil ecoregion, c and d fringing 
reefs exemplified by Itaparica island reefs, state of Bahia, in Eastern Brazilian ecoregion, and e and 
f linear bank reef exemplified by the bank reef of Arembepe beach, state of Bahia, Eastern Brazil 
ecoregion; arrows indicate two trends of linear bank reefs. Illustrations a, c and e are reprinted from 
Marine Environmental Research, 160, De Araújo et al. (2020), Diversity patterns of reef fish along 
the Brazilian tropical coast, Appendix A, Copyright (2020), with permission from Elsevier

(Kikuchi et al. 2008). The area of Cabralia/Porto-Seguro is characterized by the 
presence of bank reefs of various shapes and dimensions in water no deeper than 
20 m, running mostly parallel to the coastline (Leão et al. 2003). The most studied 
reef in this area is the Recife de Fora, an isolated bank reef a few kilometers off the 
coastline (Seoane et al. 2012). The elongated reefs may have grown on submerged 
strings of beach rocks (Fig. 5.2e, f). Southward, there are Itacolomis reefs, which
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Fig. 5.3 Schematic illustrations of major reef types a and b patch reefs, exemplified by the Mara-
cajaú reefs, Rio Grande do Norte State, East Northeastern Brazil ecoregion, c and d bank reefs 
exemplified by the reefs off Tinharé Island in Bahia State, Eastern Brazil ecoregion and e and f 
pinnacles exemplified by the Itacolomis reefs. They are known locally as “chapeirão” meaning “big 
hat” (plural “chapeirões”, “big hats”, Bahia State, Eastern Brazil ecoregion. In this last picture, the 
broad reef tops of several “chapeirões” can be seen. Illustrations a, b, c and e are reprinted from 
Marine Environmental Research, 160, De Araújo et al. (2020), Diversity patterns of reef fish along 
the Brazilian tropical coast, Appendix A, Copyright (2020), with permission from Elsevier

are the northernmost limit of the occurrence of the Brazilian giant “chapeirões” 
and isolated bank reefs (Fig. 5.3e, f) separated from one another by deep irregular 
channels (Cruz et al. 2008). Patch reefs with varied dimensions are generally found 
in the vicinity of fringing (Fig. 5.2c, d) and bank reefs (Fig. 5.3a, b). 

At approximately 17°S, the continental shelf widens to form the Abrolhos Bank, in 
which the richest and the most well-known coral reefs of the Eastern Brazil ecoregion
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occur (Laborel 1969; Hartt  1870; Leão 1996). These reefs form two arcs: the coastal 
arc composed of bank reefs of various shapes and dimensions and the outer arc east 
of the islands of the Abrolhos Archipelago, which is formed by isolated “chapeirões” 
(Fig. 5.3e, f) in water deeper than 20 m. This distinctive reef type ranges in height 
above the sea floor from 5 to 25 m, and the horizontal extension of their tops varies 
from 5 to 50 m. Incipient fringing reefs border the shores of two of the five islands 
of the archipelago. More recently, in the southern portion of the Abrolhos Bank, 
shallow pinnacles (“chapeirão”) were described by Mazzei et al. (2017). Milliman 
and Barreto (1975) documented the occurrence of drowned reefs at the shelf break, 
and mesophotic reefs are described across the mid and outer shelves on the Abrolhos 
Bank at depths from 25 to 90 m (Moura et al. 2013). 

The TMV ecoregion (20° 30′ S—29° 20′ W) is formed by rocky islands in the 
Vitória—Trindade Seamount Chain. They are located approximately 1200 km off 
the coast of Espírito Santo state. No true reefs exist, but coral species have been 
reported on these islands (Pereira-Filho et al. 2011). 

5.3 Coral and Fish Communities (Along the Tropical Shelf) 
and Impact Variability 

5.3.1 Coral Distribution 

The zooxanthellate scleractinian corals provide most of the structural complexity in 
the reef ecosystem. These corals produce colonies secreting calcium carbonate that 
are the basic structure of the coral reefs (Kinzie and Buddemeier 1996). Encrusting 
organisms such as coralline algae, bryozoans, vermetid gastropods, and foraminifera 
contribute to stabilizing sediment produced by organisms such as mollusks, corals, 
hydroids, and octocorals, among other carbonate-secreting organisms. The reef-
building Scleractinia coral fauna of Brazil has the following three distinctive char-
acteristics (Laborel 1969; Leão et al. 2003): (i) low taxonomic richness (number 
of coral species) compared with that of the North Atlantic reefs; (ii) the major reef 
builders are species endemic to Brazilian waters, and (iii) they are predominantly 
composed of massive growth forms. 

It is a low diversity fauna because it has 20 indigenous coral species and five 
calcareous hydroids (Table 5.2). However, in the last three decades, nonindigenous 
scleractinian corals were introduced in these waters. They are corals that bear no 
symbiosis with the microalgae known as zooxanthellae and were described as Tubas-
traea coccinea and T. tagusensis (De Paula and Creed 2004). A recent study, based 
on genetic and morphological data, indicated that the species known as T. tagusensis 
was mistakenly named and recommended the use of Tubastraea sp. and that there is 
a possibility of the occurrence of a third species (Bastos et al. 2022). On the other 
hand, five coral species are endemic. Three of the endemic coral species, Siderastrea 
stellata, Mussismilia hispida, and Mussismilia hartii, are widely distributed along
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the coast and shelf, from the AMZ to the SEB ecoregions. The other two endemic 
species have a more restricted distribution: Favia leptophylla occurs in the AMZ and 
EB ecoregions, and Mussismilia braziliensis is restricted to the EB ecoregion (Table 
5.2). Three calcareous hydroids are endemic to the Tropical Southwestern Atlantic, 
Millepora brasiliensis, Millepora nitida and Millepora laboreli. The first one occurs 
in the AMZ to the EB ecoregions. Millepora nitida, on the other hand, occurs in the 
ENEB ecoregion, and Millepora laboreli is confined to the AMZ ecoregion. 

The eastern shelf of the Brazilian continental margin, comprising the ENEB and 
EB ecoregions (Table 5.1, Fig.  5.1), is where a greater number of hermatypic coral and 
calcareous hydroid species thrive. More than twenty species are found in this region. 
A high variety of reef forms and a greater number of hermatypic and calcareous 
hydroids are found in the EB ecoregion. This pattern of species richness distribution 
was originally described by Laborel (1969). As of the nonindigenous species of the 
Tubastraea genus, the SEB ecoregion is where they were first introduced, and two

Table 5.2 Distribution of zooxanthellate shallow water corals and hidrocorals (grey squares) across 
the marine ecoregions and nonindigenous species (black squares) occurrences 

Indigenous species are organized from the most widely distributed (left) to the most restricted 
(right). Species are listed as quoted in the papers surveyed. Species with (*) present taxonomic 
classification issues explained in the text. (c) coral; (h) calcareous hydroid; (e) endemic species; 
(nic) nonindigenous coral species. Ecoregions: AMZ = Amazon, ASPSP = São Pedro and São 
Paulo Islands, FNAR = Fernando de Noronha and Atol das Rocas, NNEB = North northeastern 
Brazil, ENEB = East northeastern Brazil, EB = eastern Brazil, TMV = Trindade and Martin Vaz 
Islands, SEB = southeastern Brazil. Sources of information: Laborel (1969); Leão et al. (2003); 
De Paula and Creed (2004); Amaral et al. (2007, 2009); Ferreira and Maida (2006); Neves et al. 
(2006, 2008, 2010); Correia (2011); Lindner et al. (2017); Mantelatto et al. (2011); Pereira-Filho 
et al. (2011, 2019); Sampaio et al. (2012); Bastos et al. (2022). 
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species occur (Bastos et al. 2022). They migrate gradually north (Sampaio et al. 2012) 
and south (Mantelatto et al. 2011; Lindner et al. 2017). The range of Tubastraea 
coccinea extends further south, whereas the species called Tubastraea tagusensis 
(see the explanation identification issue, below) reached the NNEB ecoregion to the 
north. 

Among the species listed in Table 5.2, there are three indigenous and two 
nonindigenous coral species with taxonomic classification issues. Agaricia agaricites 
used to have numerous subspecies, with Agaricia agaricites humilis as one of them. 
Laborel (1969), in the most comprehensive survey of the coral species along Brazilian 
waters, mentions Agaricia agaricites humilis in his text, but on the illustrations 
captions and on the list of species, he only wrote the naming “Agaricia agaricites”, 
as remarked by Nunes et al. (2019). The subspecies Agaricia agaricites humilis 
was accepted as a species by van Morsel in 1986 and became Agaricia humilis, but  
some papers on species occurrences and reef monitoring still cite Agaricia agaricites. 
Nunes et al. (2019) considered that the species that occur in the Tropical Southwestern 
Atlantic is Agaricia humilis. 

Another issue reported by Nunes et al. (2019) refers to Favia/Mussismilia lepto-
phylla. Although Favia leptophylla is a name frequently used in the literature, Nunes 
et al. (2008) stated that based on genetic data it is closer to the three endemic Mussis-
milia species. Later, Budd et al. (2012) accepted the name Mussismilia leptophylla 
as a new designation of the species based on the molecular and microstructural 
characteristics of its skeleton. However, as there are similarities in living tissue char-
acteristics between this species and Favia gravida, the name Favia leptophylla is still 
used (Nunes et al. 2019). 

Nunes et al. (2019) list another naming change of Stephanocoenia michelini. 
In fact, as listed in the World Register of Marine Species (WoRMS), it refers to 
Hoeksema and Cairns (2022). Stephanocoenia intersepta is the accepted name of 
the species. 

Last, but not least, the designation by de De Paula and Creed (2004) of the  two  
species of nonindigenous coral, known in Brazil as “sun-coral”, Tubastraea coccinea 
and Tubastraea tagusensis, has been recently questioned. Bastos et al. (2022), in 
a study based on skeletal morphology and molecular characteristics, confirmed 
the occurrence of Tubastraea coccinea. However, they indicate that Tubastraea 
tagusensis is not a valid classification and call it Tubastraea sp. 

As this is a general revision of the distribution of species along Brazilian waters, 
we have used the classification found in the papers surveyed in Table 5.2. 

5.3.2 Fish Diversity Variability 

Reef fish, i.e., fish that depend on hard bottom features at some point in their lives, 
and all reef-dependent species are somewhat disjunct at a local scale, as the distri-
bution of reefs along the coast is usually patchy (Jones et al. 2002). Subpopula-
tions are more connected by larvae dispersed by currents than by swimming adults
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(Mora and Sale 2002); parental populations located hundreds of kilometers away can 
influence local populations. Moreover, reef fish recruitment often follows stochastic 
patterns, and the resulting communities are highly dependent on post-recruitment 
processes, such as regional and local habitat characteristics (e.g., temperature, depth, 
wave surge, currents, turbidity, reef morphology) and biotic drivers (e.g., population 
connectivity, larval supply, competition). Beyond the processes shaping these appar-
ently unpredictable communities, patterns emerge from both historical biogeogra-
phies determining local species pools and major drivers interacting with species 
preferences. 

The Southwestern Atlantic reef fish fauna is limited to the north by the Amazon 
River plume, to the south by the Malvinas Current and to the east by the Mid-
Atlantic barrier; more than 400 resident reef fish species are registered in this area, 
of which 27% are endemics and nearly 20% are threatened with extinction (Pinheiro 
et al. 2018). Brazilian reef fishes have been increasingly investigated due to their 
relevance (Araújo et al. 2018); currently, they are the second most studied group in 
tropical Brazilian reef systems behind corals only. 

As mentioned above, reef fish communities are highly influenced by a myriad of 
environmental drivers. Some species are generalist enough to cope with the variation 
range of these factors, and these species are widespread along the Brazilian tropical 
coast and generally dominate communities in numbers (e.g., Acanthurus coeruleus, 
Haemulon plumierii and Sparisoma axillare). However, they are a minority when 
considering total species richness; approximately a quarter of Brazilian tropical reef 
fish fauna can be regarded as common or dominant, while the bulk of reef fish diversity 
is composed of rare species (e.g., Chaetodon ocellatus and Sphoeroides testudineus). 
Those that occur in low numbers also appear to be more sparsely distributed along 
the coast and are specialists in the habitats they selected to live in (e.g., Bathygobius 
soporator and Diodon holacanthus). Some rare species can be typical of particular 
reef formations, i.e., disproportionately more abundant and/or more frequently found 
at reefs of a given type (De Araújo et al. 2020). 

The number of rare species increases with latitude and reaches a maximum at the 
southernmost limit of the ‘coral reefs’ distribution in Brazil (south of Bahia and north 
of Espírito Santo States, EB ecoregion) (Fig. 5.1). In this region, we find a greater 
diversity of reef morphologies (De Araújo et al. 2020) than in any other area along the 
Brazilian coast. Additionally, more complex reef formations show greater numbers 
of rare species than more homogeneous reefs, which means reef morphology and 
fish diversity are connected. 

Although Brazilian reefs share some similarities with other reef systems, the 
presence of a highly endemic reef-building coral fauna renders some of these reefs 
unique. Reef fishes associated with the five types of reef formations depicted above 
are addressed in De Araújo et al. (2020). The cemented terraces (Fig. 5.2a, b), which 
are predominantly located in the NNEB ecoregion (3° 20′ S—6°13′ S), are the most 
homogeneous and thus present the most distinctive reef fish fauna with a higher 
number of rare associated species. Conversely, the bank reefs (Fig. 5.3c, d) are the 
most widespread, variable and heterogeneous reefs along the Brazilian coast, and 
the associated fish fauna is equally the most variable. Pinnacle reefs (‘chapeirão’,
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Fig. 5.3e, f), with their distinctive form unique to Brazilian reefs, are limited in distri-
bution to the south of Bahia State (EB ecoregion, Fig. 5.1) and show just a fraction of 
the variability in fish communities associated with bank reefs. In summary, Brazilian 
reef fish communities can be shaped by reefs’ geomorphology and their distribution; 
more homogenous reefs select species with a greater degree of habitat specificity, 
while high latitudes show a greater diversity of reef morphologies, increasing the 
overall diversity of rare species (De Araújo et al. 2020). 

Despite the intrinsic relationship between reef morphology/formation and fish 
diversity, this diversity can also be affected by local (e.g., fishing, water pollution, 
habitat degradation) and global (e.g., sea-level rise and global warming) stressors 
that act concomitantly, cause adverse effects on the species and interfere with the 
ecological state of these reefs (Cruz et al. 2018). For example, sea-level rise may also 
affect food webs and reef assemblages that inhabit reef flats by increasing the time 
spent foraging by the larger species in this region (Harbone 2013). Global warming 
affects reef fish since they have a limited ability to acclimate to high temperatures as 
adults (Munday et al. 2012). The diversity of reef fish species decreases as the size of 
the local human population increases (Drew et al. 2015). Likewise, it is known that 
fishing causes changes in species richness, relative abundance, and patch occupancy 
(Tittensor et al. 2007). 

As previously stated, a significant part of the species richness of Brazilian reefs 
is composed of rare species. Thus, this trait can favor low functional redundancy in 
reefs, which makes them easier to collapse if one or more species are lost in situations 
of anthropogenic impacts (e.g., habitat degradation and destructive fishing practices) 
(Soares et al. 2021). Therefore, the unbalanced distribution of rare species exposes 
the increased vulnerability of these reef communities to density fluctuations and 
human stressors (De Araújo et al. 2020). 

5.4 Main Global and Local Impacts and Bleaching 

Western Tropical South Atlantic reefs (Fig. 5.1) are affected by a plethora of human 
stressors, including long-term warming (Principe et al. 2021), marine heatwaves 
(Duarte et al. 2020), ocean acidification (Cotovicz et al. 2020), sea-level rise (Muehe 
2018 documents erosive trends along the Brazilian coast), mismanaged touristic and 
industrial activities (Feitosa et al. 2012; Giglio et al. 2016), higher nutrient inputs 
(Costa et al. 2000; Mies et al. 2020), increased macro- and microplastic pollution 
(De Carvalho-Souza et al. 2018; Azevedo-Santos et al. 2021), environmental disas-
ters (e.g., oil spills and mining dam collapses) (Coimbra et al. 2020; Soares et al. 
2020; Cardoso et al. 2022), overfishing of reef species (Morais et al. 2017; Pereira 
et al. 2021), and invasive species such as lionfish (Pterois spp.) (Luiz et al. 2021) and 
sun corals (Tubastraea spp. with three morphotypes, Table 5.2) (Creed et al. 2017; 
Capel et al. 2019; Bastos et al. 2022). These human stressors impact these tropical 
shallow-water reefs as cumulative and synergistic pressures (Fig. 5.4) and conse-
quently undermine their long-term persistence (Soares et al. 2021). In this regard,
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these unique reefs present a large number of phase-shift events (detailed by Cruz 
et al. 2018) and indicators of reef decline (e.g., decreasing richness, loss of suitable 
habitats, loss of reef fish biomass, and decreased architectural complexity) (Leão 
et al. 2016; Aued et al. 2018; Beneli et al. 2020; Principe et al. 2021), which suggests 
significant impacts of their functional roles, such as reef framework production and 
sediment generation (Costa et al. 2016; Elliff and Silva 2017), the stability of reef 
habitat complexity, nursery functions, and carbonate reef growth potential. More-
over, the uneven spatial distribution of rare reef fishes and decreased biomass also 
drive a high vulnerability to anthropogenic pressures (Bender et al. 2013; De Araújo 
et al. 2020).

Overall, ~ 16% of Southwestern Atlantic reefs have a high to very high risk 
of experiencing cumulative impacts when assuming equal sensitivity of these reefs 
across human pressures (Magris et al. 2018). Moreover, when variable sensitivities 
across pressures are included, 37% of these reefs have a high to very high risk of 
experiencing cumulative human impacts (Magris et al. 2018). In this regard, the 
spatial distribution of SW Atlantic reefs with high or very high risk is largely coinci-
dent with localities where the human population is higher along the Brazilian coast, 
such as in the ENEB ecoregion (Fig. 5.1). To date, 42% of Brazilian reefs have a 
low risk of cumulative impacts from both local and global stressors (Magris et al. 
2018). Among the major human pressures, climate change and mismanagement of 
fishing activities account for the two main values of exposure (Magris et al. 2018, 
2020). Warming extended across over 95% of the SW Atlantic reef region, while 
the area impacted by land-based human activities was much smaller, ranging from 
7.6% (e.g., sewage pollution) to 22.6% (e.g., pesticides) due to Brazilian agriculture 
(Magris et al. 2020). In addition, approximately 82.8% of the Brazilian maritime 
area is under pressure from pelagic longlines, the most widespread fishery activity, 
followed by pelagic driftnet (61.6%) and bottom trawl (60.1%) (Magris et al. 2018, 
2020), which affect key species on SW Atlantic reefs. In this way, mismanagement 
of fisheries, increased global warming and heatwaves (Duarte et al. 2020) and land-
based activities are severe human threats (Magris et al. 2020) to the stability of SW 
Atlantic reefs, shifts their distribution on reef-building corals (Principe et al. 2021), 
and increased bleaching (Bleuel et al. 2021). 

Recent data indicate that coral bleaching events affected at least 26 species of 
scleractinians, hydrocorals, octocorals, and zoantharians in tropical SW Atlantic 
reefs over 26 years (1994–2020). Although no species suffered postbleaching mass 
mortality between 1994 and 2018 (Mies et al. 2020; Soares et al. 2021), there has 
been an increase in the sea surface temperature in all Brazilian reef ecoregions in 
the last 39 years (Soares et al. 2022). A clear trend of 0.2 °C increase per decade 
was detected in low-latitude equatorial coastal and oceanic reefs (FNAR and NNEB 
ecoregions) (Soares et al. 2022). An increase of 0.13 °C in the Abrolhos Bank (EB 
ecoregion) and 0.1 °C in the Coral Coast marine protected area located in the ENEB 
ecoregion has been reported (Soares et al. 2021, 2022). Moreover, the marine heat 
wave frequency was close to three events per year during the 1982–2020 period in 
the coral reef ecoregions, reaching values larger than 10 events per year in oceanic 
islands such as the Rocas Atoll (FNAR ecoregion) and in the ENEB and NNEB
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Fig. 5.4 Major pressures and impacts have been detected on shallow-water (<30 m depth) reefs 
(Tropical Southwestern Atlantic, Brazil). Source Emanuelle Rabelo

ecoregions (Soares et al. 2021, 2022). In this regard, marine heatwaves have become 
more frequent and longer lasting, which may lead to more mass bleaching events, as 
observed in 2010 (Soares et al. 2019), 2019 (Duarte et al. 2020) and again in 2020 
(Soares et al. 2022). 

These recent and intense heatwaves of 2019 and 2020 caused higher mortality rates 
in several key foundation corals (e.g., Millepora alcicornis, Millepora braziliensis,
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and Mussismilia harttii), showing that the SW Atlantic reefs are under severe threat 
from climate change scenarios (Leão et al. 2016; Pereira et al. 2022; Soares et al. 
2021). This is especially important considering the low coral diversity, endemic 
species, and low functional redundancy of reef assemblages in marginal reefs (Soares 
2020). The repeated occurrence of intense and recent marine heatwaves (2019 and 
2020) affecting SW Atlantic reefs is modern evidence of the detected regional trends 
without a significant reduction in carbon emissions (e.g., RCP 8.5—business as usual 
scenario), which will drive increased coral bleaching (Bleuel et al. 2021) and habitat 
loss in major reef-building corals such as Siderastrea spp., Mussismilia hispida, and 
Montastraea cavernosa in this century (2100) (Principe et al. 2021). Despite the 
resilience of Brazilian coral assemblages to specific suboptimal conditions, such as 
turbidity and resuspension of sediments (Loiola et al. 2019; Mies et al. 2018, 2020), 
it is likely that the cumulative effects of local, regional, and global pressures may lead 
to the large-scale degradation of the unique tropical SW Atlantic reefs (Principe et al. 
2021; Soares et al. 2021, 2022). The high phenotypic plasticity of some Brazilian 
corals and their adaptations to short-term environmental fluctuations (Mies et al. 
2020; Godoy et al. 2021) do not imply that these species will be successful under 
ongoing global environmental change (Bleuel et al. 2021; Principe et al. 2021; Soares 
et al. 2021). In addition to climate change, other direct and indirect human pressures 
may threaten these tropical SW Atlantic reefs (Fig. 5.4), as we reviewed in this 
section. 

5.5 Projections/Tendencies of Endemic Coral Species 
Distribution 

This modeling experiment was performed using three endemic coral species as 
proxies of potential species distribution trends of the reef ecosystem. Mussismilia 
hispida is the most widespread reef-building species, occurring across all ecore-
gions from the AMZ ecoregion through the tropical southeastern Atlantic province 
to the SEB ecoregion. Mussismilia harttii occurs in the tropical southeastern Atlantic 
province, and Mussismilia braziliensis is a species confined to the eastern Brazil 
ecoregion. In this way, we try to have an indication of the change in reef environment 
suitability expected with a business as usual future RCP 8.5 scenario (high-emissions 
or business as usual scenario; Riahi et al. 2011). 

5.5.1 Methods 

We used the maximum entropy model (Maxent) to estimate the probability of species 
suitability in response to estimated global climate change for the coming decades 
under the premises of the RCP8.5 scenario (global carbon increase of 30%, fossil
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fuels generating more than 60% of global electricity, sea-level rise trajectory between 
0.5 and 1.0 m). This model estimates the widest possible distribution (maximum 
entropy) from species presence and environmental abiotic factors available about the 
target species distribution (Phillips and Dudík 2008; Elith et al. 2011). For each target 
species, an extensive review of the occurrence of the species in both primary and 
secondary sources (systematic review) was performed according to the procedures 
described in Alencar et al. (2017) and França et al. (2020). Occurrences recorded 
within a 30 arc-second resolution grid (grid cell of approximately 1 km; Davies and 
Guinotte 2011) were considered as duplicate presence, thus constituting a binary 
character for each cell (Tittensor et al. 2009). 

The present and future scenarios under climate and marine environmental factors 
used in the species distribution model were obtained from the Bio-ORACLE 
database (http://www.oracle.ugent.be; Tyberghein et al. 2012; Assis et al. 2017). Bio-
ORACLE is a larger spectrum dataset in the water column containing geophysical 
information and climatic (cloud cover, temperature, diffuse attenuation, dissolved 
oxygen) and marine (photosynthetic radiation, silica, phosphate, nitrate, calcite, and 
chlorophyll a) information. The most recent environmental layers is the benthic 
stratum available from Bio-Oracle (Assis et al. 2017) inferred through ocean bathy-
metric charts (GEBCO 2015) considering the depth in each grid cell and when one 
uses geographic position (Assis et al. 2016; Boavida et al. 2016). Three scenarios 
were evaluated: (1) present scenario, data survey between 2000 and 2014; (2) future 
scenario 1 for the layers of the years 2040 and 2050; and (3) future scenario 2 for the 
years 2090 and 2100 based on the representative concentration pathway (Moss et al. 
2010) of gas emissions over time leading to a high greenhouse gas increase (RCP8.5 
Scenario) with the highest impact on marine biodiversity. 

The investigation and removal of collinear variables were performed by observing 
the correlation coefficient and variance inflation value (VIF > 3, Pearson’s r > 0.8;  
Zuur et al. 2010; Davies and Guinotte 2011; Fourcade et al. 2018). In accordance 
with Tittensor et al. (2009), we assumed satisfactory spatial independence between 
grid cells, considering these effects to be minimal. Each model was built based 
on twenty-five bootstrap replications (Phillips et al. 2006). The remaining model 
parameters were kept as the default (a convergent threshold of 10–5, maximum iter-
ation value of 500, and a regularization multiplier of 1) (Phillips and Dudík 2008). 
Potential distribution maps on an environmental suitability scale for each species 
were plotted according to the procedures described in Dudík and Phillips (2008) 
and Tittensor et al. (2009). Models were validated by analyzing the ROC (“Receiver 
Operating Characteristics”; Phillips et al. 2006) and AUC (“area under the curve”; 
Fielding and Bell 1997) parameters by the concepts of sensitivity and specificity, 
using a subset of 30% of the total sample data (assessment data) and the remaining 
70% for model calibration (calibration data) (Manel et al. 2001; Tittensor et al. 
2009). The AUC ranges from zero to one, with values close to one (1) indicating 
high model performance, whereas values below 0.5 indicate low model performance 
(Allouche et al. 2006; Elith et al. 2006). The final models for each species relied on 
a procedure to remove variables with a contribution of less than 1% in the model.

http://www.oracle.ugent.be
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For each environmental layer considered, response curves were estimated, in addi-
tion to a jacknife permutation analysis to detail the importance of the contribution 
of each variable in the model, individually and synergistically (Davie and Guinotte 
2011; Tittensor et al. 2009). The percentage areas of suitability along future projec-
tions from the present scenario were calculated for each of the species according to 
the marine ecoregion delimitations proposed by Spalding et al. (2007) and using a 
threshold level of suitability of 0.8. Statistical procedures, environmental suitability 
models and distribution maps were generated using R software (R Development Core 
Team 2018) through the package ‘raster’ (raster data treatment and standardization, 
Hijmans et al. 2017), ‘usdm’ (Variable inflation factor, Naimi et al. 2014) and ‘dismo’ 
(Environmental suitability models, Hijmans et al. 2017). 

5.5.2 Suitability Areas (Modern and Future Scenarios) 

The suitability models for predicting future scenarios showed high performance, 
with AUC values above 0.9 (Mussismilia braziliensis = 0.997 + 0.001; M. hartii = 
0.997 + 0.005 and M. hispida = 0.993 + 0.001). In all cases, the reduced models 
showed better performance (higher AUC) than the global models. For M. braziliensis, 
the jackknife permutation procedures suggest that the mean salinity (80.3%, jack-
knife permutation = 38.8%), salinity amplitude (9.9%, jackknife permutation = 
46.3%), and mean temperature (8.6%, jackknife permutation = 10.3%) are vari-
ables that explain its distribution, in descending order of importance. The other 
variables showed a lower contribution to the model. Mean salinity is the environ-
mental layer with a higher gain when variables are evaluated alone. For M. harttii, 
mean salinity (76.6%, jackknife permutation = 51.2%), salinity amplitude (14.9%, 
jackknife permutation = 42.6%), and mean temperature (6.1%, jackknife permu-
tation = 0.1%) are variables that explain its distribution, also in descending order 
of importance. The environmental layer with the highest gain, when evaluated in 
isolation, was mean salinity. In contrast, it showed the lowest gain in the model when 
one omits Salinity Amplitude from the analysis. For M. hispida, salinity amplitude 
(55.5%, jackknife permutation = 18.4%), mean salinity (12.8%, jackknife permuta-
tion = 0.4%), mean temperature (11.9%, jackknife permutation = 36.5%) and mean 
current velocity (11.4%, jackknife permutation = 24%) are variables that explain its 
distribution. Mean temperature was the environmental layer with the highest gain 
when evaluated in isolation. In contrast, it showed the lowest gain in the model when 
the analysis omitted the mean current velocity. In the discussion that follows the 
ecoregion nomenclature of Spalding et al. (2007) will be used. 

The outstanding common regions with high suitability prediction for the three 
species evaluated were the northern portion of the 76 Ecoregion (Eastern Brazil) 
(Todos os Santos Bay until Camamu Bay), including the southeastern portion of 
the 75 Ecoregion (Northeastern Brazil) and the central portion of the 76 Ecoregion 
(Eastern Ecoregion) (Abrolhos Archipelago and vicinities) (Figs. 5.5, 5.6 and 5.7). 
For M. hispida, high-suitability regions were still detected in the central portion of the
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75 Ecoregion (northeastern Brazil) (Fig. 5.7). The predicted suitability was associated 
with a particular set of abiotic variables, with differences for each species analyzed. 
For M. hispida, the highest suitability values were inversely related to the amount of 
silica in the water column and directly related to the amount of photosynthetic radi-
ation. On the other hand, these environmental layers did not contribute significantly 
to the model for the species M. braziliensis and M. hartii. High silica levels and low 
light penetration can be associated with high sedimentation/turbid conditions that 
characterize the marginal reef environment (Leão and Ginsburg 1997; Leão et al. 
2006; Suggett et al. 2012). Within this environment, M. braziliensis and M. hartti are 
closely related in their photophysiology and capacity to adapt to a highly variable light 
penetration environment (Suggett et al. 2012). This result, however, contrasts with 
the indication that the photosynthesis to respiration ratio (P/R) of M. braziliensis 
is lower than the performance of M. hispida in the same experimental conditions 
(Freitas et al. 2019). Thus, a comparison of the relative influence of environmental 
variables measured on a regional scale, such as the one used in the present modeling, 
on the performance of the species is risky. The influence of microhabitat character-
istics is decisive to the understanding of resource use by species and will bias any 
comparison between these two different scale studies. 

Salinity and temperature were variables with a high influence on the species 
evaluated in this study. Salinity was the major contributing variable for M. braziliensis 
and M. hartii, whereas it was a low contributing variable to M. hispida. Both variables 
are closely related to water masses and are influenced by the proximity to the coast 
(consequently to depth). Thus, at the regional scale, it seems that oceanographic

Fig. 5.5 Predicted environmental suitability for the species Mussismilia braziliensis using the 
maximum entropy model for the a modern 2000–2014, b RCP85 2040–2050 and c RCP85 2090– 
2100 scenarios. Darker colors indicate more suitable environments for the species. Delimitation and 
numbering of marine ecoregions according to that proposed by Spalding et al. (2007): 71. Guianan, 
72. Amazonia, 73. São Pedro and São Paulo Islands, 74. Fernando de Noronha and Atoll das Rocas, 
75. Northeastern Brazil, 76. Eastern Brazil, 77. Trindade and Martin Vaz Islands, 180. Southeastern 
Brazil, 181. Rio Grande, 183. Uruguay–Buenos Aires Shelf. See also Table 5.1
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Fig. 5.6 Predicted environmental suitability for the species Mussismilia hartii using the maximum 
entropy model for the a modern 2000–2014, b RCP8.5 2040–2050 and c RCP8.5 2090–2100 
scenarios. Darker colors indicate more suitable environments for the species. Delimitation and 
numbering of marine ecoregions according to that proposed by Spalding et al. (2007): 71. Guianan, 
72. Amazonia, 73. São Pedro and São Paulo Islands, 74. Fernando de Noronha and Atoll das Rocas, 
75. Northeastern Brazil, 76. Eastern Brazil, 77. Trindade and Martin Vaz Islands, 180. Southeastern 
Brazil, 181. Rio Grande, 183. Uruguay–Buenos Aires Shelf. See also Table 5.1 

Fig. 5.7 Predicted environmental suitability for the species Mussismilia hispida using the 
maximum entropy model for the a modern 2000–2014, b RCP85 2040–2050 and c RCP85 2090– 
2100 scenarios. Darker colors indicate more suitable environments for the species. Delimitation and 
numbering of marine ecoregions according to that proposed by Spalding et al. (2007): 71. Guianan, 
72. Amazonia, 73. São Pedro and São Paulo Islands, 74. Fernando de Noronha and Atoll das Rocas, 
75. Northeastern Brazil, 76. Eastern Brazil, 77. Trindade and Martin Vaz Islands, 180. Southeastern 
Brazil, 181. Rio Grande, 183. Uruguay–Buenos Aires Shelf. See also Table 5.1
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conditions control the distribution of these species. On an individual scale, salinity 
and temperature might be related to nutrient availability and bleaching susceptibility 
(e.g., controlling zooxanthellae physiology symbiosis with corals, Costa et al. 2004; 
Kemp et al. 2006), but it is the regional trend of these variables that matters on the 
species distribution. 

One interesting result of the modeling is the extent of the suitability of the present 
environment to Mussismilia braziliensis. Although this species is confined to the 76 
Ecoregion (eastern Brazil), the environmental suitability extends to the São Fran-
cisco River mouth within the 75 Ecoregion (northeastern Brazil) (Fig. 5.5a). The 
environmental suitability to M. braziliensis extends consistently further north in the 
future scenarios and comprises the southern half of the 75 Ecoregion (Northeastern 
Brazil) (Fig. 5.5a–c, Table 5.3). If the decreasing trend of the São Francisco River 
discharge during the last 1 ka (Dominguez and Guimarães 2021; Dominguez this 
book) persists in the future, this projection may be confirmed.

The 76 ecoregion (eastern Brazil) shows reduced values of the predicted proba-
bility of occurrence of all three species evaluated in future scenarios (Figs. 5.5b, c 
5.6b, c and 5.7b, c, Table 5.3). In these scenarios, mean temperature and mean salinity 
were the variables with the greatest impact on environmental suitability. Therefore, in 
a future temporal mesoscale, several community (spatiality) and population intrinsic 
aspects (food availability, photosynthetic capacity of zooxanthellae, diseases) and, 
in addition survival and occurrence aspects should be compromised. The relative 
area of high suitability of species in the entire area of this ecoregion in the modern 
scenario, which accounted for approximately 3%, fell to close to 1% over a period 
of 100 years, which in practice represents a reduction in the area potentially suitable 
for the species by almost 400 km2. Among the three species, M. hartii experienced 
a slightly lower relative loss of area potentially suitable for the near future scenario 
(2040–2050, potential reduction of 40 km2) but with area reduction by half in the 
next 50 years (2090–2100 scenario, potential reduction of 210 km2). 

For M. hartii, Recôncavo Baiano (northern portion of the 76 Ecoregion—Eastern 
Brazil) may be a stable unit area of high suitability (Fig. 5.6), a potential refuge 
zone. For M. braziliensis and M. hispida, the scenario is more disturbing because 
the predictions in the near future scenario do not indicate potential areas of high 
suitability, although they point to signs of high suitability in the future scenario of 
2090–2100. This interval of absence of suitable areas within this ecoregion may 
indicate that the next decades will be decisive for these species in terms of tolerance 
to new abiotic and biotic environmental conditions. The areas adjacent to Recôncavo 
Baiano exhibited high suitability for all species except M. hispida (Fig. 5.7b, c), while 
the region of the Abrolhos Archipelago maintained areas of high suitability for all 
species. This raises the importance of deepening knowledge of these regions that can 
be in the future a refuge for this and other species that share the same environmental 
envelope. 

In the 75 ecoregions (northeastern Brazil), the trend of increase in the potential 
relative area of high suitability was similar for the three species in the future scenarios, 
with the exception of M. hispida for the 2090–2100 scenario. Shifts of the potential 
area to the south of those predicted by the modern scenario, such as what we see
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Table 5.3 Relative suitability area for South Atlantic Ocean Ecoregions for present and future 
scenarios under RCP8.5 for Mussismilia brasiliensis, M. hartii and M. hispida according to Bio-
Oracle benthic datasets and maximum entropy algorithm 

Species/Scenarios Marine Ecoregion (Spalding et al. 2007) 

Amazonia (72) NE Brazil 
(75) 

E Brazil 
(76) 

SE Brazil 
(180) 

Rio Grande 
(181) 

M. brasiliensis 

Present 

High suitability area 
(km2) 

– 40 540 – – 

Relative suitability 
area (%) 

– 0.40 3.87 – – 

2040–2050 

High suitability area 
(km2) 

– 1050 – – – 

Relative suitability 
area (%) 

– 10.61 – – – 

2090–2100 

High suitability area 
(km2) 

– 1280 140 – – 

Relative suitability 
area (%) 

– 12.93 1.00 – – 

M. hartii 

Present 

High suitability area 
(km2) 

– 140 440 – – 

Relative suitability 
area (%) 

– 1.41 3.15 – – 

2040–2050 

High suitability area 
(km2) 

– 1000 400 – – 

Relative suitability 
area (%) 

– 10.10 2.86 – – 

2090–2100 

High suitability area 
(km2) 

– 1170 190 – – 

Relative suitability 
area (%) 

– 11.82 1.36 – –

(continued)
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Table 5.3 (continued)

Species/Scenarios Marine Ecoregion (Spalding et al. 2007 )

Amazonia (72) NE Brazil
(75)

E Brazil
(76)

SE Brazil
(180)

Rio Grande
(181)

M. hispida 

Present 

High suitability area 
(km2) 

– 40 540 – – 

Relative suitability 
area (%) 

– 0.40 3.87 – – 

2040–2050 

High suitability area 
(km2) 

– 1050 – – – 

Relative suitability 
area (%) 

– 10.61 – – – 

2090–2100 

High suitability area 
(km2) 

80 200 100 650 20 

Relative suitability 
area (%) 

0.23 2.02 0.72 3.22 0.13 

Delimitation of ecoregions according to Spalding et al. (2007). High suitability is defined by 
maximum entropy levels greater than 0.8

for M. hispida (Fig. 5.7 and Table 5.3), are regularly shown in studies of climate 
variability (Frieler et al. 2012; Freeman et al. 2013). What strikes us in the present 
modeling is that all three species showed potential areas of high suitability under 
the modern scenario in the 75 Ecoregion (Northeastern Brazil) in areas close to the 
boundary of the 76 Ecoregion (Eastern Brazil). The potential area expansion in the 
75 Ecoregion and to the North in future predictions is conspicuous. Overall, the 
three species showed an increase from modern scenario prediction estimates of 40 
to 140 km2 (0.4 to 1.4%) of potential high suitability areas to approximately 1000 
to 1280 km2 (10.1 to 12.93%) in future scenarios. Finally, M. hispida did not follow 
this pattern in the 2090–2100 scenario. Estimates indicate a retraction of potential 
high suitability areas after the 2040–2050 scenario followed by the estimated record 
of potential high suitability areas to the 72 Ecoregion (Amazonia) and to the 181 
Ecoregion (Rio Grande) (Fig. 5.7c) (Table 5.3). 

Our results indicate that climate change (temperature elevation and increased 
ocean acidification) will profoundly impact the distribution conditions of suitable 
habitats of these species under RCP8.5 for both the 2040–2050 and 2090–2100 
scenarios. The new suitability areas predicted by the future scenarios, however, are 
only potential expansion areas because the actual colonization of new sites will 
depend on substrate availability, larval transport, competition, and predation, among 
other factors that regulate the process of new substrate colonization. However, these
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predictions should be considered as guidance for future studies that can support 
public and environmental policy. 

5.6 Concluding Remarks 

The EB and ENEB ecoregions are reef areas that concentrate a higher diversity of 
habitats (reef forms) and major reef organisms, such as coral and fish communi-
ties. The southern portion of the Eastern Brazil ecoregion has a wide shallow shelf 
(Abrolhos bank) that hosts one of the most important shallow water reef complexes. 
It is also one of the most studied reef regions in the country. Extensive mesophotic 
reef areas also occur in this region. To the north and to the south of this region, the 
availability of shallow water areas decreases, and mesophotic and deep water reefs 
become important and widespread interconnected seascapes. 

Shallow water coral richness follows a similar pattern. It is higher in the 76 
(eastern Brazil) and 75 (northeastern Brazil) ecoregions, where Mussismilia species 
and milleporids are important constituents of the reef-building fauna. Projections 
of future habitat suitability show that the most restricted species (M. harttii and 
M. braziliensis) can migrate north, a trend that can be enhanced by the increase 
in aridity and possibly an increase in temperature and salinity in the shallow shelf 
areas. On the other hand, turbidity might play an opposite role in these prognostics. 
M. hispida, on the contrary, might benefit from the tropicalization of the temperate 
realm and migrate south. 

Tropical Southwestern Atlantic reefs are affected by a plethora of human stres-
sors, including large-scale (global climate change-related processes, such as long-
term warming, marine heatwaves, ocean acidification, and sea-level rise) or local but 
widespread impacts, such as mismanaged touristic and industrial activities, higher 
nutrient inputs, increased macro- and microplastic pollution, environmental disasters 
(e.g., oil spills and mining dam collapses), overfishing of reef species, and invasive 
species such as lionfish (Pterois spp.) and sun corals (Tubastraea spp.). Human stres-
sors are impacting these tropical shallow-water reefs as cumulative and synergistic 
pressures and, consequently, undermining their long-term persistence. 

Global climate change shifts limits that control the survival of reef-building and 
dwelling organisms, and regional shifts of optimal conditions also occur. However, 
the environmental conditions that control suitability for the survival of reef and 
coralline ecosystems are changing to sites where substrate availability is not guar-
anteed. Thus, we must apply all available efforts to develop research that supports 
conservation policies and environmental management actions to help ameliorate and 
reduce the impacts and degradation of reef and coralline ecosystems in the Tropical 
Western South Atlantic Ocean. 
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Chapter 6 
Geodiversity and Biodiversity 
of the Tropical Shelf of Northeastern 
Brazil 

Helenice Vital, José Maria Landim Dominguez, Alex Cardoso Bastos, 
and Tereza Cristina Medeiros de Araujo 

Abstract Continental shelves are areas of high heterogeneity that are poorly under-
stood and increasingly influenced by anthropic activities. The tropical passive conti-
nental shelf of northeastern Brazil is the narrowest in the country and in some stretches 
is among the world’s narrowest. Narrow continental shelves are unusual features on 
passive continental margins. This is clearly reflected in the small number of studies 
in the international literature. In this chapter, we present a synthesis of the current 
knowledge about seafloor morphology, its associated benthic ecosystems, and the 
role of eustatic variations in the evolution of this tropical shelf. Major human uses 
are also discussed. 

Keywords Continental shelf · Shelf sedimentation · Siliciclastic–carbonate 
sedimentation 

6.1 A General Overview of the Brazilian Tropical Shelf 

The Brazilian tropical shelf extends for almost 3000 km from the Cape Orange (4° N) 
to the Abrolhos bank (19° S) (Fig. 6.1). Located in a passive margin, the shelf varies 
considerably in shape and width. It is rather wide near the Amazon River mouth 
(330 km) and narrower in front of Salvador (8 km). It can be divided into two parts: 
the Northern Brazil Shelf (NBS), from Cape Orange to the Parnaiba Delta, and the 
Northeastern Brazil Shelf (NEBS) from the Parnaiba Delta to Abrolhos Bank (Vital 
et al. 2010a; Vital 2014).
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Fig. 6.1 a Location map (Source Planetary vision) and b bathymetric map of the Brazilian 
tropical shelf (modified from Vital 2014). State abbreviations: RN—Rio Grande do Norte, 
PE—Pernambuco, SE—Sergipe, AL—Alagoas, BA—Bahia, ES—Espirito Santo 

This continental margin originated from the separation between South America 
and Africa, and its evolution followed the classical model for passive margins, 
including rift, transitional, and open marine stages (Asmus 1981). 

The NBS is subjected to a very energetic forcing, including near-resonant semidi-
urnal macro tides, large buoyancy flux from the Amazon River discharge, wind stress 
from the northeasterly trade winds, and strong along-shelf flow associated with the 
North Brazil Current (Beardsley et al. 1995; Geyer and Kineke 1995; Nogueira Neto 
and Silva 2014; Prestes et al. 2018). Because of the large riverine inflows, most of the 
shelf is covered with siliciclastic muds and sands (Kuehl et al. 1986, 1996; Nittrouer 
et al. 1986, 1996; Figueiredo et al. 2008).
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Table 6.1 The Brazilian tropical shelf (modified from Vital 2014) 

Northern Brazil Shelf (NBS) Northeastern Brazil Shelf 
(NEBS) 

Length ~1000 km 2000 km 

Average width +300 km 40 km 

Tide, waves, and currents >5 m (macrotidal), 1–2 m 
wave height and 13 s period, 
up to 200 cm s−1 

Mostly 2–3.5 m tidal range 
(mesotidal), 1–2 m wave 
height and 7.5 s period, 
currents up to 100 cm s−1 

Dominant process 
(wave/current/tides) 

Tides, currents Waves, mixed tidal and 
waves, currents 

Av. depth of the shelf break ~100 m 60 m 

Siliciclastic/carbonate/autigenic 
(%) 

Siliciclastic (90%) Middle to outer shelf 
carbonate 
Inner shelf siliciclastic to 
mixed 

Modern/relict/palimpsest (%) Inner shelf modern 
Outer shelf relict 

Middle to outer shelf most 
modern 
Inner shelf modern and 
palimpsest 

Tectonic trend over the last 
glacial cycle 

Subsiding Uplift and subsidence 

The NEBS is subjected to the full strength of the westerly flowing South Equatorial 
Current, combined with eastern-southeastern trade winds, meso to micro tides, and 
moderate wave energy (Knoppers et al. 1999; Hazin et al. 2008; Domingues et al. 
2017; Ribeiro et al. 2018). It is a narrow and open shelf almost entirely covered by 
carbonate sediments due to reduced riverine input (Coutinho and Morais 1970; Testa  
and Bosence 1999; Vital et al. 2008; Dominguez 2009) (Table 6.1). 

Despite its extension and recognized importance, little is known about its marine 
habitats and resources. In this sense, since its creation, the Brazilian National Insti-
tute on Science and Technology in Tropical Marine Environments (inctAmbTropic) 
has made it possible to advance the evaluation of the spatial heterogeneity of shelf 
substrates in the north–northeastern region of Brazil. 

This chapter presents a review of the existing knowledge of the NEBS, more 
specifically along the sector extending from the states of Rio Grande do Norte (RN) 
to Espirito Santo (ES) (Fig. 6.1b). 

This review emphasizes seafloor mapping, which can then be integrated with 
the concept of habitat mapping, defined as the geological, sedimentological, and 
geomorphological characteristics of the seafloor that can define benthic habitats, 
together with other environmental drivers (temperature, water chemistry, depth, etc.) 
(Nunes 2009; Moura et al. 2013; Goes et al. 2019; Lucatelli et al. 2020; Fontes et al. 
2020; Gomes et al. 2020a; Quaresma et al. 2020; Rebouças et al. 2020; Vital et al. 
2020).
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Greene et al. (1999) pointed out that habitat does not have a fixed scale and could 
be recognized as physiographic provinces (e.g., continental shelf), bottom shapes 
(e.g., submerged dunes), or types of sediment (e.g., muddy deposits). Lundblad et al. 
(2006) emphasize the need for an information baseline. According to these authors, 
based on what the seafloor looks like, a biologist, geologist, ecologist, geophysicist, 
or other interested parties will supplement that framework with specific datasets. A 
biologist may add a layer of information about the amount of relief or the thickness of 
sediments. A geologist may add data revealing sediment size or rock type. Depending 
on the interest of the research, different layers of information are needed. However, 
there is a consensus in the literature that mapping the seafloor is the basis for knowing 
the distribution of geodiversity and its relationship with marine biodiversity (Lund-
blad et al. 2006; Brown et al. 2011, 2012; Diesing et al. 2016; Lecours et al. 2016; 
Baker and Harris 2020; Harris and Baker 2020). It is, therefore, necessary to link 
the mapping of the seabed to the concept of habitat, that is, to map the nature, distri-
bution, and extent of physical environments as a way of seeking to predict or have 
a forecast basis for the occurrence of associated biological communities (Quaresma 
et al. 2020). 

6.2 The Northeastern Brazil Shelf 

On the NEBS, the climate varies from tropical dry semiarid to tropical humid with few 
rivers emptying in this region, with the exception of the São Francisco, Jequitinhonha, 
and Doce rivers. 

From a morphodynamic point of view, this is a wave-dominated to tide-modified 
coast with active sea cliffs carved into Miocene tablelands alternating with reefs or 
dune-barrier sections and beach-ridge terraces (Pereira et al. 2016; Short and Klein 
2016; Vital et al. 2016). 

It is characterized by reduced width (on average 40 km) and shallow depths (shelf 
break commonly starts at an average depth of 60 m) (Fig. 6.2a) when compared 
with other parts of the Brazilian continental shelf (Araujo et al. 2004; Vital et al. 
2010a) and other passive margin shelves of the world (Kennett 1982; Harris et al. 
2014). The mixed character of sedimentation is typical of this shelf, with coexisting 
siliciclastic and carbonate systems (e.g. Pessoa Neto 2003; Vital et al. 2005; Bastos  
et al. 2013; Dominguez et al. 2013; Puga-Bernabéu 2017), the former being dominant 
in the proximal nearshore regions and the latter in the distal portion or shelf edge 
(Fig. 6.2b). Although the narrower portions of the shelf are almost completely covered 
by carbonate (essentially bioclastic) sediments (Dominguez et al. 2013), the presence 
of shelf-incised valleys can produce sharp lateral shifts in sediment distribution, with 
siliciclastics confined to these valleys and carbonate sediments occurring in their 
margins (Vital et al. 2008; Gomes et al. 2015; Vieira et al. 2019).

The NEBS is mostly 20 km wide (Fig. 6.2), with its narrowest portion (8 km) 
located off the coast of Salvador city, whose physiography is attributed to a strong 
structural control by Halla et al. (2020). The edge of the continental shelf generally
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Fig. 6.2 Main features of the Northeastern Brazil Shelf (NEBS). a Relief image of NEBS (Source 
GEBCO database). b Surface sediment distribution. Red rectangles indicate sectors detailed in the 
text

runs parallel to subparallel to the coast. At the Abrolhos bank, the shelf reaches 
200 km in width as a result of volcanic activity that took place between the Palaeocene 
and the Eocene (Mohriak 2006). The shelf break at the Abrolhos bank and around 
the RN plateau starts at a depth of approximately 80 m. 

The shelf can be subdivided using depth as a criterion into inner (up to 15–20 m), 
middle (15–25 m), and outer shelf from 25 to 30 m until the shelf break (Coutinho 
1996; Vital 2014). A diversity of bedforms, such as hydraulic dunes, reefs, and incised 
valley systems, are present on this shelf and can be observed in satellite images, even 
in regions close to the shelf break (Vianna et al. 1991; Tabosa et al. 2007; Vital et al. 
2005, 2008, 2018; Silveira et al. 2020) and by using acoustic data (e.g., Schwarzer 
et al. 2006; Bastos et al. 2015; Cetto et al. 2021). 

Carbonate build-ups and reefs are a dominant feature along the Brazilian trop-
ical shelf (Figs. 6.3 and 6.4) (see also Chap. 5). These features can be classified 
according to their origin in (i) sandstone reef banks—cemented beach and shoreface 
deposits known as sandstone reefs or beachrocks, usually parallel to the shoreline,
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and recording ancient positions of the coastline, with the most continuous chain 
occurring along the 25 m isobath (Araujo et al. 2004; Vital et al. 2008; Fontes et al. 
2017) and (ii) reefs—rigid, rocky structures resistant to mechanical wave action 
and marine currents, built by the action of marine organisms (animals and plants), 
capable of segregating calcium carbonate skeletons, and using as substrate, sedimen-
tary, igneous, or metamorphic rocks, available at a depth suitable for their establish-
ment and development. In this chapter, beachrocks and reefs are discussed only as 
geomorphic features or types of geohabitats present in the study area. 

Both shallow water and mesophotic reefs are present on the NEBS (Fig. 6.4). The 
shallowest ones are known for a long time (Branner 1905; Laborel 1969) and at least 
in part are located in marine protected areas such as the Abrolhos Marine National 
Park (BA e ES states), the Costa dos Corais (AL and PE states), and Recifes de Corais 
(RN state) and Marine Protected areas (Ferreira and Maida 2006; Laborel-Deguem 
et al. 2019). Mesophotic reefs have been described more recently across the mid and 
outer shelves of the ES, BA, PE, and RN states at depths from 25 to the shelf edge 
(e.g., Camargo 2016; Silva et al. 2018; Fontes et al. 2020; Gomes et al. 2020a, b; 
Bastos et al. 2021). 

Other important features associated with this continental shelf include the plateaus 
of Rio Grande do Norte and Pernambuco states (Fig. 6.1) as well as a series of 
submarine canyons (e.g., Salvador, São Francisco, Natal, and Açu).

Fig. 6.3 Underwater photos of beachrock chain along 25–30 m depth in the NEBS: a Rio Grande 
do Norte shelf; b dense carpet of macroalgae cover on the Pernambuco shelf; c reef flank region 
surrounded by sandy sediments on the Pernambuco shelf; d gorgonians and black corals cover on 
the Sergipe shelf. Source a:  Vital et al.  (2008); b, c: Fontes et al. (2020); d: Fontes et al. (2017)
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Fig. 6.4 Coral reefs from NEBS. a Multibeam 3D model of California reef on the Abrolhos shelf; 
b aerial view of Costa dos Corais, shallow water reefs from Alagoas-Pernambuco; c aerial view 
of Maracajau, shallow water reefs from the Rio Grande do Norte; d and e underwater photos of 
shelf edge reefs from Pernambuco; f multibeam 3D model of Açu reef field on outer Rio Grande do 
Norte shelf; g and h application of benthic terrain modeller (BTM) analysis for the Açu reef field. 
Source a: Bastos et al. (2021); b: ICMBIO; c: IDEMA; d, e: Camargo (2016); f, g, h: Gomes et al. 
(2020a)



148 H. Vital et al.

Below, we provide a detailed description of four sectors of the NEBS that illustrate 
the diversity of existing geomorphic features. For each sector, the focus will be on the 
geological setting, relief, sediment supply and sediment distribution, and the main 
features present, such as incised valleys and carbonate build-ups. 

6.2.1 The Açu Incised Valley System of Rio Grande do Norte 

The Rio Grande do Norte shelf is a narrow (40 km), shallow (70 m at the shelf break), 
and mixed carbonate–siliciclastic shelf. This part of the shelf is the submerged portion 
of the Potiguar Sedimentary Basin (Vital et al. 2008, 2020; Gomes et al. 2016, 2020a, 
b). The mixed sedimentation in the Potiguar basin began in the Neocampanian and 
extends to the present day (Pessoa Neto 2003). This basin has been subjected during 
its history to E–W compression, which has been released along preexisting fault lines 
lying approximately NE–SW (Milani and Thomaz-Filho 2000). As a result, the shelf 
configuration is strongly affected by vertical movements along these faults. 

The distribution of sediments, seabed features, and general physiographic breaks 
allow us to divide the shelf into the inner, middle, and outer shelves, showing a clear 
seaward trend of increasing carbonate content (Vital et al. 2008, 2010a; Gomes et al. 
2014) (Fig. 6.5).

The boundaries between the inner, middle, and outer shelves have been proposed 
by different authors using water depth, geomorphology, and sediment type as criteria 
(Gomes and Vital 2010; Vital et al. 2008, 2010a; Vital 2014; Almeida et al. 2015; 
Gomes et al. 2014, 2015, 2016): the inner shelf extends to a water depth of 15 m 
and is characterized by the presence of very large longitudinal subaqueous dunes 
composed mainly of quartz sands. The middle shelf, between 15 and 25 m depth, is 
characterized by a very large subaqueous transversal dune field composed of fine-
to medium-grained siliciclastic sand on the crests, while the troughs are composed 
of coarse bioclastic gravel stabilized by living coralline algal maerl and Halimeda 
meadows (Testa and Bosence 1998, 1999; Tabosa 2006; Santos et al. 2007). The 
transition from the middle to the outer shelf, around the 25 m isobath, is defined 
by aligned submerged beachrock outcrops, composed of sandstones and grainstones 
cemented by carbonate, commonly colonized by seaweeds, rhodoliths, and sponges 
(Santos et al. 2007; Vital et al. 2008; Cabral Neto et al. 2013). 

Incised valleys associated with the Açu River are infilled with muddy sediments 
(Costa Neto 1997; Vital et al. 2008, 2010a, b). Mesophotic knoll reefs are found 
on both sides of these incised valleys (Gomes et al. 2016; Silva et al. 2018). The 
outer shelf (25 m to shelf break) exhibits a terraced morphology inherited from the 
bedrock, underfilled incised valleys, and heads of submarine canyons indenting the 
shelf break (Fig. 6.5a, b). It is a hotspot of biodiversity with respect to soft sediment 
communities and the presence of the Açu Reef (Gomes et al. 2020a). 

The study by Vital et al. (2020) indicates that the seabed features and associated 
grain size are responsible for the structure and composition of the benthic macroin-
faunal and epifaunal communities. Fine-grained sediments inside the Açu incised
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Fig. 6.5 Açu incised valley shelf system. a Digital terrain model and multibeam bathymetry to the 
upper slope; b sedimentary facies; c average density of the most abundant taxon during rainy and 
dry seasons. Source a: modified from Gomes et al. (2014) and Almeida et al. (2015); b: modified 
from  Vital et al.  (2008); c: modified from Vital et al. (2020)

shelf valley exhibit less diverse and less abundant macroinfauna assemblages than 
adjacent sandy bottoms, both bioclastic and siliciclastic, which harbour faunas of 
greater abundance and diversity (Fig. 6.5c).
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6.2.2 The Pernambuco Shelf 

The Pernambuco shelf is in the Pernambuco Sedimentary Basin, which is considered 
the last link between Africa and South America (Rand and Mabesoone 1982). 

The Pernambuco shelf is narrow (average width of 35 km), shallow, and has a 
shelf break located between −50 and −60 m (Manso et al. 2003). According to 
Araujo et al. (2004), the PE shelf exhibits a smooth relief from 0 to 20 m. From 20 
to 30 m, the morphology is more rugged, characterized by the alternation of valleys 
and crests, cutting perpendicularly to the shelf, mainly north of the city of Recife. 
This relief is associated with shelf subaerial exposure in the past. 

The shelf is characterized by carbonate sedimentation whose major component 
is coralline algae. A subdivision for this shelf was proposed by Coutinho (1996), 
considering sedimentological criteria and morphological features: the 20 m isobath 
separates the terrigenous quartz sands of the inner shelf from the coralline algae 
deposits on the middle shelf. This limit also marks the appearance of Lithothamnium 
in free and branched forms, which extends to a depth of 40 m. The portion of the shelf 
between 23 and 40 m exhibits a terraced morphology. From 40 m to the outer shelf 
edge, massive blocks made of algae dominate, associated with varying proportions 
of biodetrital sand with 10–15% bluish-grey limestone mud. 

Regional shelf features include coral reefs, incised valleys, muddy belts, and sand 
banks (Camargo et al. 2007). On the inner shelf, bordering the coastline, there are 
numerous occurrences of beachrocks, some of which remain completely submerged 
even during low tides (Manso et al. 2003). Other important features include reef 
ridges parallel to the coastline that developed on the top of beachrock substrata or 
Pleistocene bedrock (Camargo et al. 2015). 

The Pernambuco Plateau is an extension of thinned continental crust of the 
Pernambuco Sedimentary Basin, extending from the shelf break to water depths 
of 4000 m (Fig. 6.1). 

Seven substrate/habitat types with distinct acoustic characteristics were identified 
in the portion of the shelf offshore Tamandaré (Fig. 6.6b). These are comprised of 
three coral reef types I, II, and III (respectively P1, P2, and P3), carbonate grav-
elly bottoms (P4), gravel-sandy bottoms (P5), sandy bottoms (P6), and carbonate 
muddy bottoms (P7) (Fontes et al. 2020). These authors broadly classified benthic 
communities in the region into two groups governed by substrate type: hard and soft 
substrates.

Hard substrate areas consist of coral reefs, submerged beachrocks, and Pleistocene 
limestone outcrops. Coral reefs are complex environments that support algae, massive 
corals, zoanthids, fishes, crustose coralline algae, and barnacles, among others. It 
is observed that the more three-dimensional reefs, with the presence of cavities 
and caves, support less algae and more corals and herbivorous fishes. In less three-
dimensional reefs, two main types of macroalgae, Sargassum sp. and Dictyopteris 
sp., are abundant. Algae may be displaced from some hard substrate areas by current 
and wave activity.
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Fig. 6.6 Pernambuco shelf. a Incised valleys of the Tamandaré region; b map of acoustic 
backscatter patterns (P1 to P7) of the Tamandare’s inner shelf, with Landsat 8 image on back-
ground; c benthic structures. Source a: Camargo (2016); b: Fontes et al. (2020); c: Goes et al. 
(2019)

Soft substrate areas (such as gravelly and muddy bottoms) are inhabited mostly by 
foraminifera, ostracodes, molluscs, echinoderms, and bryozoans. Patches of algae are 
also found in sediment-covered areas but are less widespread than on hard substrate 
areas. 

The results from the BTM analysis revealed eight types of benthic structures 
(Goes et al. 2019): Flat Plains, Depressions, Gentle Slopes, Steep Slopes, Flat Ridge 
Tops, Rock Outcrop Highs, Local Pinnacles in Depressions, and Local Pinnacles on 
Broad Flats (Fig. 6.6c). 

6.2.3 The Narrow, Low-Accommodation Shelf of Central 
Bahia 

The state of Bahia has the most extensive stretch of a narrow continental shelf in 
Brazil, with widths varying between 8 and 37 km (Fig. 6.7). This shelf, like the rest of 
the continental shelf in northeastern Brazil, is also very shallow (break < 60 m). This
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platform is also characterized by low accommodation space, having experienced very 
limited subsidence since the beginning of the Mesozoic continental fragmentation 
(Dominguez et al. 2011, 2013).

These characteristics seem to result from the fact that this platform is implanted 
directly on the São Francisco craton, a geotectonic unit of Archean-Paleoproterozoic 
age (Heilbron et al. 2017) that intersects the Brazilian continental margin in this 
region. 

Additionally, the stability of the craton, inhibiting the development of large reliefs, 
may have contributed to the limited sediment flux to this region, with the most impor-
tant sedimentation of the continental margin occurring on the slope and continental 
elevation. 

The main implications of this geological heritage for this segment of the Brazilian 
continental shelf include the following:

1. The limited subsidence experienced by the shelf means that features of the struc-
tural framework of the marginal sedimentary basins (Fig. 6.7) have, until today, 
been expressed in the morphology and bathymetry of the continental shelf and 
exert control on sedimentation and on the shelf seascape as documented by 
Dominguez et al. (2011, 2013) and Halla et al. (2020). 

2. During the Quaternary, particularly in the last 1 million years, the average sea-
level position was −62 m (Lea et al. 2002; Waelbroeck et al. 2002; Berger 
2008; Blum and Hattier-Womack 2009), implying that the shelf was exposed 
subaerially almost continuously during most of the Quaternary period. As a result 
of this extended subaerial exposure, the submarine geomorphology of the shelf 
was determined by long-term erosional processes as opposed to sedimentation 
(Dominguez et al. 2013; Halla et al. 2020). The platform was only completely 
flooded during brief interglacial periods. 

3. The stability conferred by the presence of the craton also favoured the preserva-
tion, along the emerged region of the coastal zone, of sedimentary rocks that accu-
mulated in the marginal sedimentary basins of Almada, Camamu, and Recôn-
cavo during the initial phases of Mesozoic continental fragmentation (Fig. 6.7), 
a situation practically absent in the rest of the Brazilian continental margin. The 
differential erosion between the more resistant rocks of the crystalline basement 
and the less resistant sedimentary rocks produced a series of topographically 
lowered regions along the coastal zone that were flooded during the highstands, 
giving rise to shallow bays (Dominguez et al. 2013; Dominguez 2015) (Fig. 6.7). 
Smaller bays such as Almada were completely filled during the current highstand 
(Dominguez et al. 2009), while larger bays such as Camamu and Todos os Santos 
bays are still underfilled. These bays work as natural traps for sediments with 
muds accumulating in their innermost parts, while large volumes of sand have 
accumulated in their entrances in association with ebb tidal deltas, thus influ-
encing sedimentation on the continental shelf in their vicinity (Dominguez et al. 
2012, 2013; Coni e Mello et al. 2020) (Fig. 6.7a, b). 

4. The combination of a narrow platform, a shelf break starting at −60 m, and 
prolonged subaerial exposure favoured the development of incised valleys of
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Fig. 6.7 Narrow shelf of central Bahia. a Bathymetric map with surficial sediment textural facies; 
b bathymetric map with surficial sediment types; c geohabitats of Salvador city. Source c: Modified 
from Rebouças et al. (2020)
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varied dimensions, some of which have not yet been completely infilled, such as 
the Almada incised valley (Dominguez et al. 2009) (Fig. 6.7).

5. Finally, the reduced sediment flux and the small width of the shelf favoured the 
submarine canyons to indent the platform, as is the case of the Salvador canyon, 
whose head is only 10 km from the present-day coastline (Fig. 6.7). 

This geological–geomorphological framework exerted a strong control over the 
shelf sedimentation in the region. Thus, siliciclastic sands accumulate only in a 
narrow strip bordering the coastline, extending to the isobaths of 15–20 m and 
reaching greater expressiveness precisely in the large ebb tide deltas associated with 
the entrances of the large bays (Camamu and Todos os Santos) and tidal channels 
present in the region (Fig. 6.7a). 

Muddy sediments accumulate mainly associated with underfilled incised valleys 
and canyon heads that indent the shelf, such as the canyons of Salvador and Rio de 
Contas (Fig. 6.7a, b). These underfilled incised valleys and canyon heads act as traps 
for fine sediments by causing a reduction in the speed of currents flowing along the 
shelf (Dominguez et al. 2012, 2013). 

In the remainder of the shelf, sandy sedimentation is essentially bioclastic with 
major constituents represented by incrusting coralline algae, followed, in importance, 
by forams, molluscs, and bryozoans (Dominguez et al. 2013) (Fig. 6.7b). These 
constituents are typical of the Rhodoalgal lithofacies (sensu Carannante et al. 1988), 
also known as Foramol (sensu Lees and Buller 1972). 

Gravelly sediments are restricted to the outer shelf in waters usually deeper than 
30 m, especially close to the shelf edge (Fig. 6.7a). These gravelly sediments are 
exclusively bioclastic with major constituents including incrusting coralline algae 
and rhodoliths, forams, molluscs, and bryozoans (Fig. 6.7b). 

Thus, sedimentation at the narrow, shallow shelf of Bahia is dominantly carbon-
atic and takes place under humid tropical climate conditions, dominated by a deep 
oligophotic interior with minimal areas of very shallow water (10 m or less) and 
nonexistent to very minor framework builder development. 

On the shelf of the coast of Salvador, Rebouças et al. (2020) characterized five 
geohabitats: channel, hard bottom, littoral sands, muddy bottom, and sand bank 
(Fig. 6.6c). According to these authors, substrate type and energy levels are the best 
predictors of benthic habitats. The Santo Antonio Bank at the entrance of the Todos 
os Santos Bay acts as a trap for siliciclastic sediments, preventing the northeast-
ward dispersion of these quartz sands. The remainder of the shelf is covered by 
either muddy sediments or by a thin veneer of bioclastic sands and gravel (crustose 
coralline algae) on hard substrates. These gravelly sand bottoms and associated hard 
substrates exhibit a higher diversity of macrozoobenthic communities. Additionally, 
the majority of fishing spots are also located on these substrates, with demersal 
species comprising approximately 75% of the catches. Notwithstanding coastal and 
migratory pelagic species comprise most of the biomass.
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6.2.4 The Abrolhos Shelf 

The Abrolhos shelf has a total area of 46,000 km2 and a width that can reach approxi-
mately 220 km (Figs. 6.1, 6.2, and 6.8). In its northern portion, the Abrolhos is marked 
by an extensive inner shelf (depth < 30 m) that can reach 100 km in width, marked 
by a low gradient and a very irregular morphology characterized by the presence of 
emergent and submerged reefs forming pinnacles and reef banks with varying relief 
heights (Ferreira et al. 2020) and incised valleys in the transition to the outer shelf 
(Moura et al. 2013; Bastos et al. 2015, 2021; D’Agostini et al. 2019). Moreover, the 
transition from the inner to the outer shelf also marks the presence of mesophotic 
reefs and rhodolite beds (Ferreira et al. 2020). Figure 6.8 combines multibeam echo 
sounder and side scan sonar images, showing the distinct morphological features in 
the Abrolhos shelf that reflect its high geodiversity, including reef banks, submerged 
pinnacles, sinkholes (“Buracas”), and incised valleys. The “Buracas”, interpreted as 
sinkholes (Bastos et al. 2013), formed as a result of the dissolution of carbonate 
deposits associated with karst relief during periods of shelf exposure (Bastos et al. 
2016). These sinkholes were mapped between depths of 30 and 65 m and may have 
a negative relief of more than 30 m.

The southern part of the Abrolhos Bank is marked by the presence of the Abrolhos 
Depression (Fig. 6.8a). Morphologically, this feature could be associated with an 
embayment (Bastos et al. 2021) or a paleolagoon (Vicalvi et al. 1978). It is inter-
esting to note that striking features such as incised valleys flow towards the depres-
sion. According to D’Agostini (2017), these channels would represent a continental 
paleodrainage during the last glacial maximum when the sea level reached ~ −120 m. 
The Abrolhos Depression would have been a lagoon during this period of low sea 
level, and its origin would be associated with an erosion of up to 35 m of the former 
shelf surface (Vicalvi et al. 1978). The presence of isolated drowned reefs along the 
Abrolhos Depression, as well as on its northern and western margins, has been docu-
mented in seismic and sonographic surveys (Moura et al. 2013; D’Agostini 2017; 
Cetto et al. 2021). 

The Abrolhos shelf presents mostly a mixed sedimentation regime, with terrige-
nous sediments in the inner shelf and carbonate sedimentation in the outer shelf 
(Fig. 6.9a). To the south, mixed sedimentation, interspersed with rhodolith bottoms 
and reef structures, marks the inner shelf, with the outer shelf defined by the Abrolhos 
Depression and its high topographic edge (Fig. 6.9a), marked by carbonate mud in 
the deeper parts and an extensive bank of rhodoliths in the shallower portion. The 
distribution of rhodoliths occurs predominantly along the middle and outer shelf, 
that is, mainly in areas with depths greater than 30–40 m.

The benthic terrain model (BTM) map (Fig. 6.9b) mainly highlights the areas 
that have reliefs above and below what can be considered flat areas. Basically, 
what has been defined as ridges, channel flanks, channel bottoms, and depressions 
present reliefs distinct from the flatter trend that characterizes much of this shelf. 
This map clearly shows a relief variability to the south marked by shelf-incised 
valleys (Fig. 6.9c) and hard bottoms defined by BTM classes that present changes
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Fig. 6.8 Acoustic images of the main morphological features mapped along the Abrolhos shelf: 
a reef banks; b incised valley with bioconstructions along the margin; c sinkhole (“Buracas”); d 
reef pinnacles; e low-relief reef banks; f 3D multibeam image of patches of reef pinnacles in the 
southern Abrolhos shelf
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Fig. 6.9 Espirito Santo and Abrolhos shelf. a Sedimentary facies map; b relief attribute map as part 
of the benthic terrain model (BTM) analysis; c incised valleys from Guarapari in southern Espirito 
Santo state; d image of rhodolith bottom. Bastos et al. (2021)

in slope and depth (Fig. 6.9b). This remarkable relief, heterogeneous and somewhat 
rougher, can be interpreted as a potential indicator of greater associated biodiversity 
due to the three-dimensionality of the bottom. This is the sector of the shelf with low 
sedimentary input and dominance of rhodolith bottoms (Fig. 6.9d). 

Abrolhos has a relief with a smoother and flatter tendency, with regions of ridges 
and valleys, mainly to the south of the Abrolhos Depression and in the area of a valley 
to the north. The inner shelf in southern Bahia state already indicates the irregularities 
that would be associated with the reef bottoms, showing that the pattern of ridges 
and depressions can indicate an important roughness, which also produces three-
dimensionality in the bottom. Therefore, it induces an analysis of potential habitats 
or indicates areas that should be better studied and known.
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6.3 Quaternary Evolution 

The continental shelves are important repositories of records of Upper Quaternary 
sea-level changes. The advances and retreats of the great ice sheets in high-latitude 
regions produced eustatic sea-level variations of up to more than a hundred metres 
that profoundly influenced the nature of marine sedimentation in continental shelves 
(e.g. Camoin et al. 2012; Mauz et al. 2015; Rovere et al. 2018). In this sense, features 
such as terraces, submerged paleoshorelines, reefs, and incised valleys identified on 
the NEBS act as regional archives of past sea levels (Gomes et al. 2020b). 

In this section, we summarize the evolution since the LGM of the four shelf areas 
described above. 

6.3.1 Rio Grande do Norte Shelf 

The Quaternary evolution of the Rio Grande do Norte shelf is summarized in 
Fig. 6.10. At least four seismostratigraphic units and limiting horizons were clearly 
identified in the RN shelf and Açu incised valley (Schwarzer et al. 2006; Vital et al. 
2008, 2010a, b; Gomes 2009; Gomes et al. 2016). They were numbered from I 
(youngest) to IV (oldest). Unit I is characterized by parallel layers, Unit II comprises 
sigmoidal-shaped reflectors better recognized in valley-parallel profiles, and Unit III 
represents incised valley basal infill. Unit IV corresponds to the Pleistocene substrate. 
Horizon I on top of Unit IV is a subaerial unconformity.

Units I, II, and III mark important depositional phases interrupted by periods 
of erosion, culminating in the current architecture of the incised valley. Unit III 
was deposited in a period with a higher flow regime, interspersed with periods of 
drought, observed in the incision of medium-sized valleys. Unit II was deposited 
when the valley was completely inundated and is characterized by a uniform infill by 
finer sediments, possibly in an estuarine or deltaic environment, during the marine 
transgression. Unit I, being the youngest deposition, is marked by horizontal and 
prograding plane-parallel reflectors, suggestive of marine fluvial deposition when 
sea level reached the transition between the inner and middle shelf. 

During the LGM, when the sea level fell 120 m below the present sea level 
(Peltier and Fairbanks 2006), incisions of the Late Pleistocene valleys took place 
on the exposed shelf (Fig. 6.10b). Coarse sand fluvial sediments were deposited in 
incised valley areas or in the form of clastic wedges on the outer shelf and slope. 

The Açu and Apodi-Mossoró rivers (Fig. 6.5a, b) flow in their current position 
at least since the Mid-Miocene, acting as incised valley systems during the multiple 
lowerings of the sea level since that time (Pessoa Neto 2003). The incised valleys 
of these two systems are controlled by tectonic troughs connected to NE–SW faults. 
These faults caused instability in the slope, initiating the formation of canyons on the 
shelf edge, some of which are active to this day (Pessoa Neto 2003; Almeida et al.
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Fig. 6.10 Schematic evolution of the Açu incised valley shelf system. a Seismic cross section 
on the Rio Grande Norte inner shelf, the red line indicates horizon I, a subaerial unconformity 
separating Pleistocene strata below from Holocene units I, II, III above; b Last Glacial Maximum 
(LGM) characterized by a greater expression of siliciclastic sedimentation; c Holocene highstand 
characterized by carbonate sedimentation. Modified from Gomes (2009) (a) and Pessoa Neto (2003) 
(b, c)

2015). Clastic sedimentation, conditioned by depositional troughs, was captured by 
canyons on the outer shelf. 

Outside these depositional troughs, there are adjacent elevated zones, where 
terrigenous sediment influx was lower, allowing the proliferation of the organisms 
that make up the carbonate factory. The subaerial exposure of these carbonate sedi-
ments generated karst relief in these shelf areas. Valley infill took place during the 
transgressive and highstand stages of the last sea-level cycle (Fig. 6.10). 

During lowstands, carbonate sedimentation remained active on the outer shelf, 
while prograding clastic wedges advanced from the Açu and Mossoró rivers in the 
depositional troughs (Fig. 6.10b). These wedges seem to have been restricted to 
the inner shelf at that time. They rarely reached the outer shelf or were simply not 
preserved in that portion of the basin. Sedimentation on the outer shelf was further 
dominated by carbonate sedimentation in the form of algal beds and reefs, which 
appear to have been the only deposits that resisted subsequent erosion during full 
exposure to the shelf (Pessoa Neto 2003). 

During highstands, with the shelf completely flooded, carbonate sedimentation 
reached its greatest expansion, with the development of reefs and algal beds and 
macro foraminifera on the outer shelf and the inundation of the inner shelf during 
peaks of maximum transgression (Fig. 6.10c). The influence of clastic sedimentation 
was minor and restricted to the portions of the shelf closer to the shoreline.
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6.3.2 Pernambuco Shelf 

Camargo (2016) has provided a detailed evolution of the continental shelf of 
Pernambuco summarized below. 

At 123 ka highstand, sea level was 6–8 m above the present sea level, and the 
Pernambuco shelf was quite likely a shallow, hot, and starved tropical shelf very 
similar to the present-day conditions (Fig. 6.11a): (i) occurrence of terrigenous sedi-
ments was limited to the inner shelf; (ii) a vast carbonate sedimentary cover occurred 
at the middle and outer continental shelves; and (iii) consolidated substrates and asso-
ciated reef environments (algal, sandstone, and/or coral reefs) occurred scattered on 
the shelf surface. 

Over the subsequent 40,000 years, alternating periods of marine regression and 
transgression reduced the average sea-level position to approximately 40 m below 
the present level (Fig. 6.11b). This caused the partial exposure of the continental 
shelf and the extension of the continental drainages, which caused rivers to empty in 
the external portion of the shelf (40–60 m depth). The erosive action of continental 
drainage resulted in the incision of river valleys in this wide coastal plain. Sediments 
transported by these rivers were deposited in the available accommodation space 
between the −40 m shoreline and the shelf edge. Additionally, shallow water reef 
environments were also present in this still flooded stretch of the continental shelf.

Fig. 6.11 Schematic evolution of the Pernambuco shelf since the LGM. a Interglacial highstand at 
120 ka. Paleogeographies at approximately 110–80 ka (b); between 80 and 12 ka (c);  and at 10 ka  
(d). Small insets depict the eustatic sea-level curve for the last 120 ka. The red line indicates the 
average position of the sea level. Camargo (2016) 
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At approximately 65 ka, the mean sea level was positioned at a depth of−60 m, and 
the shelf was completely exposed to subaerial erosion (Fig. 6.11c). This resulted in 
an even greater incision of the river valleys on the outer shelf and slope, the probable 
karstification of carbonate sediments, and the sedimentary transport directly to the 
slope. 

After the LGM, the Holocene transgression resulted in the rapid drowning of the 
Pernambuco shelf, which apparently took place during two faster pulses, separated 
by a sea-level stabilization period at approximately −40 m. Most likely, at the end 
of the second pulse, the sea level reached a depth of approximately −25 m, and from 
this point on, the transgression was probably slower and more gradual, giving rise to 
shelf steps observed at depths of 20–23 and 16–20 m, and the beachrock lines were 
located on the inner shelf (Fig. 6.11d). 

6.3.3 Salvador Shelf 

The evolution of the Salvador shelf, located in the northern portion of the Central 
Bahia shelf, is summarized below by Dominguez et al. (2011) and Halla et al. (2020). 

The Salvador Shelf was completely exposed to subaerial conditions during the 
LGM (Fig. 6.12a). This exposure, along with previous glacial maximum events, 
originated as an erosive surface on which upper Quaternary units were deposited. 
The sea-level rise after the LGM (20 ka BP) flooded the incised valleys. The infilling 
of these valleys, represented by stratigraphic unit Su03, is thought to have been 
favoured by low rates of eustatic sea-level rise after MWP-1A, which culminated 
in the Younger Dryas (12.9–11.7 ka BP) (Fig. 6.12b) when sea level was mostly 
stabilized. The complete infill of these valleys is believed to have occurred at the 
end or soon after the Younger Dryas. The infill of the inner bay near the shoreline 
also possibly dates back to this period. In this inner region, the infill may have been 
favoured by the presence of a bathymetric high along the middle shelf, which could 
have acted as a sill, helping to trap sediments from the continent (Fig. 6.12b).

Faster flooding of the shelf occurred after the Younger Dryas as a result of an 
increase in sea-level rise rates (MWP-1B), drowning the middle shelf sill. This 
drowning is recorded in shelf deposits associated with the maximum transgression 
surface, characterized by a thin stratigraphic unit (Su04) that occurs across the entire 
Salvador shelf and marks the end of the transgressive system tract (Fig. 6.12c). 

After 7–8 ka BP, as the eustatic sea level stabilized, deposition of the highstand 
deposits, represented by stratigraphic unit 05 (Su05), began (Fig. 6.12d). 

The only reported dates for the central Bahia shelf are from Dominguez et al. 
(2013), which were recorded from vibracores collected from the shelf break. These 
data show that carbonate sedimentation in the shelf break region began 10,000 cal yrs 
BP, coincident with the shelf inundation after the Younger Dryas (Dominguez et al. 
2013). These cores were composed of packstone/wackstone facies dominated by 
encrusting coralline algae, rhodoliths, molluscs and forams. Sediment accumulation 
rates of 0.3–0.4 mm/year were estimated for these carbonate sediments.
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Fig. 6.12 Schematic evolution of the Salvador shelf since the LGM. a During the LGM, the sea level 
was 120 m below the current position, exposing the entire Salvador shelf to subaerial conditions. 
b As a consequence of the decrease in sea-level rise rates after MWP1A, incised valleys began 
infilling (unit Su03). They were probably completely infilled when the sea level was 60 below the 
current position (Younger Dryas). c When the sea level reached the −25 m isobath, the continental 
shelf was already completely flooded (unit Su04). d After sea-level rise stabilized at approximately 
7 ka, the highstand deposits began accumulating (unit Su05). Modified from Halla et al. (2020)

6.3.4 Abrolhos Shelf 

With the end of the LGM, the Abrolhos shelf became progressively flooded and was 
initially restricted to the channels and incised valleys (Bastos et al. 2021; Cetto et al. 
2021). The high rates of sea-level rise at the beginning of the transgression possibly 
did not allow the development of shelf edge reefs, although carbonate build-ups have 
been observed at a depth of approximately 100–150 m (D’Agostini et al. 2019), both 
on the northern and southern slopes of the Abrolhos bank. The rapid shelf drowning 
and low sedimentary input could be the main reason for the development of rhodolith 
bottoms, which are known to be transgressive facies (Nalin et al. 2008). Figure 6.13 
shows paleogeographic reconstructions of the shelf region after the three major melt-
water pulses during deglaciation. After MWP1A, the entire shelf remained exposed 
(Bastos et al. 2021). Bastos et al. (2016) have shown evidence that portions of the 
shelf deeper than 70 m were already drowned by 12,780 cal yrs BP, based on radio-
carbon dating from the walls of the sinkholes. After MWP1B, more distal portions of 
the shelf were drowned, in particular, the Abrolhos depression, a paleolagoon/estuary 
first described by Vicalvi et al. (1978) (Fig. 6.13b). At approximately 11,500 cal yrs
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Fig. 6.13 Paleogeography of the Abrolhos shelf after meltwater pulses during the last deglaciation: 
a after MWP1A—sea level =−95 m; b after MWP1B—sea level =−55 m; and c after MWP1C— 
sea level = −30 m. Bastos et al. (2021) 

BP, sedimentary records from this region show that at depths between 55 and 58 m, 
the environmental conditions changed from typically estuarine to open marine condi-
tions (Vicalvi et al. 1978; D’Agostini 2017; Silva 2017). The sinkholes on the outer 
shelf were completely drowned at approximately 10,300 cal yrs BP (Bastos et al. 
2016). Even after MWP1C, large portions of the inner shelf were exposed subaerially 
(Fig. 6.13c). 

6.4 Shelf Environments and Human Uses 

There is still no single geohabitat map available for the NEBS. The habitat maps that 
have already been generated and published have used different methodologies (Goes 
et al. 2019; Ferreira et al. 2020; Gomes et al. 2020a; Lucatelli et al. 2020; Quaresma 
et al. 2020; Rebouças et al. 2020; Vital et al. 2020). It is also worth mentioning that 
there is no detailed geomorphological map for these regions. Additionally, few places 
have coverage with multibeam bathymetry (Almeida et al. 2015; Bastos et al. 2021). 
In fact, the number of multibeam echo sounders available to the scientific community 
in the country is restricted to those installed on three Brazilian Navy ships, and only 
five universities have their own multibeam systems, of which only one has its own 
vessel. 

Figure 6.14 presents an effort to synthesize the major characteristics and human 
uses of the NEBS using the GEBCO database. Depths are set from 0 to−200 m, where 
warmer colours represent shallower water and cooler colours represent deeper water. 
The red colour represents the land–ocean interface (emphasizing the connection with 
rivers on the continent). The shades of orange correspond to the inner shelf (consisting 
predominantly of siliciclastics), and yellow corresponds to the middle shelf (mixed



164 H. Vital et al.

siliciclastics–bioclastics). Where the shelf is narrower, a middle shelf is virtually 
absent. 

The green and blue tones, separated by the 50 m isobath, represent the outer shelf 
where bioclastic sediments dominate. 

Major human uses of the NEBS include oil and gas extraction, fishing, tourism, 
and siliciclastic and bioclastic aggregate extraction (Fig. 6.14). Salt extraction and 
shrimp farming are very intensive in Rio Grande do Norte state, which also holds a

Fig. 6.14 The Northeastern Brazil Shelf (NEBS) and major human uses in the area. Depths from 
the GEBCO database 
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very high potential for offshore wind energy generation. The Abrolhos shelf, in turn, 
presents the largest extension of rhodolith beds of the entire NEBS (Fig. 6.14). 

Upwelling has been documented at a number of canyon heads in the region (e.g. 
Nogueira 2014; Eichler et al. 2019; Thevenin et al. 2019; Vieira et al. 2019; Silva et al. 
2022). Eichler et al. (2019) showed that local upwelling associated with canyon heads 
might be responsible for nourishing living coral–algal systems on the mesophotic 
outer shelf of the Rio Grande do Norte shelf, such as the Açu Reef. They have 
also suggested that foraminifer assemblages associated with high organic matter 
content at the sediment–water interface could serve as a potential tool to reconstruct 
paleoenvironmental and climate change in these regions. Silva et al. (2022) observed 
the seasonal fertilization of the waters of the northeast coast of Brazil, breaking the 
paradigm of predominantly oligotrophic waters in this region, thus pointing to the 
development of future research in the NEBS. 

6.5 Concluding Remarks 

Changes in sea level resulting from tectonic–eustasy interactions are assumed to 
be the main controlling factor in creating accommodation space for mixed shelf 
sedimentation in the NEBS. Climate exerts an important control on sediment flux to 
the coastal ocean and carbonate sedimentation. 

Upwelling associated with canyon heads linked to incised valleys on the NEBS 
can produce distinctive foraminifer assemblages whose signatures can be used as a 
potential tool to reconstruct paleoenvironmental and climate changes. 

One of the major challenges facing the marine economy today is to map the 
morphology and sediment cover of the seabed using recent advances in the acqui-
sition, processing, analysis, and dissemination of data. Technological innovations 
based on big data and artificial intelligence, including intensification in the use of 
remote sensors, will be used extensively and on a large scale in the mapping and 
identification of materials on the ocean floor. However, to use these technologies, it 
is necessary to acquire real data for calibration. 

The absence of robust scientific data for the NEBS, associated with the strong pres-
sure for its use, points to research opportunities to carry out mapping and characteri-
zation of the seabed, essential to promote the adequate management and sustainable 
exploitation of mineral and energy resources, contributing to reducing impacts and 
associated risks and uncertainties related to its potential uses. 
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Abstract Zoo- and ichthyoplankton are key components of pelagic ecosystems. This 
study investigates zoo- and ichthyoplankton communities in seven Brazilian tropical 
marine environments that differ considerably in their abiotic and biological settings. 
The two study areas off Pará and Maranhão (Northern Brazil) present extremely 
wide continental shelves lined by mangroves. Two narrow oligotrophic shelf areas 
are located in northeastern Brazil (Pernambuco and Bahia). Three oceanic areas
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make up the unique Brazilian island systems (Rocas Atoll, Fernando de Noronha 
and St. Peter and St. Paul’s Archipelagos). The waters off Salvador (Bahia) are 
influenced by oceanic water masses, resulting in the occurrence of tropical oceanic 
species. Higher temperatures and salinities that fluctuate seasonally lead to a lower 
density and diversity of copepods. Off Tamandaré (Pernambuco), ichthyoplankton, 
copepods, and decapods abounded inshore, especially during the dry season. In 
northern shelf systems (Pará and Maranhão), fish larvae were more abundant during 
the rainy season. Off Pará, caridean shrimp larvae were found closer to the coast, while 
penaeids abounded offshore. Off oceanic islands, some groups, such as fish eggs, 
were significantly more abundant downstream (island biomass effect). In general, 
strong inshore-offshore gradients in plankton communities were observed, and for 
some taxa, seasonal variations in their density were observed. 

Keywords Continental shelf · Oceanic islands · Diversity · Ecology 

7.1 Introduction 

In the pelagic environment, zooplankton are the main component responsible for 
the consumption, processing, and transfer of synthesized or assimilated material by 
phytoplankton and bacteria; therefore, zooplankton metabolic activity has impor-
tant ecological implications in fisheries in regional and global biogeochemical 
cycles, and it influences many other pelagic processes (Levinton 1995; Paranaguá 
et al. 2004). The structure and distribution of zooplankton communities depend on 
numerous abiotic (physical, chemical, and geological) and biotic factors inherent to 
the community (Bernal 1990). 

Most animal phyla have representatives in marine zooplankton, including the 
holoplankton that spend their entire lives in the plankton and the meroplankton, 
that as adults are nektonic or benthic, but the early stages of their life cycle are 
spent as eggs or larvae in the plankton (Wickstead 1979; Boltovskoy 1981; Pereira 
and Soares-Gomes 2002). Among benthic organisms, approximately 80% of those 
living in shallow tropical waters have planktonic larvae (Gross and Gross 1996). 

Fish eggs, larvae and small juveniles are referred to as ichthyoplankton (Lalli 
and Parsons 1997). Many marine fish release free-floating eggs and have planktonic 
larvae (Franco-Gordo et al. 2002). Larval fish assemblages play an essential role in 
the recruitment success and temporal and spatial variations of fish populations, as 
well as in marine food webs (Moser and Smith 1993; Franco-Gordo et al. 2002). 
An understanding of the recruitment processes requires knowledge of their small-, 
medium- and large-scale distributions in relation to abiotic and biotic parameters
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(Röpke 1993). The distribution patterns of the fish larvae in any region of the ocean 
are related to the reproductive activity of the adult population and to the topographic 
and hydrographic features that affect larval dispersal (Nonaka et al. 2000). 

According to the horizontal distribution, zooplankton can be neritic (occurring 
from the coast to the shelf break, being particularly rich in meroplankton, due to the 
proximity of the substrate) or oceanic (located away from the coastal regions, it is 
essentially composed of holoplankton forms). 

The relationship between some zooplankton species and the aquatic environment 
is so strong that it can be used to characterize water masses (Wickstead 1979). 
These communities respond very strongly to even mild changes in the environment 
(stenopotent) and can be used as biological indicators (Chuecas 1998). In oceanic 
areas, which cover the shelf break and the oceanic basins, plankton densities are 
extremely low, characterized by oligotrophic waters, which can be locally enriched by 
the phenomenon called “topographic upwelling”, contributing to higher productivity 
and fishing potential (Heywood et al. 1990; Signorini et al. 1999). 

Zooplankton sampling is usually performed using nets of various mesh sizes. 
Thus, depending on the equipment used, sampling will capture a zooplankton 
community of a certain size range and taxonomic composition. In addition, the 
vertical distribution of the various fractions of plankton size in relation to envi-
ronmental conditions is an important aspect of the structure and function of marine 
communities (Böttger-Schnack 1996). Among others, an important effect of this 
distribution and the migration movements associated with it is the substantial trans-
port of biomass and energy from the upper to lower layers, directly influencing the 
higher trophic levels (Angel 1985, 1993). Because it presents a significant proportion 
of planktonic biomass, the epipelagic layer plays an important role in these processes 
in tropical/subtropical regions (Longhurst and Williams 1979; Gallienne and Robins 
2001). However, the zooplankton community of tropical oceanic regions is generally 
rarely investigated (Schnack-Schiel et al. 2010). 

Pugh and Boxshall (1984) highlight that the vertical distribution of oceanic 
epiplankton is related to the physical structure of the water column. Thus, the 
dynamics of the physical environment regulate interactions within the community, 
determining its structure and function (Haury et al. 1990). Cummings (1984) points 
out that the vertical distribution pattern of pelagic copepod species is differentiated 
mainly according to depth, which is considered the primary dimension of the habitat. 
In tropical regions, because it is the factor with the greatest variation as a function of 
depth, the thermocline plays a fundamental role in forming the structure of commu-
nities, creating an important diversity of niches (Longhurst 1985), in addition to often 
acting as a barrier to several species of plankton (Haney 1988). For most plankton, 
circumglobal distributions are more common than endemism, and a high proportion 
of tropical marine zooplankton species have been described, mainly for the surface 
layer (Boltovskoy et al. 2002).
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7.1.1 Zooplankton and Ichthyoplankton Research 
in Northern Brazil 

The northern coast of Brazil (from Maranhão to Amapá State) (Fig. 7.1) is a complex 
and unique large-scale system. It includes the largest source of freshwater and sedi-
ments running off into the oceans on our planet, the Amazon River (Kineke et al. 
1991). This region sustains one of the largest mangrove areas in the world (Beys-
da-Silva et al. 2014) and a unique and extensive reef system (Moura et al. 2016). 
This entire productive zone exports an important quantity of particles to the Atlantic 
Ocean, controlled by extremely high rainfall and high energy, due to the strong 
macrotidal currents, one of the strongest western boundary currents (the North Brazil 
Current), and strong trade winds (Gibbs 1970). 

The zooplankton community is fundamental in this system’s food web because it 
provides food for many predators (Smith et al. 2016). At the same time, zooplankton 
predators such as cnidarian medusae control the abundance of phytoplankton and 
the initial phases of the fish populations in the region (Krumme et al. 2015). Despite 
its important ecosystem functions, there are many gaps in the understanding of the 
ecology of this community (Leite et al. 2020). The scarce information that exists in 
the published literature indicates that zooplankton are abundant and diverse in this 
region, with a mixture of estuarine and oceanic species typical of the North Brazil 
Current and influenced by the Amazon plume (Neumann-Leitão et al. 2018). 

Copepods and appendicularians are the main holoplanktonic groups (Neumann-
Leitão et al. 2018). Copepods are the most abundant and diverse group with different

Fig. 7.1 Location of study areas discussed in the text. SPSP: St. Peter and St. Paul Archipelago, 
FNA: Fernando de Noronha Archipelago, RA: Rocas Atoll, BA: narrow shelf off Salvador (Bahia 
State), PE: narrow shelf off Tamandaré (Pernambuco State), MA: wide continental shelf off 
Maranhão State, PA: wide continental shelf off Pará State. Reefs and mangroves are also indicated 
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trophic strategies, with a dominance of omnivore–herbivore groups in estuarine 
waters and carnivorous and detritivorous groups in oceanic waters (Neumann-Leitão 
et al. 2018). Filtering organisms such as Appendicularia, which efficiently retain 
large amounts of various types of particles (organic and inorganic) in their gelati-
nous houses, are found in high densities in this region (Neumann-Leitão et al. 2018). 
The material that is not consumed on the surface is exported to deeper layers 
as marine snow, probably representing a significant contribution to the region’s 
carbon pump and fertilizing benthic ecosystems, such as the unique reef system 
that characterizes the outer shelf. In relation to meroplankton, decapod larvae are 
generally the most abundant group, showing a coastal-oceanic gradient in abun-
dance and composition; they are better represented in estuarine and coastal waters 
(Melo et al. 2014a, b). Future studies are essential to elucidate the ecological role 
of zooplanktonic biodiversity of the Amazon Coastal System and adjacent oceanic 
waters. 

Despite the great importance of fish resources in the region, fish eggs and larvae 
in northern Brazil are poorly studied, and most studies concentrate on freshwater 
(Araújo-Lima et al. 2001; Lima and Araújo-Lima 2004; Leite et al. 2006, 2007; 
Silveira 2003, 2008, 2011; Cardoso 2014; Zacardi et al. 2016, 2017, 2020; Costa  
2017; Paes et al. 2020) and estuarine regions (Barletta-Bergan et al. 2002a, b; Barletta 
et al. 2005; Bonecker et al. 2007; Barletta and Barletta-Bergan 2009; Costa et al. 2011; 
Costa 2013; Mangas et al. 2013; Sarpedonti et al. 2008, 2013; Soares et al. 2014a, 
b; Zacardi et al. 2016; Conceição 2016; Cardoso 2016; Zacardi and Bittencourt 
2017; Silva et al. 2011a, b, 2017; Lima  2019; Soares 2019; Soares et al. 2020; Soares 
2021; Cardoso et al. 2021; Rodrigues 2021). In the marine ecosystems of the northern 
Brazilian continental shelf, ichthyoplankton studies are rare, such as those conducted 
by Bittencourt et al. (2007), Zacardi et al. (2008), Ferreira et al. (2014), and Bonecker 
and Castro (2018), which included coastal and oceanic waters. 

7.1.2 Zooplankton and Ichthyoplankton Research 
in Northeastern Brazil 

In northeastern Brazil, most zooplankton studies were performed through collec-
tions with nets and generally in neritic areas, which cover estuaries and the conti-
nental shelf. In general, few studies have been conducted in this region. The tropical 
Southwest Atlantic is one of the least known marine environments, mainly in rela-
tion to many holoplankton groups. In this region, a low diversity is expected when 
compared to the species-rich benthic community because the distribution barriers 
for marine plankton are few and diffuse (Angel 1993). New research carried out 
within the context of INCTAmbTropic since 2010, whose results are presented in 
this chapter, has been filling many gaps and contributing greatly to a better knowledge 
of zooplankton in the area.
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Previous research on zooplankton in northeastern Brazil (from Bahia to Maranhão 
State) (Fig. 7.1) is restricted to some groups, such as Cnidaria (Vannucci 1958; 
Tosetto et al. 2021), Copepoda (Kanaeva 1960; Björnberg 1963; Araújo 2006; Melo  
et al. 2014a, b), Chaetognatha (Vannucci and Hosoe 1956; Hosoe 1956; Gusmão  
1986; Melo et al.  2020); Larvacea (Björnberg and Forneris 1956), Thecosomata and 
Gymnosomata (Larrazábal and Oliveira 2003), Decapoda (Silva-Falcão et al. 2007; 
Santana et al. 2018), protists (Costa et al. 2018), Radiolaria (Costa et al. 2019), and 
ichthyoneuston (Andrade 2000; Santana et al. 2020a, b). 

Boltovskoy (1981, 1999) published an atlas on zooplankton for the South Atlantic, 
with a clear emphasis on temperate and subtropical waters off southern Brazil, 
Uruguay and Argentina. Thus, information on northeastern Brazilian zooplankton 
is still scarce, and most of the published studies are primarily descriptive (Vannucci 
and Queiroz 1963; Paranaguá 1966, 1967/1969; Klein and Moreira 1977; Medeiros 
and Björnberg 1978; Sankarankutty et al. 1990, 1995; Nascimento-Vieira et al. 1990; 
Neumann-Leitão et al. 1991/1993, 1999, 2008a, b, 2009, 2019; Ekau and Knoppers 
1996, 1999; Gusmão et al.  1997; Schwamborn 1997; Lessa et al. 1999; Gusmão  
2000; Cavalcanti and Larrazábal 2004; Garcia-Diaz 2007; Garcia-Diaz et al. 2009; 
Melo 2009; Melo et al.  2012; Campos et al. 2017; Campelo et al. 2018, 2019; 
Conceição et al. 2021). Lira et al. (2014) described zooneuston, and Souza et al. 
(2020) conducted size spectra modeling of mesozooplankton. 

In northeastern Brazil, the main highlights were ichthyoplankton studies carried 
out by Mafalda Jr et al. (2006) for the North Coast of Bahia State and Mafalda 
Jr et al. (2008) in Todos os Santos Bay, Bahia (Fig. 7.1). These studies are more 
expressive in estuarine and coastal areas. Some describe new records of specific taxa 
in estuarine waters, such as Exocoetidae and Microdesmidae (Castro et al. 2008; 
Severi et al. 2008), but the majority are contributions to the community structure 
and spatiotemporal distribution of fish larvae in estuarine ecosystems (Marques et al. 
2015; Santos and Severi 2019). 

Although few studies have been conducted on the continental shelf of Northeast 
Brazil, it is known that its fish larvae assemblage is diverse, with more than 70 
species, and the participation of meso- and bathypelagic species contributes to the 
increase in planktonic diversity and biomass (Santana et al. 2020a, b). 

7.1.3 Zooplankton and Ichthyoplankton Research 
off the Oceanic Islands of Northeastern Brazil 

A high abundance of zooplankton often occurs in waters off oceanic islands compared 
to surrounding oligotrophic oceanic areas (Hernández-León 1991). The “island mass 
effect” (IME) (i.e., a topographically forced upwelling of nutrients near oceanic 
islands, Doty and Oguri 1956) is well known and described worldwide, although 
the influencing forces are variable and not all are clear (Palacios 2002). Among the 
IME processes concerning zooplankton structure are tidal currents, frontal dynamics,
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boundary layers, topographically produced eddies, flow variations, geostrophic 
currents and Ekman drift (Palacios 2002; Gove et al. 2016). On the other hand, 
biological processes (life cycles, reproduction, growth, physiology, competition, and 
predation) also affect the food web (Longhurst and Pauly 1987; Sigman and Hain 
2012). 

The presence of the isolated Fernando de Noronha Archipelago (FNA), Rocas 
Atoll (RA) and Saint Peter and Saint Paul Archipelago (SPSPA) (Fig. 7.1) in the equa-
torial Atlantic has long been known to increase the biological productivity nearby 
(Souza et al. 2013). This means that the presence of these archipelagos alters the 
oligotrophy of the typical tropical structure, which includes a strong, permanent 
thermocline. This alteration involves upwelling by local processes such as surface 
current divergence, winds, and interactions between the currents and the submarine 
relief (Travassos et al. 1999; Araujo and Cintra 2009), providing nutrients to the 
photic zone (Neumann-Leitão et al. 1999; Lessa et al. 2009). As a result, an increase 
in productivity occurs at numerous trophic levels (Doty and Ogury 1956; González-
Quirós et al. 2003), ensuring maintenance (Boehlert and Genin 1987; Rogers 1994; 
Genin 2004) and increasing the diversity of planktonic communities (Boltovskoy 
1981, 1999; Melo et al.  2012). 

FNA, RA and SPSPA (Fig. 7.1) are ideal areas for the development of studies 
on oceanic zooplankton (Quevedo et al. 2003; Campelo et al. 2019; Figueiredo 
et al. 2020). Several studies were conducted in SPSPA focused on the temporal and 
spatial distribution of pico-, nano, meso- and macrozooplankton (Advincula 1999; 
Galvão 2000; Cavalcanti 2002; Garcia-Díaz 2007; Melo et al.  2012; Correia 2014). 
Studies in RA were limited to some specific groups, such as Tintinnina (Nogueira 
et al. 2005, 2008; Nogueira and Sassi 2011), Chaetognaths (Souza et al. 2014) and 
Foraminifera (Tinoco 1965), or related to macrozooplankton (Pinto et al. 1997). 
Recently, Dantas (2019) described the microzooplankton in this area. FNA studies 
emphasized zooneuston (Lira et al. 2014), chaetognaths (Souza et al. 2014) and 
Decapoda larvae (Santana et al. 2018). 

In the oceanic islands and seamounts off northeastern Brazil, ichthyoplankton are 
dominated by epipelagic species, such as flying fish, and mesopelagic species, such 
as myctophids (Lessa et al. 1999; Lima et al. 2016; Santana et al. 2020a, b). These 
islands represent a true oasis within the oligotrophic waters of the western Tropical 
Atlantic, where the density of fish eggs and larvae is significantly higher than that 
found in the adjacent oceanic areas (Lessa et al. 1999; Souza and Mafalda Jr 2019). 
It is curious that these assemblages have little representation of reef-associated fish 
species (Lima et al. 2016; Santana et al. 2020a, b) since the adult reef ichthyofauna 
of these islands are quite diverse, with approximately 113 species of shallow and 
deep reef habitats (Pinheiro et al. 2020). Despite being planktonic, benthic habitats 
can significantly influence the structure of the fish larvae assemblage; therefore, 
proximity to the islands influences the composition of the samples, as observed in a 
study in the SPSPA where larvae sampling in the inshore bay area revealed a high 
abundance and richness of reef fish species (Macedo-Soares et al. 2012).
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7.1.4 Sampling Design and Abiotic Conditions 

This chapter describes and compares zoo- and ichthyoplankton communities from 
seven tropical marine pelagic ecosystems that differ considerably in their abiotic and 
biological settings (Fig. 7.1): two areas off Pará and Maranhão (Northern Brazil) are 
characterized by extremely wide mangrove-fringed continental shelves, two narrow 
oligotrophic shelf areas located in northeastern Brazil (Pernambuco and Bahia) and 
three oceanic areas encompassing the FNA, RA and SPSPA. 

These sites encompass several gradients regarding climate (humid in the north, 
semiarid in the northeast), seasonal cycles (timing and seasonal amplitude of rainfall 
and winds, e.g., with peak rainy seasons from June to August off Pernambuco State 
and from January to June off Pará State), shelf width (more than 300 km off Pará, 
less than 10 km off Salvador, Bahia), tidal amplitude (from 2 m in Bahia to 8 m in 
Maranhão), mean temperature (increasing equatorwards, Fig. 7.2), salinity (lower 
salinities are found only on the northern shelf, especially in the plume of the Pará 
River (Fig. 7.2) and seasonality of temperature (seasonal temperature amplitude 
decreasing towards the equator) (Fig. 7.2). These sites are generally characterized 
by eusaline marine waters (Fig. 7.2), except for the northernmost transect, across the 
Pará shelf and Pará River plume, which receives considerable freshwater input from 
numerous rivers (especially from the vast Tocantins-Araguaia River system).

7.2 Seasonal and Interannual Variability 
of the Zooplankton and Ichthyoplankton in Neritic 
and Offshore Waters off Salvador, Bahia, Brazil. 

The continental shelf off Salvador is one of the narrowest shelves in the world, with 
widths varying from 9 to 17 km, and the shelf break is located at 70–80 m (Ekau and 
Knoopers 1999; Pereira and Lessa 2009) (Fig. 7.3).

The Salvador continental shelf near the entrance to Todos os Santos Bay is vital 
for the reproductive behavior of fish. Many marine species of commercially impor-
tant fishes that use Todos os Santos Bay as nurseries for their young breed on the 
continental shelf. The shelf is under the influence of the Brazil Current (BC), which 
is responsible for transporting tropical water (AT) with salinities between 36 and 
38 and temperatures between 24–26 °C (Cirano et al. 2006). Salinity and tempera-
ture vary little in the surface of the shelf waters, presenting a homogeneous character 
(Castro Filho and Miranda 1998). Furthermore, in this area, fluvial input is negligible, 
making this shelf typical of the Northeast continental shelf, which is characterized 
by warm and oligotrophic waters (Ekau and Knoppers 1999). 

In this area, plankton samples were collected between April 2013 and October 
2014, totaling 10 campaigns (Fig. 7.3).
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Fig. 7.2 Boxplots of surface (1 m) salinity and temperature measured at sampling stations off 
oceanic islands and on the continental shelf. SPSP: St. Peter and St. Paul Archipelago, FNA: 
Fernando de Noronha Archipelago, RA: Off Rocas Atoll, BA: narrow shelf off Salvador (Bahia 
State), PE: narrow shelf off Tamandaré (Pernambuco State), MA: wide shelf off Maranhão State, 
PA: wide shelf off Pará State (northern Brazil)
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Fig. 7.3 Location map of sampling stations at the continental shelf off Salvador (Bahia State). 
All plankton samples were collected at four fixed stations, BA1, BA2, BA3 and BA4, located 
approximately 0.5, 4, 8 and 17 km from the coast, respectively. Zooplankton and ichthyoplankton 
sampling were performed through subsurface horizontal hauls with a conical plankton net (300 µm 
mesh size and 60 cm mouth diameter) for 10 min at a speed of 2–3 knots with a flowmeter coupled 
to the mouth of the net to obtain the volume of water filtered

7.2.1 Zooplankton Community 

In general, the zooplankton community was represented by organisms that play a 
key role within the marine trophic web; the Copepoda, Chaetognatha, Larvacea, 
Molluska and other Crustacea groups stood out, and these results are similar to 
those found by Neumann-Leitão et al. (1999), Cavalcanti and Larrazábal (2004), and 
Neumann-Leitão et al. (2008a, b). 

Density values of zooplankton ranged from 11.07 to 1023.13 ind./m3. The highest 
values were registered in June and August 2013 and March 2014, all in the rainy 
season (Fig. 7.4). The lowest values were registered in the months of April and 
October 2013 (Fig. 7.4). In general, the density presented a coast-to-ocean gradient, 
with a tendency of the highest values occurring at stations closer to the coast and the 
smallest values occurring at more oceanic stations. This behavior is common to trop-
ical marine regions and has already been reported for other regions of the Brazilian 
coast (Lopes et al. 1999; Neumann-Leitão et al. 2008a, b; Dias and Bonecker 2009).

A total of 131 taxa were identified, with holoplankton representing 94% of the 
community and meroplankton representing 6%, varying the importance and contri-
bution of different taxa between campaign and sampling stations. Overall, Copepoda 
was the most dominant group, representing approximately 68% of the total commu-
nity. The relative abundance of dominant or characteristic copepod species showed 
spatial and temporal variability.
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Fig. 7.4 Density (ind./m3) of the zooplankton community in neritic and offshore waters off 
Salvador (Bahia State) from April 2013 to October 2014. BA1, BA2, BA3 and BA4 indicate the 
sampling stations. C1 through C10 indicate campaign number

Farranula gracilis was among the dominant species during campaigns C1, C3, 
C4 and C5. This species showed high representation (above 50%) at stations B3 
and B4 during campaigns C4 and C5. Temora turbinata dominated (more than 70%) 
at station BA1 during campaigns C2 and C4. Campaign 6 was marked by the high 
representation of Onchocorycaeus latus, mainly in the more oceanic stations (BA3 
and BA4). During campaign 3, Clausocalanus furcatus and Pontellidae (juvenile) 
dominated; however, they showed an inverse spatial pattern. C. furcatus showed 
a gradient of ocean-to-coast increase, while Pontellidae increased from coast to 
ocean. Undinula vulgaris and Paracalanus parvus dominated at station BA4 during 
campaign C2. Campaigns C9 and C10 were dominated by Paracalanus sp. (Fig. 7.5).

The ordination diagram elaborated with the first two canonical axes of the redun-
dancy analysis explained 81% of the accumulated percentage variation in the rela-
tionship between the composition of the copepod assemblage and the oceanographic 
structure (Fig. 7.6). Through the ordination diagram, it was possible to verify a clear 
separation between the sampling stations as a function of the oceanographic gradient 
and the composition of the copepod assemblage (Fig. 7.6). The correlations of envi-
ronmental variables with the first two canonical axes were used to assess the relative 
importance of each variable, where absolute values of correlation coefficients >0.4 
are significant and can be considered biologically important.

During campaigns C2, C3, C7 and C10, the stations located on the left side of the 
ordination diagram were linked to the highest values of nitrate and phytoplankton 
sedimented volume and to the highest densities of C. furcatus, T. stylifera, C. velifi-
catus, O. venusta, F. gracilis and T. turbinata, indicative of productive water mass. 
However, they were associated with lower values of temperature, salinity, dissolved 
oxygen and phosphorus (Fig. 7.6). During campaigns C4 and C5, the stations located 
on the lower right side of the diagram were linked to the highest values of temper-
ature, salinity, dissolved oxygen and phosphorus, as well as the highest densities 
of O. latus, Paracalanus sp., and Clausocalanus sp. (Fig. 7.6). However, they were 
linked to lower values of sedimented phytoplankton volume and nitrate, thus being 
associated with less productive water mass.
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Fig. 7.5 Percent relative abundance of dominant copepod species in neritic and offshore waters off 
the coast of Salvador (Bahia State) during campaigns C1–C10

The redundancy analysis showed that seasonal and interannual variability of the 
copepods was influenced by the oceanographic structure of the tropical water mass 
and that their higher temperature and salinity conditions may reflect low densities 
and diversity. 

The significant occurrence of oceanic species on the continental shelf may be 
a consequence of its small width (9 km), and thus being strongly influenced by 
conditions of the tropical water (Neumann-Leitão et al. 2008a, b).
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Fig. 7.6 Ordering diagram for redundancy analysis relating the sampling stations, the composition 
of the copepod assemblage and the oceanographic structure in the neritic and offshore waters off 
Salvador (Bahia State) from April 2013 to October 2014 (Campaigns C1 through C10)

7.2.2 Ichthyoplankton Community 

From the 236 larvae collected during the ten campaigns, 21 families were identified. 
Seventy-five percent of the total larvae taken represented six characteristic families in 
increasing order of abundance: Gobiidae (6.44%), Haemulidae (6.87%), Blenniidae 
(8.15%), Pomacentridae (14.16%), Gerreidae (17.17%), and Sparidae (22.32%). The 
families Ophidiidae and Holocentridae were collected only in August 2013 (C3), 
and Tetraodontidae and Cynoglossidae were collected only in December 2013 (C5) 
and January 2014 (C6), respectively. The total number of larvae collected during 
December 2013 (C5) and January 2014 (C6) was less than that of the other campaigns. 
In these months, the lowest number of families was observed (Fig. 7.7). The wide 
larval distribution, especially Gobiidae, might be a consequence of a high larval 
drift from the coral reef area where massive spawning occurs (Mafalda Jr and Rubín 
2006), such as the coral reefs within Todos os Santos Bay and along the Salvador 
coastline.

In relation to the habitats of adult fish groups, three dominant fish groups were 
recognized in the neritic and offshore waters off Salvador: epipelagic, demersal and 
benthic fishes. The relative abundance of epipelagic fish larvae (Clupeidae) was
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Fig. 7.7 Relative abundance (Ra%) of the ichthyoplankton community in the neritic and offshore 
waters off Salvador (Bahia State) from April 2013 to October 2014 (Campaigns C1 through though 
C10)

highest during October 2013 (C4) and January 2014 (C6). For the Sparidae family 
(Demersal), the levels of relative abundance were highest in March, May and July of 
2014 (C7, C8, C9), decreased in September 2014 (C10) and were absent in December 
2013 (C5) and January 2014 (C6). The relative abundance of Gobiidae (benthic) 
peaked in September 2014 (C10) (Fig. 7.7). 

The dominance of the demersal association during the rainy season was mainly 
related to coastal waters (Mafalda Jr et al. 2004), with higher temperature and 
ammonia concentration and, secondarily, with the highest levels of turbidity and 
biomass of phytoplankton. The occurrence of the pelagic association during the dry 
season was related to tropical waters (Mafalda Jr et al. 2004), with higher oxygen and 
salinity contents. According to Olavo et al. (2005), pelagic fish are mostly captured 
between spring–summer and demersal fish, mainly in autumn–winter. This season-
ality reflects the reproductive population connectivity existing between reef, beach 
and mangrove environments. 

Fish larvae showed a rather heterogeneous distribution, with the density at each 
station ranging from 0 to 190 larvae per 100 m3 (Fig. 7.8). A general trend was 
observed toward lower density at most sampling stations, with abundance generally 
no more than 25 larvae per 100 m3. Higher densities were found in June 2013 (C2) 
and August 2013 (C3) (rainy season) (Fig. 7.8). Regarding fish eggs, the density 
observed between April 2013 (C1) and September 2014 (C10) ranged from 0 to 
5329 per 100 m3. The highest density value was recorded at station BA1 in March 
2014 (C7) (rainy season). The month of January 2014 (C6) (dry season) registered 
the lowest density of fish eggs (0–17 eggs/100 m3) (Fig. 7.8).

Studies that interpret ichthyoplankton structure in terms of adult characteristics 
often find a spatially heterogeneous distribution of larvae that are attributable to 
adult characteristics (Gaughan et al. 1990; Yoklavich et al. 1992). Knowing the 
geographical locations of spawning adults can also help explain spatial heterogeneity
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Fig. 7.8 Density (ind./100 m3) of the ichthyoplankton community in the neritic and offshore waters 
off Salvador (Bahia State) from April 2013 to October 2014 [samples were collected at the subsurface 
with a 300 µm mesh net (Campaigns C1 although C10)]

in ichthyoplankton structure (Rakocinski et al. 1995). Coastal regions adjacent to 
estuaries and bays present favorable conditions for the development of fish species 
that use these areas as nurseries or to protect their eggs and larvae. 

The ichthyoplanktonic community observed in the study area is influenced, among 
other factors, by the characteristics of the continental shelf of Salvador and by the 
proximity to the entrance of Todos os Santos Bay. The bathymetric profile of the shelf 
edge between 50 and 150 m is characterized by the presence of shelf brake reefs, 
which contribute to population connectivity. The circulation in Todos os Santos Bay 
forces an exchange of water mass with the continental shelf, where the tides tend to 
exit the bay in the more surficial layers and to enter the layers below (Lessa et al. 
2009). Surface water runoff promotes the transport of larvae from the spawning site 
(bay) to a nursery area (continental shelf) and vice versa. Thus, both factors contribute 
to the formation of fish larvae assemblages. 

7.3 Spatial, Seasonal and Interannual Dynamics 
of the Zoo- and Ichthyoplankton at the Continental 
Shelf off Tamandaré, Pernambuco, Brazil 

Coastal and shelf environments in the western tropical Atlantic present a complexity 
of productive environments (Nixon et al. 1986; Schwamborn 1997; Schwamborn 
et al. 2001; Neumann-Leitão et al. 2018). The material transported by tropical rivers 
enriches planktonic production, determining the taxonomic composition of plankton 
and their distribution patterns (Santana et al. 2020a, b). Copepods generally dominate 
zooplankton in abundance, but meroplanktonic organisms are also often abundant 
due to the export of larvae of benthic organisms living in a true mosaic of coastal 
ecosystems, such as estuaries, reefs, sandbanks, and macroalgal beds (Neumann-
Leitão and Matsumura-Tundisi 1998; Schwamborn et al. 2001; Ferreira and Maida 
2006; Brito-Lolaia et al. 2020; Lins-Silva et al. 2021). Despite the large ecological 
importance of this area, the investigation of planktonic communities along the narrow
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continental shelf off Pernambuco State (Brazil) remains scarce. Here, we provide a 
description of the composition and distribution of zoo- and ichthyoplankton along a 
transect adjacent to the Tamandaré shelf (Pernambuco State, Brazil) (Figs. 7.1 and 
7.9) and characterize the variations in community structure on several spatial and 
interannual scales. 

Tamandaré is a small town located 110 km south of Recife on the southern coast 
of Pernambuco State, northeastern Brazil (Fig. 7.9). Tamandaré Bay is enclosed by 
a coastal reef system and is included in two environmental protection areas, the first 
created in Brazil to protect coastal reefs. 

The climate is “warm and humid” throughout the year, with a well-defined season-
ality. Strong wings (SE to E) occur from June to October (“windy season”). The rainy 
season generally occurs between March and August, with a peak in July, while the 
dry season is generally from September to February (Ferreira et al. 2003; Grego et al. 
2009; Venekey et al. 2011).

Fig. 7.9 Map showing the location of the sampling stations on the narrow oligotrophic continental 
shelf off Tamandaré (Pernambuco State). Sampling was performed from April 2013 to May 2015 
in bimonthly intervals 



7 Zoo- and Ichthyoplankton Communities of Pelagic Ecosystems … 189

The main economic activities along the southern Pernambuco coast are agriculture 
(mostly sugar cane plantations), tourism and fisheries (Moura and Passavante 1993; 
Araújo and Costa 2003). The adjacent nearshore continental shelf off Tamandaré is 
characterized by warm and calm waters. A sandstone reef (beach rock) runs parallel 
to the coast and functions as a substrate for the development of algae, zoanthids and 
corals. Coastal drift varies according to wind regime and season but runs dominantly 
in a south-north direction. 

On the southern shore of Tamandaré Bay, there are two small creek inlets, Mamu-
cabas and Ilhetas (Fig. 7.9). Approximately 11 km south of the study area is the inlet 
of the regionally relevant Una River (Fig. 7.9), which is characterized by significant 
contributions of water and sediments to the shelf in occasional devastating events of 
torrential rainfall (Moura et al. 2016). 

The Tamandaré shelf has an average width of 35 km with a gentle slope, reaching 
depths between 50 and 65 m at the shelf break (Manso et al. 2003; Domingues et al. 
2017). 

Zooplankton samples were collected during 12 campaigns from April 2013 to 
May 2015 at bimonthly intervals at six fixed sampling stations (PE1–PE6) (Fig. 7.9). 
Common plankton nets with 300 µm mesh size and 60 cm in mouth (maximum 0.6 m 
of depth) were used with flowmeters coupled and towed at the subsurface for 5 min 
with a speed of 2–3 knots. At each station, water transparency was estimated with a 
Secchi disk (Cialdi and Secchi 1865; Kirby et al. 2021). Other abiotic parameters, 
such as temperature and salinity, were measured with a CTD probe (YSI CastAway). 

In the laboratory, all samples were divided into size fractions and then quartered 
with a Motada quarterer (Omori and Ikeda 1984), resulting in aliquots (subsamples) 
of 1000–2000 organisms each. These subsamples were digitized using ZooScan 
(Gorsky et al. 2010) equipment (Hydroptic model ZSCAN03, resolution: 2400 dpi) 
and ZooProcess software (http://www.obs-vlfr.fr/LOV/ZooPart/ZooScan). Plankton 
Identifier (PkID) software was used for a semiautomatic classification of organisms 
based on the ZooScan vignettes (i.e., after a quick preclassification using the random 
forest algorithm, the taxonomic assignment of each vignette was verified manually). 

Redundancy analysis was applied to identify whether differences in community 
structure could be explained by environmental and spatial–temporal variables. We 
included abundance data and a spatiotemporal factor matrix (rainy vs. dry season, 
sampling stations, years, temperature, salinity, and Secchi depth). Hellinger transfor-
mation was applied to abundance data prior to RDA (Legendre and Gallagher 2001). 
Nonnumeric factors (rainy vs. dry, stations, years) were transformed into dummy 
variables, represented by 1 and 0. Prior to building the RDA model, all nonsignif-
icant variables (p > 0.05) were excluded in a step-by-step procedure using Monte 
Carlo permutation tests with 9999 permutations, considering collinearities between 
variables (Ter Braak and Smilauer 2002) and following the recommendations of 
Legendre and Legendre (1998) and Legendre and Gallagher (2001). All analyses 
were performed using CANOCO software (version 4.5; Ter Braak and Smilauer 
2002).

http://www.obs-vlfr.fr/LOV/ZooPart/ZooScan
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7.3.1 Zooplankton Composition and Spatial Distribution 

Twenty-six zooplankton taxa were registered for the Tamandaré shelf. Of these, four 
zooplankton groups were the most important in terms of abundance in both seasons: 
copepods of the orders Calanoida and Cyclopoida, followed by decapods (e.g., larvae 
of brachyuran crabs in zoea and megalopa stages and caridean shrimp zoeae) and 
chaetognaths (Fig. 7.10). 

Copepods are well known to be the dominant group in marine zooplankton and 
are present in all marine environments and at all depths (Silva et al. 2003; Costa et al. 
2008). A high abundance of decapods was also observed, following the coast-to-
shelf gradient with higher values in coastal areas, which could possibly be linked to 
their life cycle, since larvae are initially released by adults inhabiting shallow coastal 
waters such as estuaries, mangroves and reefs (Schwamborn and Bonecker 1996; 
Melo Júnior et al. 2007; Schwamborn et al. 2008; Santana et al. 2020a, b). The phylum 
Chaetognatha also showed a high abundance, mainly at offshore shelf stations. This 
group of gelatinous predators is often abundant in marine waters (Harzsch et al. 2015). 
The other zooplankton were mainly composed of ichthyoplankton (fish eggs and 
larvae), Thaliacea (salps), gastropods, echinoderm larvae, and cnidarian medusae.

Fig. 7.10 Zooplankton 
relative abundance for dry 
and rainy seasons at the 
Tamandaré shelf 
(Pernambuco State) in 2013, 
2014 and 2015 
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Fig. 7.11 Zooplankton total abundance for dry (from September to February) and rainy (from 
March to August) seasons at shelf sampling stations in 2013, 2014 and 2015. The diameters and 
color range (light to dark) of the circles are proportional to the value of each respective abundance 
interval 

No differences were recorded in the zooplankton composition between the years. 
However, differences between the seasons were recorded, where calanoid copepods 
showed high values of relative abundance during the rainy season (Fig. 7.10). A 
higher total zooplankton abundance was found in the rainy season, mainly at stations 
PE3, PE4 and PE5 (Fig. 7.11). These mid-shelf stations are influenced by estuarine 
plumes from adjacent rivers, such as the Una River. The existence of a peak in total 
abundance at the midshelf, with higher abundance than nearshore, is surprising and 
deviates from the expected nearshore-offshore gradient. 

Redundancy analysis showed that the spatial–temporal variables significantly (p < 
0.05) explained 31% of the variance in zooplankton abundance. The abiotic variables 
(salinity, temperature, and Secchi depth) were not significant (Fig. 7.12). Two main 
RDA axes were obtained, separating rainy and dry seasons and coastal and neritic 
stations (Fig. 7.12).

There was a high contribution of gelatinous organisms, such as Appendicularia 
and Chaetognatha, invertebrate larvae (e.g., Echinodermata and Polychaeta), and 
cyclopoid and harpacticoid copepods in the offshore direction. Conversely, in the 
inshore direction, the most representative groups were calanoids, copepod nauplii, 
fish larvae and decapods. In relation to the seasons, the dry period was represented 
mainly by fish larvae and decapods, while the rainy period was represented by salps 
(Thaliaceae) and bryozoan larvae. 

In tropical neritic areas, a coast-to-shelf gradient in plankton communities has 
been well documented by other studies from Brazil. For example, decapod larvae and 
fish larvae show high abundance and biomass values in more coastal areas due to their 
life cycle and the presence of important, highly productive coastal ecosystems, such as 
mangroves (Schwamborn and Bonecker 1996; Melo Júnior et al. 2007, Schwamborn 
et al. 2008; Santana et al. 2020a, b).
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Fig. 7.12 Ordination diagram of the redundancy analysis. Spatiotemporal and abiotic factors and 
species classification in blue. Zooplankton abundance with a wp2 net (300 µm mesh size) at Taman-
daré (April–August 2013–2015). Seasons: rainy and dry cycles: stations PE1, PE2, PE3, PE4, PE5 
and PE6): Zooplankton taxa: Cal: Calanoida; Cyc: Cyclopoida; Har: Harpacticoida; Nau: Nauplius 
of copepods; Appe: Appendicularia; Cha: Chaetognatha; Dec: Decapoda; Eup: Euphausiacea; Amp: 
Amphipoda; Bry: Bryozoa; Cni: Cnidaria; Ech: Echinodermata; Mol: Molluska; Gas: Gastropoda; 
Pol: Polychaeta; Thal: Thaliacea; F eg: Fish eggs; F lar: Fish larvae

On the other hand, offshore ecosystems off northeastern Brazil have been char-
acterized by the dominance of large zooplankton (Neumann Leitão et al. 2019a, b). 
This was also observed in our results, with a high contribution of Chaetognatha and 
Appendicularia. However, unlike other studies, we also found small organisms, such 
as cyclopoid and harpacticoid copepods, at more offshore stations (4–6 stations). 
In general, these organisms are associated with more nearshore coastal stations 
(Nascimento-Vieira et al. 2010; Melo et al.  2010; Neumann Leitão et al. 2019a, 
b), as was the case for copepod nauplii and calanoid copepods. 

Some groups were strongly associated with the temporal vector. Fish larvae and 
eggs, decapods and polychaetes were associated with the dry season, while the associ-
ated groups were salps (Thaliaceae), and calanoid copepods were associated with the 
rainy season. The same gradients were recorded from Alagoas to Sergipe, located 
immediately south of the Tamandaré area, for fish larvae and eggs and decapods 
(Schwamborn et al. 2019). During the rainy period, there is an increase in nutrient 
inputs into shelf waters (e.g., from the Una River plume), and these inputs boost
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primary and secondary production (Platt 1985; Marcolin et al. 2013; Sato et al. 2015; 
Figueiredo et al. 2020). Tamandaré is one of the few areas where a clear seasonal 
pattern could be detected. 

The total density of fish larvae ranged from 0 to 1440.90 ind. 100 m3, the highest 
values were observed in August 2013 (PE 4), March 2014 (PE 4 and PE 5) and May 
2014 (PE 4). Fish eggs ranged from 0 to 2498.50 ind. 100 m3. August 2013 (PE 5) 
and September 2014 (PE 4) had the highest values (Fig. 7.13). 

A total of 90 fish larvae images were analyzed from samples collected on the 
Tamandaré shelf. Although 57.7% of fish larvae could not be identified due to their 
small size or scanning position or because they were damaged, it was possible to 
identify nine different families (Table 7.1). Taxa common from coastal areas, such 
as Pomacentridae and Carangidae, were identified, the latter being represented by 
Oligoplites and Chloroscombrus. Fish larvae from coastal areas near reef ecosystems 
are mainly composed of resident families, such as Pomacentridae, which contribute to 
enhancing plankton biomass (Santos et al. 2019). Monacanthidae was represented by 
the genera Stephanolepis and Monacanthus, which are quite common in continental 
shelf waters.

Regarding the stages of larval development, newly hatched larvae dominated, 
especially in the preflexion stage, which corresponded to 78% of the total larvae 
analyzed (Fig. 7.14). The dominance of newly hatched larvae in plankton samples 
is related to the occurrence of reproduction events as well as a complex suite of 
variables that reduce the abundance of later stages, such as mortality and advection 
(Silva-Falcão et al. 2013). Additionally, the higher density of fish eggs and larvae 
in the dry season corroborates other studies carried out in tropical coastal areas 
(Silva-Falcão et al. 2013; Santos and Severi 2019).

Fig. 7.13 Density (ind./100 m3) of the ichthyoplankton (teleost eggs and larvae) at the continental 
shelf off Tamandaré, Pernambuco State 
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Table 7.1 Taxonomic composition, abundance (N), developmental stages (PF: preflexion; FL: 
flexion and PO: postflexion) and mean size (mm) of fish larvae collected on the Tamandaré shelf 
and analyzed through Zooscan images 

Taxon N Stage Mean size (mm) 

Perciformes 20 PF 2.35 

Atherinopsidae 2 PF 

Carangidae 3 PO 3.23 

Lutjanidae 1 PF 5.00 

Monachantidae 2 PO 5.50 

Mugilidae 2 PF, FL 

Pomacentridae 5 PF 1.93 

Sparidae 1 FL 3.91 

Sphyraenidae 1 FL 4.86 

Tetraodontidae 1 PO 3.39

Fig. 7.14 Proportion of 
developmental stages of the 
fish larvae collected on the 
Tamandaré shelf and 
analyzed through Zooscan 
images 

7.4 Seasonal and Interannual Variability of the Zoo-
and Ichthyoplankton in Neritic and Offshore Waters 
off São Luís, Maranhão, Brazil 

The continental shelf off São Luís (Fig. 7.15) is subjected to the influences of the input 
of significant continental waters, trade winds, the North Brazil Current (NBC) and its 
subsurface component, the North Brazil Undercurrent (NBUC), which transports a 
large volume of water to the northwest, parallel to the coast (Johns et al. 1998; Schott 
et al. 1998; Silva 2006). The region is also characterized by semidiurnal macrotides 
with tidal ranges varying from 4 to 7 m. Tidal currents can reach speeds of more than 
6 m/s, and the climate is tropical humid with well-defined dry (July–December) and 
rainy (January to June) seasons (PORTOBRAS 1988; Araújo et al. 2009).

All ichthyo- and zooplankton samples were collected at seven fixed stations, MA1, 
MA2, MA3, MA4, MA5, MA6 and MA7 (Fig. 7.15), separated by approximately
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Fig. 7.15 Location map of sampling stations at the continental shelf off São Luís (Maranhão State). 
Current branches indicated are the North Brazil Current (NBC) and the North Brazil Undercurrent 
(NBUC). All plankton samples were collected at seven fixed stations, MA1, MA2, MA3, MA4, 
MA5, MA6 and MA7, located approximately 0.8, 16.9, 32.2, 49.1, 64.1, 81.3 and 96.6 km from 
the coast, respectively

1 km. Ichthyo and zooplankton sampling was performed through horizontal subsur-
face hauls with a conical plankton net (300 and 200 µm mesh size and 60 cm mouth 
diameter, respectively). The hauls lasted 3 to 10 min at a speed of 2 knots, with 
a flowmeter coupled to the mouth of the net to obtain the volume of filtered water. 
Ichthyo- and zooplankton samples were collected between April 2013 and September 
2014, totaling 9 campaigns. 

7.4.1 Zooplankton Community 

Copepods (copepodites and adults) were the most abundant group on the continental 
shelf off São Luís and were recorded throughout the entire sampling period. Their 
maximum relative abundance (76% of the collected taxa) was recorded in October
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2013, and the lowest abundance was registered in August 2013 (47% of the collected 
taxa) (Fig. 7.16). Therefore, a seasonal influence in relation to the abundance of this 
taxon cannot be inferred, as both the highest and lowest values were recorded in 
the dry months. This group, as several authors have commented, has high numerical 
importance and may represent more than 70% of the plankton organisms (Melo Jr 
2005; Lucas 2008; Codina 2010). 

The phylum Molluska (Bivalvia) was also well represented. In August 2013, it was 
the group with the second highest registry (25% of the captured taxa). The Bryozoa 
in November 2013 (24% of collected taxa) and January 2014 (12% of collected taxa) 
was the group with the second-best representation among the captured larvae. In 
March 2014, Oikopleuridae was the taxon with the second highest value (14% of 
the captured organisms). In September 2014, Gastropoda represented 11% of the 
captured organisms. The relative abundance of the other taxa is shown in Fig. 7.16. 
This variation in abundance indicates a relationship with the reproductive period of 
these taxa and not with seasonality. Moreno (2017) found for southern Brazil that 
the zooplankton community during the summer months (December to March) had 
relative abundance values 80% similar to the values found in other seasons. 

These results are comparable to those found in the continental shelf off south-
eastern Brazil (Oliveira 2009). However, chaetognaths, which are considered a 
numerically dominant taxon in the marine holoplankton of Brazilian waters (Becker 
2014; Domingos-Nunes and Resgalla Jr 2012), have occurred with low abun-
dance on the shelf off São Luís. In summary, the São Luís Shelf has a diversified 
zooplankton composition, dominated by copepods. Despite the presence of other 
important groups, this pattern of dominance is common for the marine zooplankton 
community (Boltovskoy 1999). 

Density values ranged from 1.2 to 382 ind./m3. The highest densities were regis-
tered in November 2013, followed by September 2014 (203.4 ind./m3) and May 
2014 (196.4 ind./m3). The lowest density was registered in the month of October

Fig. 7.16 Relative abundance (Ra%) of the zooplankton community from the continental shelf off 
São Luís (Maranhão State), from April 2013 to September 2014 
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Fig. 7.17 Density (ind./m3) of the zooplankton community in the continental shelf off São Luís 
(Maranhão State), from April 2013 to September 2014. This region has well-defined dry (July– 
December) and rainy (January–June) seasons 

2013 (Fig. 7.17). This result enables the observation that seasonality is not an influ-
encing factor on the increase or decrease in the zooplankton density value, as both 
the highest and the lowest density values were recorded in both seasonal periods, 
the dry season (July, August, September, October, November) and the rainy season 
(January, March, April, May). Therefore, the reproductive period of organisms is 
suggested to be responsible for the variation in density. 

7.4.2 Ichthyoplankton Community 

Engraulids were dominant throughout almost the entire sampling period. Anchoviella 
lepidentostole (Fowler 1911) stood out as abundant in April 2013 (44% of captured 
larvae), August 2013 (43% of collected larvae), March 2014 (43% of the captured 
individuals), January 2014 (35% of the collected individuals), May 2014 (34% 
of the captured larvae) and July 2014 (11% of the collected larvae) (Fig. 7.18). 
Thus, Anchoviella lepidentostole presented its greatest abundance during the rainy 
months, a favorable period for its reproductive cycle (Gkanasos et al. 2019). However, 
Anchoviella lepidentostole was also abundant during a dry month (August 2013), 
which suggests a longer reproductive period for this species, with reproductive peaks 
throughout the year. The dominance of this species was also observed in the estuarine 
complex of São Marcos Bay and Bacanga Basin, located onshore of the São Luís 
shelf (Bonecker et al. 2007; Soares et al. 2014), which reinforces the importance of 
this well-distributed and commercially exploited species on the North and Northeast 
coast of Brazil (Piorski et al. 2009).



198 R. Schwamborn et al.

Fig. 7.18 Relative abundance (Ra%) of the ichthyoplankton community at the São Luís shelf from 
April 2013 to September 2014 

Cynoscion acoupa (Lacepède 1801), also called “pescada amarela”, a species 
of great economic importance, was abundant in the months of July 2014 (66% of 
the captured larvae), November 2013 (47% of individuals collected) and October 
2013 (36% of individuals collected) (Fig. 7.18), indicating that both the rainy and 
the dry months were favorable for its life cycle, with its highest abundance value 
occurring in the rainy months, thus suggesting this period as its reproductive peak. 
This species had the highest percentage of abundance, reinforcing its importance as 
a fishery resource. It is economically important in the North and Northeast regions of 
Brazil, with high preference in the consumer market of Maranhão (Barletta-Bergan 
et al. 2002a, b; Matos and Lucena 2006; Zacardi 2015; Almeida et al. 2016). The 
presence of this species in its larval stage on the São Luis shelf indicates the need 
for better ecological knowledge of the species from the larval stage to implement 
adequate management and conservation actions. 

Other species that also occurred abundantly were Mugil sp. (Linnaeus 1758) in  
October 2013 (39% of the captured larvae) and August 2013 (18% of the collected 
larvae); Oligoplites saurus (Bloch and Schneider 1801) reached greater abundance 
in August 2013 (39% of the individuals captured); Sardinella brasiliensis in January 
2014 (36% of the individuals collected) and in April 2013 (25% of the captured 
larvae) (Fig. 7.18). It is noteworthy that the species mentioned above are characteristic 
of this region and important in fish production (Almeida 2008; Piorski et al. 2009; 
Nunes et al. 2019). Mugilids are euryhaline, and they seek marine waters with greater 
salinity to spawn. Even though there is divergence from the reproductive period of 
mugilids, studies of the Mugil curema show that their period of reproduction is related 
to greater food availability, which lasts from August to January (Albieri 2009). These 
months coincide with the recording of the greatest abundance of Mugil sp. in our
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campaigns. Environmental variability and seasonality can provide these individuals 
with favorable conditions for their development. 

Oligoplites saurus have marine origins and use coastal areas in their early life 
stage as strategies to maintain populations and fish stocks (Barletta et al. 2016). 
These strategies of using different habitats possibly favored the higher abundance 
value of these individuals at more coastal sampling stations (MA1–MA3) in August 
2013. These results corroborate Badú (2019), who registered a greater contribution 
of Oligoplites saurus in coastal areas close to the entrance of estuaries. 

Sardinella brasiliensis, according to Vazzoler and Rossi-Wongtschowski (1976), 
presents a long period of reproduction with successive spawning throughout the year, 
as it has a split spawning strategy; thus, each female releases several oocytes in a 
single season and a frequency of spawning that takes place between 4 and 11 days 
(Isaac-Nahum et al. 1983; Dias  1989). This allows us to infer that January is the peak 
of spawning of this species, in which the highest density value was recorded. 

The density of the eggs recorded in 2013 and 2014 ranged from 0.0 to 169.2 
eggs/100 m3. The highest density value was registered in May 2014. The lowest 
values were recorded in all months during 2014. It is worth noting that the lowest 
fish egg density values occurred at station MA1 (Fig. 7.19). This may be related to 
catadromous species, mature individuals who migrate to spawn in the ocean (Ibáñez 
and Gutierrez 2004). 

For fish larvae, the density values recorded during the sampling period ranged 
from 0.0 to 201.6 larvae/100 m3. The highest value was registered in July 2014, 
and the lowest was registered in May 2014. October 2013, November 2013 and 
September 2014 were the months with the lowest density values (Fig. 7.19).

Fig. 7.19 Density (eggs/100 m3; Larvae/100 m3) of the ichthyoplankton community from the São 
Luis shelf from April 2013 to September 2014. The region has well-defined dry (July–December) 
and rainy (January–June) seasons 
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The density results reinforce the conclusion about the reproductive peak of 
Anchoviella lepidentostole in April 2013 and May 2014, while July 2014 was favor-
able for the development of Cynoscion acoupa. Both presented higher relative abun-
dances. This reinforces the importance of the rainy season for the reproduction and 
development of the life cycle of these fish species. 

7.5 Spatial, Seasonal and Interannual Dynamics 
of Zooplankton Biomass and Biodiversity Along 
a Large-Scale Transect off Pará, Northern Brazil 

The Amazon Continental Shelf (ACS) is an area of high contrasts and extraordinary 
proportions. This region is home to the largest continuous area of mangroves in the 
world and the largest freshwater discharge system in the world’s oceans. It produces 
a basin-scale, extensive estuarine plume, in which it would be unlikely to find reefs. 
However, the Great Amazon Reef System (GARS), which was recently discovered 
on the outer shelf, indicates that there is still much to discover in this area that is 
so important to humanity. However, we know very little about zooplankton in this 
region. Of the total 194 adult crab species reported for this area, only 25% of the 
species have fully described planktonic larval stages, and 62% have no morphological 
descriptions of any planktonic larval stage (Lima and Martinelli-Lemos 2019), which 
makes it difficult to identify and, consequently, understand larval ecology. These 
statistics are no different from those of other taxa. Here, we report new data on larval 
occurrence and try to elucidate strategies of larval dispersion adopted by key zoo- and 
ichthyoplankton taxa. This information is essential for understanding life histories 
at the ACS. 

The ACS is an exceptionally energetic coastal region subjected to strong seasonal 
variability, including the discharges of the Amazon River and transport by the North 
Brazil Current and trade winds (Silva et al. 2010). The Amazon River flows vary from 
~120 × 103 m3 s−1 in December to ~300 × 103 m3 s−1 in May (mean of ~206 × 
103 m3 s−1). For the Amazon flow, we must add the Pará River (i.e., the sum of Pará, 
Tocantins, and Araguaia flow contributions, with a total mean of ~12 × 103 m3 s−1) 
that empties south of Marajó Island (Callède et al. 2010;Moura et al.  2016; Fig.  7.20). 
The ACS is inserted into the so-called tidal embayment of the Amazon (Dominguez 
2009) with a shoreline fringed by extensive mangrove forests that extend inland up 
to 40 km, many deep bays and large-scale estuaries. The outer shelf is characterized 
by extensive rhodolite beds and biogenic reefs at water depths of up to 100 m (Moura 
et al. 2016; Lavagnino et al. 2020).

The ACS is influenced by the trade winds almost year round, the macrotidal 
regime (~8 m), and the discharge of fresh water from rivers in the region, mainly 
from the Amazon River, which generates a large-scale estuarine plume on the shelf, 
with seasonally varying vertical and horizontal extension (Castro Filho and Miranda 
1998). The ACS is a region of low atmospheric pressure, high rainfall, and high
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Fig. 7.20 Map of the Amazon Continental Shelf (ACS) showing the sampling stations (PA1–PA6). 
Additionally, depicted are existing reefs and mangrove forests occurring in the region

atmospheric humidity due to its proximity to the Intertropical Convergence Zone 
(ITCZ) (Bittencourt 2004). The ITCZ regulates the rainfall regime in the equatorial 
region and defines the dry and rainy periods in the Amazon. For instance, from 
January to June, heavy rains are recorded due to the southward displacement of the 
ITCZ. From September to November, the rains are less frequent and intense due 
to the northward displacement of the ITCZ (Silva et al. 2007). This rainfall regime 
affects other parameters, such as salinity and temperature, in the ACS (Silva et al. 
2007). 

The dominant oceanic current in the region is the North Brazil Current (NBC), 
which is generated from the meeting between the North Brazil Undercurrent (NBU), 
is fiormed by the northern bifurcation of the South Equatorial Current, and the South 
Equatorial Central Current (Stramma and Schott 1999). The NBC is a current of
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strong magnitude that flows northwestwards along the entire region of the northern 
continental shelf, mainly in areas close to the shelf break (Johns et al. 1998). From 
July to January, the NBC retroflects to the east after crossing the equator, feeding the 
North Equatorial Countercurrent (Flagg et al. 1986; Field 2005). 

Zooplankton samples were collected from April 2013 to January 2015, totaling 
seven campaigns along a 250 km transect, with six fixed stations (PA1 through PA6) 
occupied in each campaign (Fig. 7.20). Two oblique hauls with a Bongo net (2 m in 
length with 60 cm opening diameter and 200 and 300 µm mesh size) were conducted 
at each station from slightly above the bottom to the surface. The Bongo net was 
equipped with flow meters. The depth of the sampling stations varied between 9 and 
90 m. Temperature (°C), salinity and chlorophyll-a (µg/L) were measured at each 
location using a CTD profiler (Hydrolab DS 5). Larval and adult (in some cases) 
densities (ind./m3) were estimated for each haul according to its water volume. At 
the end of the campaigns, 84 samples (7 campaigns × 6 locations × 2 mesh size  
nets) were obtained. We analyzed 42 samples from the 200 µm mesh for the iden-
tification of Decapoda and 42 samples from the 300 µm mesh for zoo- and ichthy-
oplankton analysis. Redundancy analysis (Borcard et al. 2011) was conducted using 
the ‘vegan’ package in R (Oksanen et al. 2020) to analyze the decapod community in 
relation to explanatory variables (environmental factors and distance from the coast). 
For this analysis, the environmental data matrix (outflow, salinity, temperature, and 
chlorophyll-a) was transformed using the ‘standardization’ method, and the density 
matrix was transformed using the ‘Hellinger’ method (Legendre and Birks 2012). 
Subsequently, a permutation ANOVA (PERMANOVA) was performed to test the 
significance of the RDA model, with 999 permutations, adopting the significance 
level of 5%. 

Salinity in the ACS varied from a minimum of 2 (May 2014) to a maximum of 38 
(January 2015), with increasing variation in the offshore direction. The temperature 
remained generally above 27 °C along the ACS. Chlorophyll-a ranged from 0.3 to 
85.1 µg/L in January 2014 and showed a decreasing trend with increasing distance 
from the coast. The river flow recorded in the year of collection was higher than the 
average recorded in the last 30 years (see details in Silva et al. 2021). 

7.5.1 Zooplankton 

The mesozooplankton community (0.2–20 mm) is commonly represented by most 
of the existing animal phyla and forms a diverse and abundant group of organisms, 
mainly in the tropical region. In the ACS, the phylum Arthropoda was dominant 
and was mainly represented by Copepoda and Decapoda. However, other groups 
were found frequently but with lower abundances, such as the medusoid stage of 
hydrozoans, polychaete larvae, holoplanktonic mollusks, chaetognaths and pelagic 
tunicates. Other groups appeared sporadically in certain regions and periods forming 
blooms that were probably related to the reproductive phases of some invertebrates 
belonging to the phyla Bryozoa, Nemertea, Brachyopoda and Echinodermata, and
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Fig. 7.21 Zooplankton relative abundance for dry and rainy seasons on the Amazon Continental 
Shelf from July 2013 to January 2015 on a quarterly basis 

some vertebrates were represented mainly by larvae and eggs of fishes. More detailed 
results on Decapoda composition and ichthyoplankton will be presented later in this 
section. 

The relative abundance of zooplanktonic groups reflected a high variability over 
the 3-year period analyzed (2013–2015), without observing a specific pattern asso-
ciated with seasonality (Fig. 7.21). Copepoda represented more than 50% of the 
organisms in 6 of the 7 months analyzed, characterizing this group as the most abun-
dant in the Amazon Continental Shelf. The relative abundance of Copepoda in May 
2014 represented 92% of the total community. The only campaign in which Cope-
poda was not dominant was in October 2014, where planktonic tunicates were the 
most abundant group, with 33.37%, followed by Decapoda (25.7%) and copepods 
(24.6%) (Fig. 7.21). 

Appendicularians were responsible for the highest density of planktonic tuni-
cates at a sampling station close to the shelf break (PA5). High appendicularian 
densities have been recorded in other studies in the Amazon basin (Neumann-Leitão 
et al. 2018). Oikopleura dioica is an indicator species of the Amazon River plume 
(Neumann-Leitão et al. 2018). Decapoda larvae were also a frequent group (98%) 
and abundant in the ACS, with relative abundance values ranging from 6.5 to 25.7%. 

The total density of mesozooplankton during the analyzed period presented values 
between 4.34 and 6399 ind./m3 (Fig. 7.22). The minimum and maximum values of 
abundances were registered in May 2014 (rainy season). There was a significant 
difference among campaigns (ANOVA, F = 4.903, p = 0.00745). The larval density 
in July 2013 (beginning of the dry season), 9.22–16.8 ind./m3, was significantly 
lower than that in October (dry period) and January (rainy period).

Marked density peaks were always observed during the rainy season at sampling 
stations PA1 and PA2, which were located closer to the mouth of the Pará River 
(Fig. 7.21). The most marked peak was recorded in May 2014, corresponding to a 
bloom of the copepod Acartia tonsa at sampling station PA1, reaching a density of 
6300 ind./m3, representing the highest relative abundance and the highest density of 
the group and consequently of the community. Acartia tonsa is an abundant copepod 
of estuarine regions (Bradford-Grieve et al. 1999). In the Curuçá estuary (Amazo-
nian coast, northeast of Pará State), it was the most abundant copepod, mainly in
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Fig. 7.22 Density (ind./m3) of the zooplankton community on the Amazon Continental Shelf from 
July 2013 to January 2015

the rainy season, showing an inverse correlation with salinity and evidencing its 
preference for estuarine waters (Magalhães et al. 2009). Copepoda show the highest 
richness, diversity and abundance in almost all coastal and oceanic waters of the 
world (Bradford-Grieve et al. 1999). In the Amazon region, Copepoda showed itself 
as a key component of the zooplankton community and of the environmental condi-
tions, being important to establish the patterns of the composition and abundance of 
species for the region. 

7.5.1.1 Decapod Composition 

Decapod crustaceans represent an important group for marine ecosystems both in 
their larval phase, as a component of the plankton and trophic pyramid, and in their 
benthic or nektonic phase, where they act as omnivores or detritivores that play an 
important role in nutrient cycling and energy flow, serving as the main energy pathway 
from primary producers to higher trophic level organisms, such as fish (Lima et al. 
2021; Rodrigues-Inoue et al. 2021; Silva et al. 2021). A total of 23 taxa were identified 
along the ACS: Caridea (not identified families); Luciferidae, Penaeidae, Sergestidae, 
Sicyoniidae and Solenoceridae (Dendrobranchiata); Axianassidae and Upogebi-
idae (Gebiidea); Callichiridae and Callianassidae (Axiidea); Diogenidae, Paguridae, 
Albuneidae, Porcellanidae, Galatheidae (Anomura); Sesarmidae, Pinnotheridae, 
Calappidae, Grapsidae, Panopeidae, Leucosiidae, Ocypodidae and Portunidae 
(Brachyura). Except for some taxa, more than one larval stage and sometimes distinct 
stages were found, with occurrence of the entire larval series (zoea and megalopa) 
for some groups. There was a remarkable difference between families (Fig. 7.23), 
and this difference is explained mainly by salinity and chlorophyll-a (Fig. 7.24).

Seasonal events such as upwelling and tidal and plume fronts affect the food chain 
by temporarily changing nutrient inputs (Brandão et al. 2020). 

Caridean shrimp present an opposite pattern (closer to the coast) when compared 
to penaeid shrimps and crabs (away from the coast), and anomurans and talassinoids 
occur in more specific places and months (Fig. 7.23).
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Fig. 7.23 Frequency of each Decapoda family at the six sampling sites from July 2013 to January 
2015 surveyed on the Amazon Continental Shelf. See Fig. 7.20 for location

The distribution of Decapoda was significantly correlated with explanatory vari-
ables. The RDA model explained R2 = 19% (R2 

nonadjusted = 29%; F = 2.81; p = 
0.001) of the total variation. The first two RDA axes together explained 79.3% of the 
variability; the first axis explained 55.4% of the variability and was positively related 
to salinity (0.94) and coastal distance (0.69) and negatively related to chlorophyll-
a (−0.67). The second axis explained 23.9% of the variability and was positively 
correlated with temperature (0.70). 

7.5.2 Ichthyoplankton Community 

In general, there was a low density of fish eggs in the study area. The highest densities 
were observed during the rainy period, with 2342.67 eggs/100 m3 (January 2014) 
and 1128.78 eggs/100 m3 (January 2015), mainly, at most sample sites (Fig. 7.25).

This high egg density in a period of higher rainfall is probably associated with the 
species that seek the coast to spawn due to the low salinities caused by the influence 
of the Amazon River discharge in the region (Barletta-Bergan et al. 2002a, b; Zacardi 
et al. 2014). Fish larval densities were also found to be low, except at the coastal 
stations, with 1,035.56 larvae/100 m3 during the rainy season (January 2014) and 
1,043.38 larvae/100 m3 during the dry season (July 2014). These peaks of larval 
density are associated with the important presence of three fish families, Gobiidae 
and Engraulidae in the period of higher rainfall and Clupeidae in the month of low
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Fig. 7.25 Density (ind./100 m3) of the ichthyoplankton community from the Amazon Continental 
Shelf, Brazil, from July 2013 to January 2015

rainfall in the region, which is probably related to the reproductive period of these 
groups on the northern coast of Brazil. 

Larvae of 42 families of fishes were registered: Elopidae, Nettastomatidae, 
Congridae, Ophichthidae, Clupeidae, Engraulidae, Phosichthyidae, Synodontidae, 
Bregmacerotidae, Ophididae, Hemiramphidae, Exocoetidae, Belonidae, Holo-
centridae, Syngnathidae, Trichiuridae, Serranidae, Pomatomidae, Carangidae, 
Bramidae, Lutjanidae, Haemulidae, Gerreidae, Pomacanthidae, Pomacentridae, 
Mugilidae, Scaridae, Callyonimidae, Gobiidae, Ptereleotridae, Eleotridae, Blenni-
idae, Sparidae, Acanthuridae, Sciaenidae, Scombridae, Istiophoridae, Achiridae, 
Bothidae, Paralichthyidae, Monacanthidae and Tetraodontidae. Clupeidae, Engraul-
idae, Gobiidae, Sciaenidae, Carangidae, Haemulidae and Pomatomidae were the 
most abundant families in the study area, differing between the sampling periods 
(Fig. 7.26).

A clear pattern of spatial distributions of the abundance of families was observed 
(Fig. 7.26). The families Engraulidae and Sciaenidae were more abundant at the 
more nearshore stations, while Gobiidae, Carangidae and Haemulidae stood out at 
the stations farther from the coast. This is probably related to the fact that Sciaenidae, 
Clupeidae and Engraulidae are considered estuarine-dependent families, present with 
high frequency and in some cases at high densities in tropical and subtropical estu-
arine ecosystems (Blaber 2000; Barletta-Bergan et al. 2002a, b), using mangroves 
extensively as nursery sites. Although the family Gobiidae is regarded as a resident 
in most estuaries in northern and northeastern Brazil (Andrade et al. 2020), high 
densities of this family (individuals in later larval stages) were observed at stations 
farther from the coast, showing that gobiids have different ecological habits, most of 
them being estuarine dependent (Gomes et al. 2014). 

Carangid fishes inhabit marine and estuarine waters, and their larvae are 
commonly found in studies of ichthyoplankton in coastal environments along the
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Fig. 7.26 Relative abundance (%) of the main fish families based on the distribution of their larvae 
on the Amazon continental shelf between July 2013 and January 2015. GARS shapefile provided 
by Moura et al. (2016)

Brazilian coast. This is because they use different spawning strategies to reduce 
the co-occurrence of the larvae, which differ between species (Souza and Mafalda 
Jr 2008). Mangroves and seagrass beds also serve as nursery grounds and provide 
refuge from predators and an abundance of food for many larvae and juvenile fishes of 
the Haemulidae family, which are typically found on coral reefs as adults (Burkepile 
and Hay 2008). 

The results presented above support the hypothesis that in the Western Trop-
ical Atlantic, temporal and spatial differences in both composition and abundance 
appear to be associated with differences in geological and environmental condi-
tions. However, the relationship between zooplankton groups and the several factors 
that influence the ACS still needs to be clarified. The key groups in the region are 
the holoplanktonic Copepoda and Tunicata and Decapoda larvae and fish eggs and 
larvae. These last two groups are of great economic importance, making the ACS 
an important fishing ground in the country. Despite the low density of fish eggs and 
larvae of ichthyoplankton, a clear spawning pattern is observed during periods of 
higher rainfall in the region, strongly caused by the influence of the Amazon River 
discharge, in addition to a significant dominance of coastal/estuarine fish families. We 
suggest long-term studies of the ACS aimed to survey larval ecology and taxonomy 
to contribute to the planning of conservation measures on the Amazon shelf.
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7.6 Mesoscale Distribution of Zooplankton off the Oceanic 
Islands in the Tropical Western Atlantic 

In this section, we describe and compare the zooplankton and zooneuston commu-
nities from three pelagic environments off oceanic islands in the Western Tropical 
Atlantic comprising the marine protected areas off FNA, RA and SPSPA (Fig. 7.27). 
SPSPA exhibits a dry season from June to September and a rainy season from January 
to May (Souza et al. 2013), whereas FNA and RA have a dry season from August to 
January and a rainy season from March to July (Lira et al. 2014, 2017; Assunção et al. 
2016; Santana et al. 2018). The waters off FNA, RA and SPSPA are oligotrophic, 
flowing mostly westward under the influence of the north branch of the South Equa-
torial Current (nSEC) around SPSPA and the central branch of the South Equatorial 
Current (cSEC) around FNA and RA (Travassos et al. 1999; Araujo and Cintra 2009; 
Tchamabi et al. 2017). The interaction between the topography of the oceanic islands 
and these currents results in thermohaline disturbances, vortices, wakes and possibly 
local mechanisms of upwelling (Araujo and Cintra 2009; Tchamabi et al. 2017). 

Samples were collected during three oceanographic campaigns (July and August 
2010, September and October 2012 and July and September 2014) aboard the oceano-
graphic vessel “Cruzeiro do Sul/H38” as part of the “Camadas Finas” project along 
two transects (upstream-north transect and downstream-south transect of the areas) 
(Fig. 7.27) during day and night. The exact locations of the sampling stations (up-
and downstream) were defined on board based on ADCP surface current vector data. 
Oblique hauls were performed from 200 m depth up to the surface, maintaining

Fig. 7.27 Sampling stations in the Western Tropical Atlantic Ocean at three tropical island environ-
ments Saint Peter and Saint Paul Archipelago (SPSP); Rocas Atoll (RA) and Fernando de Noronha 
Archipelago (FNA) 
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a wire angle close to 45°, using a conical bongo plankton net. The plankton nets 
had 64 µm (microzooplankton) and 500 µm (macrozooplankton) mesh sizes, with a 
0.6 m mouth opening diameter and 2.5 m length. 

Zooneuston was collected with a David-Hempel aluminum catamaran (Hydro-
Bios, Kiel, Germany) equipped with two superposed nets, each with a rectangular 
mouth (29.3 cm wide × 15.2 cm deep) and 500 µm mesh size. The haul duration 
was 20 min with a speed of 2–3 knots. The upper net was structured to be exactly 
centered at the air-water interface, thus sampling the epineuston (surface) layer from 
the surface to a depth of 7.6 cm, while the lower net sampled the hyponeuston (subsur-
face) layer from a depth of 7.6–22.8 cm. For all Bongo and Catamaran plankton nets, a 
flowmeter (Hydro-Bios, Kiel, Germany) was used to estimate the filtered volume. All 
samples were preserved with 4% formaldehyde and buffered with sodium tetraborate 
(0.5 g L−1) (Lira et al. 2014). 

7.6.1 Total Microzooplankton Abundance and Biomass 
at Rocas Atoll 

In general, mainly in 2010, higher total zooplankton abundance and biomass were 
found at stations closer to the islands during nighttime (Fig. 7.28). These higher 
values near islands can probably be explained by the island mass effect (Doty and 
Ogury 1956). During 2012, a peak of total abundance and biomass was found in 
samplings more distant and upstream from the islands, which was surprising and 
deviates from the expected island mass effect. The highest values during 2010 were 
also unexpected.

The year 2010 was one of thermal stress when compared to 2012 and 2014, with 
lower mesozooplankton biomass around oceanic islands with an apparent effect of 
high sea surface temperature. Most likely, the results found for the 64-µm mesh  
can be explained by the interaction between spatial and interannual factors since the 
zooplankton biomass was lower in the year under thermal stress (2010) in FNA and 
SPSPA than in RA (Campelo et al. 2019). 

In general, copepods and tintinnid ciliates were the most abundant groups in 
the microzooplankton around RA regardless of the year, transect or time of day 
(Fig. 7.29). However, in 2010, copepods were dominant, and during 2012 and 2014, 
at many stations, the tintinnid ciliates surpassed the abundance of copepods in the 
microzooplankton at some stations distant from the island (1, 2, 3, 4, 9, 10, 11 and 
12) and four onshore stations (5, 6, 7 and 8) (Fig. 7.27). Thompson et al. (1999) 
mention that the patterns of occurrence of Tintinnina are more strongly related 
to environmental factors (i.e., chlorophyll-a, nutrients, and phytoplankton), which 
might be an explanation for their high abundance at the nearshore stations. This 
taxon forms aggregations and assumes strategic behavior when needed, increasing 
the reproductive rate and persisting in favorable areas (Nogueira et al. 2008).
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Fig. 7.28 Zooplankton total abundance and biomass for the years 2010, 2012 and 2014 around 
Rocas Atoll (RA). The surface area of each circle is proportional to abundance (or biomass). X: no 
samples collected. See Fig. 7.27 for the locations of the sampling stations

Fig. 7.29 Relative abundance (%) of total microzooplankton collected with a bongo net (64 µm 
mesh size) between 0–200 m off RA (July and August 2010, September and October 2012 and July 
and September 2014). See Fig. 7.27 for the locations of the sampling stations 

7.6.2 Macrozooplankton Relative Abundance 
at the Fernando de Noronha Archipelago 

The total zooplankton abundance around the FNA did not show significant differ-
ences in abundance between the up- and downstream areas or between the daytime 
and nighttime stations (Fig. 7.30). However, some groups, such as fish eggs, were 
significantly more abundant downstream, indicating the existence of a biomass island 
effect (Doty and Ogury 1956; Meerhoff et al. 2018).

The dominant zooplankton group, in terms of abundance, was calanoid copepods 
(Fig. 7.31, Calan, pink color) (upstream: 66.1%, downstream: 52.1%), mainly during 
the night period (N). Furthermore, gelatinous organisms (mainly chaetognaths,
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Fig. 7.30 Zooplankton total abundance around FNA (July and August 2010). The surface area of 
each circle is proportional to abundance. See Fig. 7.27 for the locations of the sampling stations

Fig. 7.31 Relative abundance (%) of total macrozooplankton collected with a bongo net (500 µm 
mesh size) between 0 and 200 m off the Fernando de Noronha Archipelago (July and August 2010). 
D: Day; N: Night. Zooplankton: Brachy zoeae (Brachyuran zoeae); Calan: (copepods Calanaoida); 
Calicophorae; Chaet. (Chaetognatha) Egg invert. (eggs of invertebrates); Euphaus (Euphauseacea); 
Flaccisagitta; Gastropoda; Penaeiodea; Other (other zooplankton groups). See Fig. 7.27 for the 
locations of the sampling stations 

hydromedusae, siphonophores, thaliaceans, and appendicularians) were also very 
abundant (upstream: 15.2%, downstream: 8.6%), followed by fish eggs (Fig. 7.31, 
blue color), which were particularly abundant downstream (upstream: 0.5%, down-
stream: 20.9%). García et al. (2005) argue that for fish spawning areas (downstream), 
aggregation may be due to the interaction of strong currents with the island topog-
raphy, generating strong lateral frictional contact that can induce mesoscale eddies 
and convergent fronts. In FNA, we observed a similar process and wakes in down-
stream areas (Tchamabi et al. 2017). Studies using oceanic current models to under-
stand this larval island effect are crucial off FNA to support management of the stocks 
of local populations and because FNA seems to be an important source of larvae for 
the tropical Atlantic. 

7.6.3 Zooneuston Abundance 

The total zooneuston abundance around the islands did not show significant differ-
ences in abundance between up- and downstream areas (Fig. 7.32). However, there
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Fig. 7.32 Zooneuston total abundance for Saint Peter and Saint Paul archipelago (SPSP); Rocas 
Atoll (RA) and Fernando de Noronha archipelago (FNA). The surface area of each circle is 
proportional to abundance. See Fig. 7.27 for the locations of the sampling stations 

was significantly higher abundance during nighttime for both layers of neuston, indi-
cating Diel vertical migration (DVM) for both layers (Meerhoff et al. 2018). Similar 
results were recorded by Lira et al. (2014) for the zooneuston community off FNA. 

7.7 The Future of Pelagic Ecosystems off Northern 
and Northeastern Brazil in the Context of Climate 
Change—Scenarios, Challenges, Research Gaps, 
and Perspectives 

The transect results have brought new insights into the seasonal and spatial variability 
of zoo- and ichthyoplankton in unique and very different Brazilian tropical marine 
ecosystems. These study areas include two extremely productive ecosystems: the 
wide and highly productive Pará and Maranhão shelves under the influence of the 
North Brazil current, with macrotidal mangroves and huge continental runoff, with 
estuarine plumes on scales of dozens to hundreds of kilometers. Conversely, all 
other ecosystems analyzed here are characterized by extreme oligotrophy, such as 
the Brazil Current system off Salvador (Bahia), the oligotrophic system at the narrow 
continental shelf off Tamandaré (Pernambuco) and the oceanic islands in the Western
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Tropical Atlantic. Each study area bears unique and different plankton communities 
and shows different, characteristic seasonal cycles. Peaks in abundance and biomass 
are clearly driven by seasonal variations in climate (e.g., rainfall and winds) and 
the seasonal reproductive cycle of adult populations of fishes (ichthyoplankton) and 
macroinvertebrates (meroplankton). 

The considerable seasonal variability, with large peaks in abundance and biomass, 
indicates that these planktonic systems are not stable at all but rather highly dynamic, 
with very strong responses to seasonal variations in climate and hydrography. This 
observation indicates that these systems are prone to show strong and exacerbated 
responses to climate variations in the near future, functioning as “amplifiers” of 
climate signals. Such responses may be drastic changes in the productivity of the 
ecosystem, but they may also manifest as unprecedented shifts in the timing of the 
peaks and blooms, leading to a deleterious disarrangement in the food webs, the 
“trophic mismatch” (Thackeray 2012). 

The expected ecosystem responses are highly complex and totally different 
depending on the study area. In tropical oceanic ecosystems (e.g., off oceanic islands 
and in the Brazil current waters off Salvador), the expected warming and deepening 
of the upper mixed layer (Roch et al. 2021) will most likely lead to increased strat-
ification in the layers above the permanent thermocline and thus to a reduction in 
primary (Gittings et al. 2018) and secondary productivity in the next decades, with 
deleterious consequences for carbon sequestration, oceanic fish stocks (e.g., tuna and 
mackerels), seabirds, and other upper trophic levels. 

For tropical pelagic ecosystems on the continental shelf, the situation is completely 
different, since they usually do not have a permanent thermocline. Here, the tides and 
wind-driven turbulence usually break up any strong thermal stratification, except for 
areas with estuarine plumes. For the nearshore shelf off Tamandaré (Pernambuco— 
Northeastern Brazil), coastal and estuarine processes are very important, especially 
continental runoff. Extreme events, such as very strong rainfall, have drastic conse-
quences for these nearshore ecosystems. Such extreme events off northeastern Brazil 
(and off southeastern and southern Brazil) have considerably increased in inten-
sity and frequency in recent decades, probably due to increased heat content in the 
Western Tropical Atlantic Warm Pool (Fonseca et al. 2017; Espinoza et al. 2021). 
Thus, it is very likely that such events will continue to increase in frequency and 
intensity under global warming. Such events with extremely strong rainfall have 
catastrophic consequences for vulnerable communities in coastal cities (e.g., due to 
landslides and flooding) and for nearshore marine ecosystems (e.g., by killing off 
organisms due to peaks in turbidity, sediment loads and low salinity in coastal coral 
reef ecosystems). 

Understanding the complex pelagic ecosystems at mid-shelf and on the offshore 
shelves and continental slopes off northeastern Brazil is still a major challenge, and 
the prediction of the responses of these systems to future climate change is still 
beyond the scope of current understanding. These key offshore ecosystems, where 
important fisheries occur, have been investigated only in sporadic cruises and clearly 
deserve regular and intensive investigation.
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For the Pará and Maranhão shelves, the dynamics of extensive mangroves, 
the physical and biogeochemical dynamics of the muddy shelf ecosystems and 
future rainfall variability in the whole Amazon and Tocantins-Araguaia basins are 
paramount to define the extent and dynamics of the complex basin-scale estuarine 
plumes. Additionally, the intensive fisheries in these areas, which are among the most 
important fishing grounds in Brazil, may play an important role in regulating these 
North Brazilian shelf ecosystems. 

Continuous plankton monitoring time series (in the context of current and future 
research projects), including in diverse shelf areas and oceanic islands, are paramount 
for better predictions of the responses of tropical pelagic ecosystems to future climate 
change. 
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Chapter 8 
Circulation, Biogeochemical Cycles 
and CO2 Flux Variability in the Tropical 
Atlantic Ocean 
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Abstract The tropical Atlantic (TA) is a very complex region where ocean–atmo-
sphere interactions, oceanic currents, and phenomena such as wave propagations 
and mesoscale activities occur. The region is considered oligotrophic due to rela-
tively strong static stability, with a well-marked thermocline. Seasonality is mostly 
governed by the Intertropical Convergence Zone (ITCZ). The TA is the second-
largest oceanic source of CO2 to the atmosphere subject to equatorial upwelling, 
seasonal variations, and large river discharges, which drive the exchange of CO2 

between the sea and air. Despite the high net CO2 emissions, zones of net atmo-
spheric CO2 uptake exist in the TA. This is mainly linked to the seasonal SST cycle 
and its associated thermodynamic effects on the partial pressure of CO2 in the North 
Equatorial Current, as well as freshwater sources, such as the Amazon River flow. The 
Amazon River continuum and the North Brazilian chain of islands and sea mounts 
compose the equatorial broadband. This region has biogeochemical characteristics 
that distinguish it from eastern Northeast Brazil and sustain most productivity and 
fisheries of the northern and northeastern regions. This chapter summarizes the main 
characteristics of the circulation, biogeochemical cycles and CO2 flux variability in 
the tropical Atlantic Ocean.
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8.1 The Western Boundary Systems of Brazil: General 
Overview 

The tropical Atlantic (TA) is a very complex region where ocean–atmosphere inter-
actions, oceanic currents, and phenomena such as propagation of gravitational waves 
and mesoscale phenomena occur. Climate seasonality in this region is governed by 
the Intertropical Convergence Zone (ITCZ), which reaches its southernmost posi-
tion between February and March (austral summer) (Lumpkin and Garzoli 2005; 
Hounsou-Gbo et al. 2015, 2016). The warmest season occurs between March and 
June when SST reaches values above 28 °C. The coldest season occurs between 
August and November, with SST values of approximately 26.5 °C (Hounsou-Gbo 
et al. 2015; Domingues et al. 2017). 

The tropical Atlantic is characterized by permanent oligotrophic conditions 
outside the areas affected by river discharge (Da Cunha and Buitenhuis 2013) due to 
the relatively strong static stability with a well-marked thermocline, which is season-
ally modulated by the meridional displacement of the ITCZ, controlling the regime 
of precipitation and trade winds (Araujo et al. 2011; Assunção et al. 2020). Southeast 
trade winds blow from June to November, while northeast trade winds are dominant 
from December to May (Geyer et al. 1996; Silva et al. 2005, 2010). The permanent 
thermocline restricts vertical mixing and nutrients up to photic layers and constraints 
biological productivity (Araujo et al. 2019). 

8.1.1 Ocean Circulation 

The upper circulation in the TA comprises the equatorial system (ES) and the Western 
Boundary System (WBS). The first is represented by the zonal flows that connect 
the eastern to the western boundary, while the latter is represented by predominantly 
meridional flows. 

The ES starts with the South Equatorial Current (SEC), which ranges from 20° S to 
4° N. This current is divided into the North (nSEC), Central (cSEC) and South (sSEC) 
branches (Fig. 8.1) (Lumpkin and Garzoli 2005). The nSEC flows in the Northern 
Hemisphere (Lumpkin and Garzoli 2005), and the cSEC flows at approximately 
4° S and presents seasonal variability with a decrease in intensity at the beginning of 
April and November and intensification in the middle of July (Lumpkin and Garzoli 
2005).

The sSEC extends from 8° S to 20° S and reaches the Brazilian continental margin 
between 12° and 20° S (Veleda et al. 2011; Dossa et al. 2021). The bifurcation of 
this branch on the Brazilian coast is controlled by wind stress variability and initiates
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Fig. 8.1 Tropical Atlantic 
(TA) main currents (a), 
eastern Northeast Brazil 
(b) and equatorial broadband 
(c). The white continuous 
lines denote surface currents, 
and the dotted lines denote 
undercurrents. BC: Brazil 
Current; nSEC/cSEC/sSEC: 
north/central/south South 
Equatorial Current; NBC: 
North Brazil Current; 
NECC: North Equatorial 
Counter Current; NBUC: 
North Brazil Undercurrent; 
NEUC: North Equatorial 
Undercurrent; and SEUC: 
South Equatorial 
Undercurrent

the WBS currents: the North Brazil Undercurrent (NBUC) and Brazil Current (BC) 
(Silva et al. 2009a) (Fig. 8.1). The BC runs southward, and the NBUC runs northward 
along the northeastern Brazilian coast (Schott et al. 2005). The period of greatest 
(lowest) NBUC intensity occurs when the position of the sSEC bifurcation is further 
south (north) between May and July (October and December) (Silva et al. 2009a, b; 
Veleda et al. 2011). Additionally, recent studies have pointed out that the position of 
the bifurcation controls current-driven upwelling in Salvador Canyon (13° S) (Aguiar 
et al. 2018). 

At approximately 4° S, the NBUC joins the cSEC initiating the North Brazil 
Current (NBC), which is another WBS current. The shelf off Calcanhar Cape 
(5° S) has been considered the boundary between the Northeast and North Brazilian 
regions. North of Calcanhar Cape, the NBUC-cSEC-NBC current system presents 
a two-core profile (in surface and subpycnocline levels), which evolves then into
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a typical western boundary current profile with a single surface core—the NBC— 
flowing northwestward along the northern Brazilian coast. The NBC has its maximum 
transport in July/August and its minimum transport in April/May (Johns et al. 1998). 
The dynamics on the northern Brazilian continental margin are also influenced by 
the seasonality of the Amazon River (see Sect. 8.4.2). At approximately 2°–3° N, the 
nSEC merges with the North Brazil Current (NBC) (Lumpkin and Garzoli 2005), 
which flows northward to the Caribbean Sea (Schott et al. 2002; Cintra et al. 2015) 
(Fig. 8.1a). The NBC also has strong seasonality, and the strength of the NBC 
retroflection peaks in boreal summer and fall (Richardson and Reverdin 1987). The 
water from the retroflection was observed to be distributed between the North Equa-
torial Undercurrent (NEUC) and lower part of the Equatorial Undercurrent (EUC) 
(Stramma et al. 2005). 

The equatorward flow of the NBUC-NBC contributes to the upper branch of global 
thermohaline circulation, the so-called Atlantic Meridional Overturning Circulation 
(AMOC), and wind-driven subtropical cells (Schott et al. 2004, 2005; Brandt et al. 
2006), which connect the southern warm surface waters to the Northern Hemisphere, 
crossing the TA (Gordon 1986). 

The South Equatorial Undercurrent (SEUC)—a permanent countercurrent in the 
subthermocline layer and at approximately 4.5° S (Cochrane et al. 1979)—is found 
at depths that vary between 200 and 500 m with west–east flow and presents greater 
intensities in the western portion of the Atlantic between July and September (Schott 
et al. 1998, 2002). This current influences Rocas Atoll (RA) and Fernando de Noronha 
Island (FN) (Fig. 8.1c) subsurface dynamics and, similar to the NBUC-NBC, is part 
of the superior branch of the AMOC (Bourlès et al. 1999; Zhang et al. 2019). 

Many authors have confirmed the existence of equatorial current recirculation 
feeding the westward flow and have observed the presence of oxygen-rich waters— 
typically Southern Hemisphere waters—in the SEUC (Arhan et al. 1998). However, 
there is still no consensus on the origins of the SEUC. Some authors have claimed 
that there is no connection between the NBUC-NBC and SEUC (Brandt et al. 2006), 
and others have affirmed that there is a connection between the western boundary 
currents and SEUC (Silveira et al. 1994; Schott et al. 1998, 2002). Schott et al. (2002) 
found that high oxygen values in the SEUC suggest a western boundary origin, while 
Schott et al. (1998) did not observe any contribution of the NBUC to the SEUC and 
rather suggested that the SEUC originates from SEC recirculation. Dossa et al. (2021) 
found that north of 3.8° S, at 35° W, the core of the SEUC extends from 120 to 330 m 
depth with velocities up to 0.2 m/s and transports 2.6 ± 1.2 Sv. Furthermore, the 
water mass at 3.8° S, 35° W, corresponding to the SEUC, is oxygen-depleted in the 
subsurface in the fall (April–May), which is the opposite pattern of the NBUC (Dossa 
et al. 2021). However, in spring (September–October), the NBUC can retroflect to 
feed the SEUC (Goes et al. 2005; Costa da Silva et al. 2021). In summary, little is 
known about the space–time variability of the SEUC, and the origin of this current 
remains unclear.
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8.1.2 Ocean–Atmosphere Teleconnections and Climate 
Variability 

The climate of South America is primarily driven by the variability of the tropical 
Atlantic and Pacific oceans. The El Niño Southern Oscillation (ENSO), which peaks 
in boreal winter in the equatorial Pacific, is known to highly influence the climatic 
variability in South America. During El Niño (La Niña), northern South America 
experiences dry (wet) events, while southeastern South America experiences wet 
(dry) events (Rao and Hada 1990; Grimm et al. 2000). 

In the Atlantic, the interhemispheric mode is the principal mode of variability that 
influences the Northeast Brazilian climate. A positive (negative) north–south gradient 
is associated with a dry (wet) rainy season in Northeast Brazil. The equatorial mode 
or the Atlantic Niño mode, which peaks in boreal summer, is the second mode of 
variability of the TA. Previous studies have shown that this equatorial mode interacts 
with ENSO through atmospheric bridges (Rodriguez-Fonseca et al. 2009; Keenlyside 
et al. 2013). The Atlantic Niño (ATL3 index), calculated from SST anomalies in the 
3° N–3° S, 20° W–0° region, is negatively correlated with the winter Pacific ENSO 
(Niño3 index), calculated from SST anomalies in the 5° N–5° S, 150° W–90° W 
region, with the Atlantic leading the Pacific by one season. Positive SST anomalies 
in the equatorial Atlantic in summer are associated with negative SST anomalies in 
the eastern equatorial Pacific several months later (Losada and Rodríguez-Fonseca 
2016; Cai et al. 2019). This connection was strong during the first and last decades 
of the twentieth century and weak between these periods (Martín-Rey et al. 2015; 
Lübbecke et al. 2018). 

In addition to the summer Atlantic Niño, the equatorial Atlantic is also charac-
terized by a second Atlantic Niño mode in boreal winter (hereafter called winter 
Atlantic Niño), which is much weaker than that of the summer. Hounsou-Gbo 
et al. (2020) investigated the influence of both summer and winter Atlantic Niño 
on ENSO and South American climate variability for the 1905–2014 period. The 
results indicated that the winter Atlantic Niño is also negatively correlated with 
ENSO, with the Atlantic leading the Pacific by 2–3 seasons (Hounsou-Gbo et al. 
2020). This winter Atlantic Niño leads to an early development of ENSO from 
boreal summer onward, with a noticeable multidecadal modulation of the lead 
time. A nearly 1-year leading connection between winter Atlantic Niño and the 
following ENSO was generally observed in the mid-twentieth century, mainly when 
the summer Atlantic Niño teleconnection with the subsequent winter ENSO was 
weak. Furthermore, Hounsou-Gbo et al. (2020) suggested that the same mecha-
nism of the Atlantic–Pacific Niño teleconnection operates during both summer ATL3 
and winter ATL3 events. Positive/negative SST anomalies in the equatorial Atlantic 
affect the Walker circulation with anomalous ascending/descending branches in the 
Atlantic and descending/ascending branches in the central equatorial Pacific. These 
perturbations in the zonal atmospheric circulation drive anomalous easterly/westerly 
surface winds favorable for ENSO development (Keenlyside et al. 2013; Losada and
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Rodríguez-Fonseca 2016). However, the lead time of the strongest negative corre-
lation between the winter Atlantic Niño and the following winter Pacific ENSO is 
clearly higher than that previously identified (i.e., summer ATL3 through subsequent 
winter ENSO) (Fig. 8.2).

Both the summer and winter Atlantic Niño events can be relevant for Pacific ENSO 
predictability (Hounsou-Gbo et al. 2020). The advantage of the winter Atlantic Niño 
is that it could bridge the spring barrier to ENSO prediction. Nevertheless, the mech-
anisms of this delayed oceanic response in the equatorial Pacific are still not well 
known. The Atlantic–Pacific teleconnection is associated with variability in each 
basin at a multidecadal timescale that can be modulated by the Atlantic Multidecadal 
Oscillation (AMO). Recent studies have indicated that the AMO can modulate the 
multidecadal variability of the Atlantic equatorial mode (Martín-Rey et al. 2018), 
although there are still several uncertainties regarding the mechanisms that control 
the variability of the equatorial Atlantic from seasonal to decadal timescales. Some 
authors have indicated that the variance in the Atlantic Niño depends primarily on 
thermodynamic feedback rather than on the dynamic interaction between the ocean 
and atmosphere (Nnamchi et al. 2015). Other studies have supported the impor-
tant contribution of dynamic processes to the variability of the equatorial Atlantic 
(Jouanno et al. 2017). Other mechanisms, such as meridional advection of SST 
anomalies from the north to the equator and reflection of Rossby waves in the western 
boundary, have also been suggested to generate the Atlantic Niño (Lübbecke and 
McPhaden 2012; Lübbecke et al. 2018). 

Summer Atlantic events indirectly impact South American rainfall variability 
during boreal winter and spring through their teleconnection with Pacific ENSO 
(Hounsou-Gbo et al. 2019, 2020). The winter Atlantic events also influence the 
seasonal precipitation of South America in two ways. First, these events affect the 
spring northern Northeast Brazil (NEB) rainfall through evolution into the meridional 
mode of the tropical Atlantic (Okumura and Xie 2006; Hounsou-Gbo et al. 2020). 
Winter Atlantic events can also influence South American precipitation through their 
connection to the following year’s ENSO (Hounsou-Gbo et al. 2020). 

The influence of the positive/negative phase of the Atlantic interhemispheric 
mode and El Niño/La Niña are mainly strong over the northern part of NEB in late 
boreal winter and early spring. In eastern NEB (5°–11° S; 34.5°–37° W), the rainy 
season, which peaks in austral winter from May to July (MJJ), is mainly linked to 
events occurring in the tropical South Atlantic, such as easterly disturbance activities 
(Kouadio et al. 2012; Silva et al. 2018). The seasonal establishment of the southern 
ITCZ (Grodsky and Carton 2003) also coincides with the rainy season in eastern 
NEB. This southern ITCZ is associated with atmospheric convection and rainfall 
over warm waters in the southwestern Atlantic warm pool, around June–July. 

Hounsou-Gbo et al. (2015, 2019) investigated how earlier (nearly 6 months of 
lead time) oceanic–atmospheric conditions in the tropical South Atlantic influence 
the climate of eastern NEB. They identified a significant positive relationship between 
the eastern NEB rainfall anomalies and the SST anomalies in the southeastern tropical 
Atlantic (SETA), when the SETA leads rainfall by 4–6 months (Fig. 8.3a). This 
positive relationship passes through the oceanic portion near the eastern coast of
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Fig. 8.2 Lead–lag correlation, with a 25-year running window, between the Niño3 (5° N–5° S, 
150°–90° W) SST index and ATL3 (3° N–3° S, 20° W–0°) SST index in a July–September [JAS(0)] 
and b October–December [OND(0)]. The horizontal black lines at JAS(0) in a and OND(0) in b 
indicate the zero-lag correlation between ATL3 and Niño3. The values on the y-axis are the 3-month 
mean of Niño3. Values below horizontal black lines in a and b indicate Niño3 leading the ATL3. 
Values above the horizontal black lines in a and b indicate Niño3 lagging ATL3. The green contours 
show correlations significant at the 95% confidence level using a t test. SST data are from HadISST 
(Hadley Center Global Sea Ice and Sea Surface Temperature) for 1900–2018
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Brazil during the rainy season (Fig. 8.3b) (Cintra et al. 2015; Silva et al. 2018), 
where the signal of the southern ITCZ is large (Hounsou-Gbo et al. 2019). These 
results indicate that a portion of the SST anomalies in the SETA region in boreal 
winter (November–January) migrates westward to the NEB coast (Hounsou-Gbo 
et al. 2015). Therefore, the interannual variability in the southern ITCZ should be 
related to the westward propagating SST anomalies from the eastern tropical South 
Atlantic. The positive SST anomalies in NDJ are also associated with an anomalous 
cyclonic surface atmospheric circulation (i.e., a convergence of surface winds) near 
the coast in May–July (MJJ). The positive SST anomalies, located near the eastern 
NEB coast, are also associated with anomalously low surface pressure and an upward 
vertical velocity at 500 hPa (Fig. 8.3c).

The predictability of rainfall over several months in NEB, a largely semiarid 
region, is fundamental for water resource decision-making, on which several millions 
of people depend. Currently, several climate forecast centers use the Pacific Niño 
indices and the Atlantic “dipole” index to forecast the seasonal rainfall in NEB 
(mainly limited to northern NEB), but this forecast is provided for relatively short 
lead times, i.e., just before and/or during the rainy season. Therefore, the surface 
conditions in the tropical South Atlantic, and especially SST anomalies near the 
African coast, may be relevant for predicting seasonal precipitation several months 
in advance in eastern NEB. Hounsou-Gbo et al. (2019) indicated that the combination 
of the tropical South Atlantic index with ENSO could clearly improve the forecast 
ability of eastern NEB rainfall over several months. 

Finally, current climate model simulations present large warm systematic errors 
in the tropical Atlantic, mainly in the eastern equatorial Atlantic and in the Benguela 
region (Lübbecke et al. 2018). Accordingly, a better understanding of the mecha-
nisms that drive Atlantic Niño variability from seasonal to decadal timescales and its 
teleconnection to other tropical basins should improve the predictability of ENSO and 
associated climate impacts for future years. Additionally, in situ measurements and 
long-term monitoring systems would be very relevant for South American climate 
predictability. This could be achieved, for instance, through an extension of the 
“Prediction and Research Moored Array in the Tropical Atlantic” PIRATA network 
(Bourlès et al. 2019). 

8.2 Biogeochemical Cycles and CO2 Flux 

The tropical Atlantic is the second-largest oceanic source of CO2 to the atmosphere 
after the tropical Pacific (Takahashi et al. 2009; Araujo et al. 2019). This oceanic 
region is subject to equatorial upwelling (Andrié et al. 1986), seasonal variations 
(warming/cooling, seasonal migration of the Intertropical Convergence Zone), inter-
annual climatic variability (Lefèvre et al. 2013), and large river discharges (Jacobson 
et al. 2007), which drive sea–air CO2 exchanges. Takahashi et al. (2009) estimated 
the total sea–air CO2 flux in this region to be 0.10 Pg C yr−1 (2000 reference year).
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Fig. 8.3 Maps of the lagged linear correlation between the May–July(0) [MJJ(0)] rainfall anomalies 
in eastern NEB (black box in a and b, from Global Precipitation Climatology Center—GPCC) 
and the gridded SST anomalies (color, from the Hadley Center Global Sea Ice and Sea Surface 
Temperature—HadISST) in a November–December(−1)–January(0) [ND(−1)J(0)] and b May– 
July(0) [MJJ(0)]. The vectors represent the linear correlation (significant at the 95% confidence 
level according to the t test) between the rainfall anomalies in eastern NEB and the surface wind 
vectors (u and v; from the NCEP anomalies). The contours in a and b indicate regions of significant 
correlation at the 95% confidence level for SST anomalies. c Map of the lagged linear correlation 
between the SSTA inside the southeastern tropical Atlantic (SETA; 10° S–25° S, 10° W–10° E; 
oceanic black box) in ND(−1)J(0) and the gridded SST (shaded), surface wind (vectors), 500 hPa 
vertical velocity (triangles; green triangle-up indicates upward motion and brown triangle-down 
indicates downward motion) and sea level pressure (contours) anomalies within the entire tropical 
Atlantic in MJJ(0) for the 1960–2018 period. Only the correlations that are significant at a 95% 
confidence level, according to the t test, are plotted for all variables in (c)

The western tropical Atlantic Ocean (WTA) is an area whose participation in 
global inorganic carbon cycling is not completely understood. Despite the net CO2 

outgassing recorded in the tropical Atlantic, zones of net atmospheric CO2 uptake 
exist, which are mainly linked to the seasonal cycle of sea surface temperature (SST) 
and its associated thermodynamic effects on the partial pressure of CO2 (pCO2) in  
the North Equatorial Current (Ibánhez et al. 2015), as well as freshwater sources to 
the basin. 

Recent research efforts in this area have constrained the relationships between 
carbon parameters and temperature (SST), salinity (SSS) and chlorophyll-a (Bonou
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et al. 2016; Bruto et al. 2017; Araujo et al. 2019). Araujo et al. (2019) used a combi-
nation of long series of SST, SSS and chlorophyll-a data from regional and global 
databases to identify patterns in the annual cycle (climatological means) in the WTA. 
These authors also used data acquired during oceanographic cruises as part of the 
REVIZEE Program (Assessment of the Sustainable Potential of Living Resources 
in the Exclusive Economic Zone—North and Northeastern Brazil) to estimate the 
temporal variability of the main parameters of the carbonate and nutrient system. 

The 1955–2012 time series showed that the climatological SST data exhibit a 
strong seasonal cycle in the northeastern region, while the SSS data in the northern 
region do not vary significantly throughout the year (Fig. 8.4). The largest annual 
SSS variations were observed in the northern region, while in the northeastern region, 
the range of variation in SSS values was lower than 2 units (Fig. 8.4). 

Satellite records and in situ observations showed that the northern region is char-
acterized by average chlorophyll-a concentrations that are one order of magnitude

Fig. 8.4 SST and SSS (monthly mean ± SD; n = 57) climatology in the tropical Atlantic (1955– 
2012). Chlorophyll-a (monthly mean ± SD; n = 11) (2°–12° S; 30°–40° W, 4 km resolution). 
The dashed-line boxes in the figure indicate the periods with the highest and lowest observed SST 
values. Araujo et al. (2019) 
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higher than those in the northeastern region (with average values of 1.0 ± 0.3 and 
0.1 ± 0.02 mg m−3, respectively) (Fig. 8.4). 

According to Araujo et al. (2019), the strong fluctuations observed in SSS were a 
result of high discharge in the northern region. The amplitude of SST was influenced 
by mixtures of diverse water masses, such as the South Equatorial Current (SEC) 
and the southern branch of the South Equatorial Current (sSEC) (Fig. 8.5). Addi-
tionally, these authors considered differences in time periods between the different 
cruises, with the seasonal SSS distribution in the northern region related to the 
periods of maximum (April–June) and minimum (October–December) discharge 
of the Amazon River. The lowest SSS values (< 15 units) were found from April to 
June (N3), and the highest SSS values (> 35 units) were found between October and 
December (N2) (Fig. 8.5f, e respectively). In the NE region, the recorded SSS showed 
a smaller amplitude than that in the N region (35.3–37.4), which was attributed to 
the lack of large freshwater inputs (Fig. 8.5e, g).

The concentrations of dissolved inorganic nitrogen (DIN), PO4
− and SiO2

− were 
higher in the N region than in the NE region, mainly due to fluvial input (Araujo 
et al. 2019). Nitrogen: phosphorus (N:P) ratios of < 16 and oxygen supersaturation 
were observed within the Amazon plume (Araujo et al. 2019). The concentrations 
of riverine nutrients in the N region support primary production occurring in the 
offshore plume area (Fig. 8.6a, e, i).

Estimates of the main parameters of the carbonate system (pCO2, alkalinity and 
CO2 fluxes) at the western edge of the tropical Atlantic Ocean showed significant 
statistical variations between the region near the Amazon River (north) and the 
oceanic region of northeastern Brazil (Araujo et al. 2019) (Fig. 8.7e, f).

The pCO2 values observed in the NE region (average: 379± 16 µatm) were higher 
than those observed in the N region (average: 355 ± 52 µatm). The calculated pCO2 

values reached 423 µatm in the oceanic region offshore of the NE region during the 
warmer period (Fig. 8.7b, NE3 campaign) (Araujo et al. 2019). The pCO2 values 
presented an average amplitude of ~ 23 µatm between the two opposite periods 
[high SST (NE2 and NE3)–low SST (NE1 and NE4)], which is concomitant with a 
difference in SST of 1.4 °C observed between both periods. 

The average sea–air CO2 fluxes estimated ranged from −1.2 ± 2.6 to +2.0 ± 
1.0 mmoles m−2 d−1. The N campaigns showed negative average fluxes (range of 
−1.2 ± 2.6 to +0.5 ± 2.1 mmoles m−2 d−1), while in the NE region, the estimated 
average CO2 flux ranged from +0.3 ± 0.3 to +2.0 ± 1.0 mmoles m−2 d−1 (Araujo 
et al. 2019) (Fig. 8.7e–h). 

The largest negative sea–air CO2 fluxes in the N region occurred during the period 
of high discharges of the Amazon River (Fig. 8.7f). The NE region showed positive 
CO2 fluxes (acting as a CO2 source to the atmosphere) during all periods (Fig. 8.7e– 
h). The highest CO2 fluxes were associated with periods of high SST in the study 
area (Araujo et al. 2019) (Fig. 8.7e–h). 

The variability in the sea–air CO2 fluxes in the N and NE regions was explained 
by variations in biological activity and the thermodynamic effect of temperature, 
respectively. The surface water pCO2 values showed a positive temporal trend (+1.10 
± 0.2 µatm yr−1) in the NE region during the 1987–2010 period (Araujo et al. 2019).
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Fig. 8.5 a–d SST and e–h SSS (in the tropical Atlantic during REVIZEE cruises). The campaigns 
are grouped by climatic periods (N2 and NE4—October to December; N3 and NE3—April to June; 
N4 and NE1—July to September; and NE2—January to March). Araujo et al. (2019)
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Fig. 8.6 a–d DIN, e–h PO4 and i–l SiO2 concentrations in the western tropical Atlantic during 
REVIZEE cruises. The campaigns were grouped by climatic periods (N2 and NE4—October to 
December; N3 and NE3—April to June; N4 and NE1—July to September; and NE2—January to 
March). Araujo et al. (2019)

This rate of increase was lower than that verified to have occurred in the atmosphere 
(+1.72 ± 0.01 µatm yr−1) during the same period. 

The spread of the Amazon River waters in the western tropical Atlantic is known 
to have developed an extensive area of enhanced primary production and associated 
CO2 undersaturation; it thus acts as an atmospheric CO2 sink of global relevance 
(Ibánhez et al. 2015, 2016; Araujo et al. 2019). The systematic overlooking of this 
significant atmospheric CO2 sink has resulted in the current sea–air CO2 balances
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Fig. 8.7 a–d pCO2 values in the western tropical Atlantic during REVIZEE cruises. e–h CO2 
fluxes in the western tropical Atlantic during REVIZEE cruises. The campaigns were grouped by 
seasonality (N2 and NE4—October to December; N3 and NE3—April to June; N4 and NE1—July 
to September; and NE2—January to March). Araujo et al. (2019)
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for the equatorial Atlantic being overestimated by approximately 10% (Ibánhez et al. 
2016). 

Rivers and estuaries play an important role in the transport and transformation of 
terrestrial carbon to the adjacent coastal zone and typically act as sources of CO2 

to the atmosphere (Noriega and Araujo 2014). In addition, anthropogenic input can 
change the biogeochemical composition of rivers and estuaries, changing the quality 
of coastal waters and leading to eutrophication processes. Very little is known about 
the seasonal and interannual variability of the CO2 flux at the air–water interface 
in rivers and estuaries in the western tropical Atlantic (WTA), particularly in the 
northeastern region of Brazil. 

The global exchange of CO2 between inner estuaries and the atmosphere was 
recently evaluated using data from 106 systems (Chen et al. 2012). The estimated 
global emissions of 0.26 Pg C yr−1 from these systems are lower than previous 
estimates, which have been in a range of 0.27–0.60 Pg C yr−1 (Borges 2005; Laruelle 
et al. 2010). However, all recent studies have reported higher values than those first 
reported (0.1 Pg C yr−1) (Kempe  1984). 

Estuaries at low (tropical) latitudes have received less attention, although the total 
surface area of low latitude estuaries is greater than that of estuaries in middle and 
high latitude systems (Borges 2005). Chen et al. (2012) estimated that the mean CO2 

flux in estuaries at low latitudes (<23.5°) is 23.9 ± 39.5 mol m−2 yr−1. Sarma et al. 
(2012) reported a mean CO2 flux of 27 mmol m−2 d−1 from 27 Indian estuaries. 
Borges et al. (2005) noted that these current calculations are based on very limited 
datasets from subtropical and tropical regions. Two studies in tropical estuaries in 
northeastern Brazil reported values of + 30 and + 35.6 mmoles m−2 d−1 (Souza 
et al. 2009; Noriega et al. 2013, respectively). 

In the WTA, the primary freshwater contributions originate from the Amazon, 
Orinoco, São Francisco and Paraíba do Sul rivers (Fig. 8.8) (Araujo et al. 2014). The 
inflow of the rivers varies seasonally, with a maximum in May and a minimum 
in November (Geyer et al. 1996; Dai and Trenberth 2002). Another study that 
included 28 estuaries in northern and northeastern Brazil reported a value of 55 
± 45 mmol m−2 d−1 (Fig. 8.9) (Noriega and Araujo 2014). Additionally, a negative 
correlation between dissolved oxygen saturation and pCO2 was observed, indicating 
a control by biological processes and especially by organic matter degradation. This 
led to an increased dissolved CO2 concentration in estuarine waters, which resulted 
in pCO2 values that reached 8638 µatm (Noriega and Araujo 2014), which led these 
authors to suggest that northern and northeastern Brazilian estuaries act as sources 
of atmospheric CO2.

In general, the estuarine systems of the great rivers emptying in the tropical 
Atlantic Ocean (Fig. 8.8) (Araujo et al. 2014) show lower CO2 fluxes than those from 
northeastern Brazil studied by Noriega and Araujo (2014). Noriega and Araujo (2014) 
detected a strong negative correlation between the saturation of dissolved oxygen 
(DO%) and pCO2 (r2 = 0.92), suggesting that intense organic matter decomposition 
in estuaries, either in the water column or the sediment, results in a decrease in pH 
and enhanced pCO2 values. Other processes, such as direct groundwater discharge,
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Fig. 8.8 a CO2 flux (mmols m−2 d−1) in the estuaries of the main rivers that flow into the tropical 
Atlantic during the low discharge period of these rivers. b CO2 flux during the period of high flow 
of these rivers. c Annual average values of CO2 flux. The red circles (+) indicate CO2 sources to 
the atmosphere, and the blue circles (−) indicate atmospheric CO2 sinks. Araujo et al. (2014)
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Fig. 8.9 CO2 fluxes (levels) of 28 northeastern Brazilian estuaries (after Noriega and Araujo 2014). 
Estuaries: 1. Guajará Bay, 2. Marapanim, 3. São Marcos Bay, 4. Catú, 5. Jaguaribe, 6. Apodí, 7. 
Conchas, 8. Cavalos, 9. Assu, 10. Ceará-Mirim, 11. Potengi, 12. Guaráiras, 13. Paraíba, 14. Goiana, 
15. Timbó, 16. Capibaribe, 17. Barra das Jangadas, 18. Sirinhaem, 19. Una, 20. São Francisco, 21. 
Poxim, 22. Real, 23. Itapicuru, 24. Paraguaçú, 25. Cachoeira, 26. Cururupe, 27. Acuíıpe, and 28. 
Caravelas

biogeochemical reactivity at seepage faces or benthic organic matter processing, 
could also influence the observed surface water composition in these estuaries. 

Similar to pCO2,CO2 fluxes also accompany this association. Noriega et al. (2015) 
also showed that population density exhibits a strong correlation with positive CO2 

fluxes (source of CO2 to the atmosphere) when compared to local climate variations 
such as rainfall. Scattered data suggest that some of these areas are already showing 
signs of eutrophication. 

If we now consider the main characteristics of the large estuarine systems of the 
tropical Atlantic Ocean (Table 8.1), it can be observed that CO2 fluxes, dissolved 
inorganic nitrogen-DIN, dissolved inorganic phosphorus-DIP and dissolved inor-
ganic carbon-DIC are significantly lower in the western estuarine systems than in 
the eastern estuarine systems of the tropical Atlantic. Among the possible causes, 
we can mention the following: (i) lithological composition, as African watersheds 
have a higher percentage of sand and sandstone, while western basins have a higher 
percentage of shale rock; (ii) the load of organic carbon is higher in the eastern rivers 
than in the western rivers.

Additionally, according to Amiotte Suchet et al. (2003), variations in hydrocli-
matic factors (precipitation, runoff and temperature) have a great influence on the
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Table 8.1 Statistical analysis of categories 

Categories Spatial 

Parameters Western river estuaries 
(Orinoco, Amazon, São Francisco and 
Paraíba do Sul) 

Eastern river estuaries 
(Volta, Niger and Congo) 

Discharge (m3 s−1) 52,870 15,236 

Temperature (°C) 26.8 27.4 

Salinity 6.9 11.1 

DIP (µmol kg−1) 0.6 2.2 

DIN (µmol kg−1) 10.4 14.8 

Silicate (µmol kg−1) 117.6 115.8 

Iron (nmol kg−1) 11.3 40.7 

DO (µmol kg−1) 205.7 214.0 

DOC (µmol kg−1) 388.4 480.4 

DIC (µmol kg−1) 680.7 1013.4 

TA (µmol kg−1) 685.8 1037.8 

pCO2 (µatm) 501.6 675.3 

FCO2 (mmol m2 d−1) +5.3 +10.6 

Numbers in bold indicate significant differences (α = 0.05). The temporal analysis includes the 
three wettest months and the three driest months of each river estuary (Araujo et al. 2014)

global CO2 consumed by rock weathering and on the riverine transport of dissolved 
elements into the oceans. 

8.3 The Eastern Northeast Brazilian Offshore Region: 
Connecting the Central Atlantic 

As presented in the previous section, there is a significant difference between the 
region under the influence of the Amazon River plume and the eastern Northeast 
region of Brazil. Eastern Northeast Brazil comprises the continental margin from 
4° S to 16° S (Fig. 8.1b). 

Eastern Northeast Brazil is under the influence of the western boundary system 
represented by the BC and the NBUC-NBC (Fig. 8.1a), fed by central Atlantic 
waters transported and modulated by the sSEC. The region is dominated by South 
Atlantic water masses: the tropical Atlantic water (TW) is located at the surface 
(0–100 m) (temperature > 25 °C and isopycnals σ θ = 23–24.5 kg m−3); just below, 
the subtropical Underwater (SUW) flows between 80 and 150 m (maximum salinity 
> 36.5; σ θ < 25 kg m−3); then, the South Atlantic Central Water (SACW) flows 
down to 500 m (temperature between 10 °C and 23 °C; salinity > 35; 24.5 < σ θ < 
27 kg m−3); and finally, the Antarctic intermediate water (AAIW) flows at greater
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depths (low salinity and σ θ > 27 kg m−3) (Dossa et al. 2021). The SACW originates 
in the subtropical South Atlantic and crosses the ocean from the Agulhas leakage; 
the TW originates from the surface circulation of the tropics and subduction in the 
tropical–subtropical transition region; and the AAIW originates at the surface of the 
circumpolar layer (Schott et al. 1998). 

Regarding the seasonality of the regional circulation, current measurements 
acquired during the ABRACOS surveys (Bertrand 2015, 2017) indicate that the 
NBUC is trapped along the NEB coast between 9° S and 5° S. Its maximum velocity 
is on average located at approximately 200–300 m depth and could locally reach 
1.2 m/s in spring 2015, in agreement with Silveira et al. (1994), among others. The 
NBUC carries equatorward high-salinity and oxygen-enriched South Atlantic water 
within its core and exhibits higher transport in spring than in fall (Bourlès et al. 1999). 
These results provide additional information to previous studies based on both in situ 
data (Stramma et al. 1995; Schott et al. 2005; Veleda et al. 2012; Hummels et al. 2015; 
Herrford et al. 2020) and numerical simulations (Rodrigues et al. 2007; Silva et al. 
2009a; Veleda et al. 2011; Herrford et al. 2020). These studies reported a seasonal 
variability in the near-surface sSEC-NBUC-BC system transport associated with 
changes in the local wind stress curl due to the annual north–south excursion of the 
ITCZ. Indeed, in austral winter, the sSEC bifurcation latitude reaches its southern-
most position, NBUC transport is higher and BC transport is lower (e.g., Rodrigues 
et al. 2007; Silva et al. 2009a). In contrast, the near-surface sSEC bifurcation latitude 
is located at its northernmost position during austral summer, when NBUC transport 
is seasonally lower and BC transport is higher. The wind velocity follows this pattern, 
with the highest values (> 9 m s−1) between August and December and the lowest 
velocities (< 8 m s−1) in April–May (Domingues et al. 2017). 

The equatorward increase in NBUC strength is usually accompanied by an 
increase in its core. As previously described (e.g., Schott et al. 1998), this increase is 
attributed to Ekman drift, which is less intense north of the area (Stramma et al. 1995). 
Indeed, the westerly driven Ekman drift is south-westward in the region, constraining 
the equatorward flow to the subsurface from its origin to approximately 5° S, from 
where it decreases. Another reason for the latitudinal variation in the NBUC along 
the NEB continental slope is the orographic effect. Dossa et al. (2021) observed, 
irrespective of the season, a change in the zonal flow, shifting from eastward south 
of 7.5° S to westward farther north, and the intensification of the equatorward flow 
between 8° S and 7° S. This consistency suggests that the coastal curvature affects the 
mean nearshore circulation characteristics. In fact, using a two-layer model, Ou and 
De Ruijter (1986) pointed out that boundary currents are subjected to a separation 
where a positive coastal curvature occurs, being dominantly controlled by inertial 
and beta effects. 

An aspect of the local current dynamics that seems to not be directly affected by 
seasonality is the crucial transition area where the SEUC and the NBC originate and 
which is located north of 5° S, between 36.5° W and 34.5° W (Schott et al. 1998; 
Bourlès et al. 1999; Goes et al. 2005). Dossa et al. (2021) provided a comprehensive 
description of the NBUC/NBC transition, its interaction with the cSEC, and further 
evidence about the origin of the SEUC. Although the situation described is based
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only on data from fall 2017, the feature and position of this transition may not 
significantly vary according to the season. Indeed, surface currents are stronger in 
this transitional area during fall than in spring, but the position where the geostrophic 
current increases is similar. In this area, the NBUC and cSEC coalesce to form the 
NBC as already reported in previous studies (Stramma et al. 1995; Schott et al. 
1998). Moving to the west, a clear distinction between the NBC and cSEC is no 
longer possible in the upper layer. 

One overarching question in the literature is the development of the NBUC after 
crossing 5° S. After the generation of the NBC in the upper layer, a subsurface part of 
the NBUC continues flowing in the same direction as the NBC. The increase in NBUC 
transport from 6.1 to 11.5 Sv south of 5° S to 15.8 ± 4.6 Sv north of this latitude at 
35° W implies that the contribution of the cSEC to the western boundary equatorward 
flow is not restricted to the upper layer. The subsurface cSEC contribution maintains 
the NBUC flow northwestward after the formation of the NBC in the upper layer 
(Goes et al. 2005). 

Farther south, a study was conducted by Aguiar et al. (2018) to investigate 
upwelling and uplift events from 2008 to 2012 in the southern branch of the South 
Equatorial Current bifurcation region in the Salvador Canyon near 13° S. The main 
results showed a clear seasonality in sea surface temperature, with cold anomalies 
related to upwelling events occurring preferentially from austral spring to summer 
(September to March). In turn, uplift events occurred more evenly throughout the 
year, with a higher frequency during the autumn/winter period. In general, uplift 
exhibited an approximately two times higher frequency of occurrence and lasted 
longer than upwelling across the region. Upwelling and uplift were enhanced in 
Salvador Canyon in comparison with the remaining domain. Both current and wind-
driven mechanisms were responsible for the observed upwelling/uplift events (Aguiar 
et al. 2018). The mechanisms are similar to those of the wind field (E/NE), and the 
West Boundary Current (WBC), formed when the sSEC is located north of the 
domain, favors upwelling during the spring/summer period. During autumn and 
winter, the region is under upwelling-unfavorable conditions. The main difference 
between upwelling and uplift phenomena in the region is the magnitude of the 
forcing mechanisms. Wind transport is stronger than WBC transport in the canyon 
region, and the latter increases southward, overcoming wind transport. Therefore, 
wind-driven mechanisms predominantly induce upwelling/uplift processes, with the 
current-driven mechanism providing an additional contribution. 

Presently, investigations regarding flow–topographic interactions are still being 
carried out in eastern Northeast Brazil (Silva et al. 2021a). 

8.4 The Equatorial Broadband 

The Brazilian equatorial broadband is a region that encompasses the coastal, shelf and 
oceanic zones adjacent to the northern and northeastern regions of Brazil, extending
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from 31.30° W to 52° W and including the oceanic islands and seamounts of the 
North Brazilian Chain (Fig. 8.1c). 

8.4.1 The North Brazil Chain 

The North Brazil Chain, which includes Rocas Atol (RA), Fernando de Noronha 
Island (FN), and submarine banks (Fig. 8.1c), notably host high biomass and biodi-
versity when compared with those of open-water oceanic regions (Morato et al. 
2008; Pitcher et al. 2008; Koettker et al. 2010). The presence of these geological 
features serves not only as shelter and physical substrate for the development of 
several species but also induces a variety of flow phenomena. 

For example, flow topographic interactions (FTIs) can promote turbulence and 
mixing, localized upwelling, formation of a Taylor column and/or induce an “island 
mass effect” (IME) (Doty and Oguri 1956). These processes can increase nutrient 
transfer from deeper to shallower waters (Flagg 1987) and can thus enhance primary 
production (Cushman-Roisin 1994), reflecting the concentration of chlorophyll-a in 
surface water (Souza et al. 2013). Indeed, some studies have suggested that significant 
chlorophyll enrichment near ocean islands is linked to the IME (Doty and Oguri 
1956). 

The IME phenomenon refers to the disturbance induced by an island, which 
changes the dynamics of ocean circulation around these areas, causing moderately 
deep water that is rich in nutrients to rise into the photic zone (Palacios 2002; Melo  
et al. 2012; Lira et al. 2014; Tchamabi et al. 2018). According to Gove et al. (2016) 
and Tchamabi et al. (2017), the current wakes create eddy vortices downstream 
of the island, which increases the mixing rate, and transport deep nutrients and 
CO2-rich waters to the surface (small-scale upwelling), promoting the increase in 
productivity. However, these vortices are controlled by several factors, such as the 
incoming current velocity, island size, surrounding bathymetry and generated internal 
waves (Gove et al. 2006). FN and RA are both influenced by the westward flow of the 
cSEC and the deeper eastward SEUC (Fig. 8.1c). Oceanic areas near FN and RA are 
energetic regions subjected to strong seasonally driven features, such as the complex 
system of zonal equatorial currents and countercurrents, confluence of water masses, 
or trade wind systems (Araujo et al. 2011; Tchamabi et al. 2017, 2018; Foltz et al. 
2019). Several studies have suggested that the high productivity found in both is a 
result of locally induced topographic upwelling, which does not reach the sea surface 
(Ekau and Knoppers 1999; Travassos et al. 1999; Becker 2001). Moreover, it was 
shown that primary production and ichthyoplankton and neuston abundance appear 
to increase in areas adjacent to FN and AR (Chaves et al. 2006). Souza et al. (2013) 
showed that nutrients exhibit an inverse linear relationship with temperature in FN 
and RA. Cordeiro et al. (2013) showed an increase in the concentration of integrated 
chlorophyll over a 100 m depth in the wake of FN and RA when compared to the 
concentration upstream of these islands. Jales et al. (2015) also noticed a significant 
increase in most environmental variables due to the turbulence downstream of AR.
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They found that the concentration of chlorophyll-a and nutrients increased when the 
mixed layer temperature was reduced due to the influence of SACW. 

Tchamabi et al. (2017) investigated oceanic current wake-induced distur-
bances/alterations occurring around FN and AR. Their results supported the IME 
hypothesis regarding the high productivity of subsurface waters generally observed 
on the western side of these islands. To account for the topographic effects on ocean 
dynamics, they performed two different numerical simulations using the Regional 
Oceanic Modeling System (ROMS). The first included FN and RA (Scenario I), 
and the second included the artificial removal of the island and atoll (Scenario NI). 
Scenario I reproduced well the wakes that give rise to the development of eddies 
downstream of FN and RA. These mesoscale structures had a strong influence on 
the thermodynamic properties. In the presence of FN and RA, on the western side 
of both, shoaling of the mixed layer was observed throughout the year. Additionally, 
the increase in mixing at the base of the mixed layer induced subsurface cooling, 
which was enhanced in the downstream portion of FN and RA, particularly when 
the cSEC was stronger (Fig. 8.10a, b). 

Tchamabi et al. (2017) also showed that the chlorophyll-a concentration was 
higher downstream of FN and AR (Fig. 8.10c, d) and suggested that this pattern

Fig. 8.10 Difference (I-NI) of the mixing term representing mixed layer temperature tendency 
(°C d−1) for cooling for RA (a) and  FN  (b). Chlorophyll concentration (in mg m−3) annual mean 
(2003–2014) from MODIS surrounding RA (c) and  FN  (d). Tchamabi et al. (2017) 
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was a result of the IME mechanism (Souza et al. 2013; Tchamabi et al. 2017). 
These authors argued that the impact of the current disruption due to the bathymetry 
of FN and RA could induce turbulent mixing, facilitating the enrichment of nutri-
ents from the subsurface to the euphotic layer and promoting high productivity. 
According to Tchamabi et al. (2017), there is no evidence of a cold spot in these 
surface waters despite the identification of mixing in the water masses. However, 
the IME can contribute to enhancing biological productivity, and potential fisheries 
surrounding these islands are considered an “oasis” in oligotrophic environments and 
may contribute to the global CO2 budget (Heywood et al. 1996). Biogeochemical 
modeling studies regarding the wake influence on nutrients and chlorophyll in FN 
and AR are underway, and further investigation of the dynamics of oceanographic 
variables still requires additional observational data around these islands and banks 
from the North Brazilian Chain (Tchamabi et al. 2017; Costa da Silva et al. 2021; 
Silva et al. 2021b). 

Costa da Silva et al. (2021), using current, hydrographic and satellite data, inves-
tigated the general oceanic circulation and its modifications induced by FN and RA 
during spring 2015 and fall 2017. They noticed, in addition to the island wake effects, 
that the presence of FN strongly perturbs cSEC and SEUC features, with an upstream 
core splitting and a reorganization of single current core structures downstream of 
the island (Fig. 8.11). Near the island, the flow disturbances impact the thermohaline 
structure and biogeochemistry, with a negative anomaly in temperature (−1.3 °C) 
and salinity (−0.15) between 200 and 400 m depth on the southeastern side of FN, 
where the fluorescence peak (> 1.0 mg m−3) is shallower than at the other stations 
around the island.

8.4.2 Amazon River–Ocean Continuum 

The tropical Atlantic Ocean adjacent to the northern region of Brazil is a high-
energy marine system due to the combined action of high continental water inputs, 
tidal oscillations, trade winds, and a strong western boundary current (Silva et al. 
2005, 2009b, c, 2010; Araujo et al. 2017). The Amazon Continental Shelf (ACS) 
extends from the mouth of the Parnaíba River to the mouth of the Oiapoque River 
with a width from 100 km (Parnaíba River mouth) to 330 km (off Marajó Island). 

A unique feature of the northern region is the high discharge from the Amazon 
River, which accounts for approximately 18% of the world’s continental waters 
draining into the ocean (Chen et al. 2012; Araujo et al. 2014). As the Amazon River 
enters the ACS, low salinity and turbid water masses form a plume that persists both 
temporally and spatially, covering an extensive area. The freshwater of the Amazon 
River forms a surface plume area that can exceed 106 km2, thus covering a vast 
portion of the western tropical Atlantic and reaching longitudes of 30° W (Coles 
et al. 2013; Ibánhez et al. 2015, 2016). The plume contributes to a great input of 
organic and inorganic components and sediments into the ocean (Santos et al. 2008; 
Araujo et al. 2014). The associated nutrient loads are responsible for significant
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Fig. 8.11 Mean zonal current velocity (in cm s−1) obtained from ABRACOS cruises in spring 
2015 (a) and fall 2017 (b) around FN. Average of the currents observed in the surface layer (0– 
100 m) (c) and subsurface layer (100–500 m) (d) during the ABRAÇOS cruises (black arrows) 
and schematic illustration of the circulation. Red arrows in c represent large currents (cSEC and a 
part of the NBUC), while blue arrows represent mesoscale circulation structures. The blue dashed 
arrows in d represent the subsurface currents (sEUC and NBUC). Costa da Silva et al. (2021)
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changes in primary production in the continental shelf and the adjacent oceanic 
region, even inducing atmospheric nitrogen fixation (N2; diazotrophy mechanism) 
and producing an increase in atmospheric CO2 sequestration (Yeung et al. 2012; 
Araujo et al. 2014). The high turbidity of this plume is due to the resuspension of 
sediments from the bottom caused by wind, tides, and convective mixing of the river 
flows, altering the pelagic physical–chemical parameters (e.g., salinity, light, oxygen, 
pH, and dissolved nutrients) over the shelf (Silva et al. 2009c, 2010; Francini-Filho 
et al. 2018). This results in high primary productivity on the coasts of Pará and Amapá 
(45°–50° W), which counteracts the characteristic oligotrophy of the western edge 
(REVIZEE 2006). 

The ACS is also known for meso- to macrotidal semidiurnal tides (Prestes et al. 
2018) and strong induced tidal currents, with M2 as its main semidiurnal component. 
These tides reach amplitudes greater than 3 m near the mouth of the Amazon River 
(Beardsley et al. 1995) with sufficient pressure gradients to generate velocities of 
approximately 1.0 m s−1 over the continental shelf, with residual transport perpen-
dicular to the coast (Prestes et al. 2018). In addition to the effect of tides, internal 
wave interactions with the bottom can also influence the upwelling process of cooler 
waters (Venayagamoorthy and Fringer 2012; Lamb  2013; Lauton et al. 2021). The 
generation sites of solitary large-amplitude internal waves commonly occur in coastal 
areas or in areas with large bathymetric variations, which influence the near-surface 
current field. Distinct groups of internal waves propagate on the ACS, with most 
observations being of along-shore waves (Lentini et al. 2016). 

The ACS and its adjacent oceanic region are equally under the direct influence 
of the NBC, one of the strongest western boundary currents in the oceans. The 
NBC flows near the ACS slope, predominantly in a northwest direction, with speeds 
ranging from 0.5 to 1.0 m s−1 (Schott et al. 1998). The estimated transport values 
of the NBC adjacent to the Amazonian coast (4° N, 45° W) range between 13 Sv 
(1 Sv = 106 m3 s−1) in April and May and 35 Sv in July and August, with an annual 
mean of approximately 26 Sv (Johns et al. 1998). Farther north, this strong contour 
current retroflects seasonally to the east (7° N, 52° W) and feeds the North Equatorial 
Countercurrent (NECC), thus contributing to the formation of anticyclonic vortices 
(Fratantoni and Glickson 2002; Jochum and Malanotte-Rizzoli 2003). The ACS and 
adjacent oceanic area are characterized by the presence of coastal water (CW; σ θ 
≤ 21.6), associated with the continental contributions of the Amazon River, TW, 
SACW and AAIW (Silva et al. 2005). 

All oceanographic features described above are the result of complex physical– 
biogeochemical interactions that have been studied, but some mechanisms are not 
yet well understood. Previous studies have shown, for example, the presence of cold 
waters near the mouth of the Amazon River (Geyer et al. 1996; Neto and Silva 2014; 
Araujo and Mezilet 2016). These studies indicate that SST anomalies extended over a 
large portion of the NBC region, where the vertical temperature distribution showed 
an elevation of the isotherms to a depth near the surface in the shelf-break area. The 
upwelling of high-salinity water along the plume axis may contribute to the tongue-
shaped structure (Gibbs 1976), and the upwelling may indeed be significant on the 
ACS (Geyer et al. 1996). Cold water cells (Neto and Silva 2014) and lenses were
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identified on the ACS in front of the mouth of the Amazon River in a period when 
the NBC was stronger (Araujo and Mezilet 2016). The presence of a colder surface 
water cell located on the continental slope (100 m isobath) was found, showing a 
breakdown of water column stratification and uprise of the isotherms (27 °C and 
28 °C) from a depth of 120 m to the surface over the shelf-break. In May 1999 
(REVIZEE N3 campaign), however, the surface waters in the region were warmer 
and influenced by the Amazon River’s low salinity waters, and the vertical structure 
contained waters quite stratified, with isobaths completely parallel and close to each 
other between 50 and 80 m (Araujo and Mezilet 2016). 

Moreover, whether the NBC intensity variations influence the observed upwelling 
process must still be determined. Seasonally, an intensification of the NBC occurs in 
the second semester of each year, and a peak is observed in July–August (Johns et al. 
1998). This intensification also occurs in August, with mean ACS values of 1.5 m s−1 

(northwestward) (Araujo and Mezilet 2016). Therefore, the NBC intensification may 
result in a greater interaction between the circulation and topography of the ACS and 
its slope, thus increasing the upwelling mechanism. 

8.5 Synopsis 

The TA is a complex region with two main current systems in play, the Equa-
torial System (ES) and the Western Boundary System (WBS). The equatorward 
western boundary North Brazil Current and Undercurrent (NBC-NBUC) contributes 
to the upper Atlantic Meridional Overturning Circulation (AMOC) and wind-driven 
subtropical cells. In turn, the NBC-NBUC are fed by the zonal flow of the SEC 
branches, connecting the western TA with the central Atlantic. The water masses are 
considered oligotrophic because of the relatively strong static stability with a well-
marked thermocline. The currents, winds, precipitation, biogeochemical cycles, and 
CO2 flux are seasonally regulated by the Intertropical Convergence Zone (ITCZ). 
Anomalous rainfall in eastern Northeast Brazil (NEB) is highly correlated with early 
(nearly 6-month lead time) southeastern tropical Atlantic (SETA) SST anomalies. 

On a larger scale, the climate of South America is primarily driven by the vari-
ability in the tropical Atlantic and Pacific Oceans. The first variability mode in the 
Atlantic is the interhemispheric mode, and the second is the equatorial mode or the 
Atlantic Niño mode. The Pacific El Niño Southern Oscillation (ENSO) is known to 
influence dry/wet events in South America. Recent studies have shown that the winter 
Atlantic Niño is also negatively correlated with ENSO, with the Atlantic leading the 
Pacific by 2–3 seasons (Hounsou-Gbo et al. 2020). SST anomalies in the equatorial 
Atlantic affect Walker circulation with anomalous ascending/descending branches 
over the Atlantic and central equatorial Pacific, driving anomalous easterly/westerly 
surface winds favorable for ENSO development. 

The tropical Atlantic is the second-largest oceanic source of CO2 to the atmosphere 
after the tropical Pacific (Lefèvre et al. 2010; Ibánhez et al. 2015; Araujo et al. 2019). 
However, little is known about the seasonal and interannual variability of the CO2 flux
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at the air–water interface in rivers and estuaries in the western tropical South Atlantic, 
particularly in Northeast Brazil. Despite the net CO2 outgassing recorded in the 
tropical Atlantic, zones of net atmospheric CO2 uptake exist, which are mainly linked 
to the seasonal cycle of SST and its associated thermodynamic effects on the partial 
pressure of CO2 (pCO2) in the North Equatorial Current (Ibánhez et al. 2015). Rivers 
and estuaries can also play an important role in the transport and transformation of 
carbon from the continent to the adjacent coastal zone, typically acting as sources 
of CO2 to the atmosphere. In the western tropical Atlantic, the primary freshwater 
contributions originate from the Amazon, Orinoco, São Francisco and Paraíba do Sul 
rivers (Araujo et al. 2014). The inflow varies seasonally, with a maximum in May and 
a minimum in November. Recent studies in the northern and northeastern Brazilian 
major river estuaries have reported a negative correlation between dissolved oxygen 
saturation and pCO2, indicating a control by biological processes, especially organic 
matter degradation, that act as a source of atmospheric CO2 (Araujo et al. 2019). 
Population density has shown a strong correlation with positive CO2 fluxes (source 
of CO2 to the atmosphere) when compared to local climate variations, being weakly 
correlated with rainfall, possibly resulting from constant flushing of organic matter 
by runoff from urban centers (Araujo et al. 2014). The CO2 fluxes, average nitrogen 
concentrations, dissolved inorganic nitrogen-DIN, dissolved inorganic phosphorus-
DIP and dissolved inorganic carbon-DIC are significantly lower in the Amazon and 
Orinoco estuarine systems than in estuarine systems located along the eastern edge 
of the southern tropical Atlantic (Amiotte Suchet et al. 2003; Araujo et al. 2014). 
In fact, in low discharge conditions, the spread of the Amazon plume acts as an 
atmospheric CO2 sink of global relevance (Lefèvre et al. 2010; Ibánhez et al. 2015). 
In contrast, the NE region acts primarily as a CO2 source to the atmosphere with the 
highest CO2 fluxes associated with periods of high SST in the area (Araujo et al. 
2019). The highest productivity in the equatorial broadband—in comparison with 
eastern NEB—results from the influence of the Amazon River plume (Araujo et al. 
2019) and from the island mass effect and wakes in the North Brazilian chain of 
islands and sea mounts (Tchamabi et al. 2017; Costa da Silva et al. 2021; Silva et al. 
2021b), thus supporting most fisheries in North and Northeast Brazil. 
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