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In this article, we discuss knowledge and gaps regarding blue carbon ecosystems (BCEs)
in Brazil, considering the urgency to apply protection actions and policies to safeguard
their biodiversity and associated ecosystem services. We also indicate areas of further
research to improve carbon stocks and sequestration rate estimates. We call attention to
the shortage of studies on Brazilian BCEs relative to the growing knowledge on the Blue
Carbon Framework accumulated worldwide over the last decade. Considering the
extensive Brazilian Economic Exclusive Zone (known as “Blue Amazon”), knowledge
concerning blue carbon stocks is vital at regional and global scales for mitigating global
increases in atmospheric carbon dioxide (CO2). The Blue Amazon has at least 1,100,000
ha of vegetated and non-vegetated coastal ecosystems (mangroves, salt marshes,
seagrass meadows, and hypersaline tidal flats) that collectively contain vast amounts of
stored carbon, making Brazil an ideal place to test mechanisms for evaluating, conserving,
and restoring BCEs. Other poorly understood potential sinks and sources of carbon are
macroalgal and rhodolith beds, mudflats, continental shelf sediments, and marine animal
forests in shallow, mesophotic, and deep waters. The carbon fluxes between diverse
environmental compartments, such as soil–air, soil–water, groundwater–water–surface
water, air–water, and land–ocean, in BCEs across the Blue Amazon must be studied. We
emphasize the importance of assessing the total carbon stock and the recent dismantling
of environmental laws that pose great risks to these important BCEs. The conservation
and recovery of these areas would enhance the carbon sequestration capacity of the
entire country. Furthermore, we highlight priorities to improve knowledge concerning
BCEs and their biogeochemical cycles in the Blue Amazon and to provide information to
assist in the reduction of atmospheric levels of CO2 for the United Nations Decade of
Ocean Science (2021–2030).
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1 INTRODUCTION

Global climate change is perhaps the greatest challenge of
modern civilization, and several efforts are being made towards
impact adaptation and mitigation of excessive greenhouse gases
(Steffen et al., 2018; Bertram et al., 2021). In addition to lowering
emissions and decarbonizing the economy, nature-based
solutions have been increasingly proposed owing to their low
cost, efficiency, and associated co-benefits (McLeod et al., 2011;
Gattuso et al., 2018; Taillardart et al., 2018). While terrestrial
ecosystems have been the focus of nature-based solutions, the
role of coastal and marine ecosystems remains unaccounted for
in several national emission inventories and not included in the
National Determined Contributions (NDC) (Duarte, 2017).
Over the last decade, ocean and terrestrial ecosystems have
sequestered approximately 52% of anthropogenic CO2

emissions, with average rates of approximately 2.5 ± 0.6 and
3.4 ± 0.9 GtC year−1, respectively (Friendlingstein et al., 2019).
However, some processes and ecosystems, such as coastal areas,
are not fully accounted for in the global carbon budget. The CO2

that is captured from the atmosphere and sequestered in coastal
and marine environments, mostly vegetated ecosystems such as
mangroves, salt marshes, and seagrass meadows, is collectively
known as blue carbon (BC) and consists of both organic and
inorganic forms (Nellemann et al., 2009).

Coastal ecosystems sequester and stock larger amounts of
carbon per unit area than terrestrial ecosystems. For this reason,
the conservation and restoration of BC ecosystems (BCEs) are
recognized among the key ocean-based activities towards climate
change mitigation, adding to global efforts to limit global
warming and achieve the goals of the Paris Agreement, with
numerous co-benefits (Hoegh-Guldberg et al., 2019). The
conservation and restoration of BCEs is crucial for marine CO2

removal (Lezaun, 2021). Therefore, the loss and degradation
(e.g., land use changes, trawling activities, changes in water
quality, and increasing pollution) of BCEs lead to increases in
atmospheric CO2 emissions (Lovelock et al., 2017; O´Connor
et al., 2019) and reductions in biosphere C sinks (net C
accumulation in the long term) (Kauffmann et al., 2020),
ultimately accelerating global climate change.

Mangroves, salt marshes, and seagrasses cover approximately
~36-185 million ha worldwide (Macreadie et al., 2021). However,
some important marine ecosystems have not yet met the key
criteria for inclusion within the BC framework (e.g., coral and
oyster reefs) or show gaps in the scientific understanding of
carbon stocks or greenhouse gas fluxes, with limited potential for
management or accounting of carbon sequestration rates (e.g.,
macroalgal beds). Although the scale of greenhouse gas removal
or emissions by plankton (Guidi et al., 2016), macroalgae forests
(Krause-Jensen et al., 2018), mudflats, and marine animal forests
(MAFs) (Rossi et al., 2017; Rossi et al., 2019) may be high, the
long-term storage of fixed CO2 is not completely understood for
these systems (Lovelock & Duarte, 2019). However, as BC
science is multifaceted and has a broad scope, it must explore
all potential opportunities for climate change mitigation and
adaptation in marine ecosystems, including large and poorly
studied tropical regions such as Brazil.
Frontiers in Marine Science | www.frontiersin.org 2
The Blue Amazon is a concept created by the Brazilian Navy to
draw attention to the vast Brazilian economic exclusive maritime
zone (larger than the Brazilian Amazon) and existing natural
resources (including BCEs), which are essential for economy and
society (Wiesebron, 2013). However, while the roles of the
Amazon Rainforest in biodiversity maintenance, carbon
sequestration, and climate regulation are well understood and
recognized globally (Gatti et al., 2021), the roles of the Blue
Amazon are not. Brazil currently lacks plans to strengthen its
climate change and conservation policies and management in this
Blue Amazon. Brazil has a vital role in global climate change
mitigation, mainly focusing on terrestrial carbon (Gatti et al.,
2021). However, when devising climate actions and mitigation
strategies, no considerable importance is given to the ocean and
coast. Brazil has one of the world’s longest coastlines (between 9th
and 15th in rank) and maritime territories (11th in rank); it
contains the second largest mangrove forest in a single country
and has a high diversity of coastal and marine systems (Lacerda
et al., 2019; Magris et al., 2020). However, the potential for carbon
storage and sequestration in Brazil is not completely understood
(Soares et al., 2017). As a result, Brazilian BCEs are not included in
the country’s climate-mitigation commitments (e.g., NDC
documents) and adaptation plans.

Therefore, in this perspective article, we aim to discuss the
knowledge gaps in BCEs and possible solutions for their
protection and restoration in Brazil. First, we present a broad
and general characterization of the Brazilian coast and its
recognized BCEs, focusing on the distribution and stocks of
vegetated coastal systems, such as mangroves, salt marshes, and
seagrasses. We discuss the carbon stocks of other important
coastal systems [e.g., macroalgal and rhodolith beds, hypersaline
tidal flats (HTFs), mudflats, continental shelf, and MAFs] and
their potential to be included as BCEs. Next, we discuss the main
ongoing impacts and conservation policies that threaten carbon
stocks. Finally, we conclude with suggestions for further research
to improve carbon estimates, considering the urgency of
applying environmental protection actions and policies to
safeguard BCE biodiversity and associated ecosystem services,
including for climate change mitigation.
2 BLUE CARBON ECOSYSTEMS
IN BRAZIL

Brazil is recognized as a “mega-diverse country” by the United
Nations Enviromental Program (UNEP). Brazil´s high
biodiversity extends to multiple coastal and marine habitats
observed across the long coastline (~9,000 km) and the vast
maritime territory (up to 5,700,00 km2), ranging from
equatorial (5°N) to warm-temperate latitudes (33°S)
(Figure 1). One of the Brazilian sites of global conservation
relevance is the Amazon Rainforest. However, the carbon sink
of the Amazon Rainforest is declining due to deforestation and
climate change, including the recent documentation of the
occurrence of carbon sources to the atmosphere through
burning in southeastern Amazonia, where deforestation,
April 2022 | Volume 9 | Article 797411
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warming, and moisture stress have been particularly enhanced
(Gatti et al., 2021).

The jurisdictional maritime territory of Brazil, known as the
“Blue Amazon” (Figure 1), contains vegetated and non-vegetated
coastal and marine ecosystems (mangroves, salt marshes, seagrass
meadows, MAFs, and other systems) (Table 1) that could
collectively contain a vast amount of stored carbon, making Brazil
an ideal place to test new mechanisms for evaluating, conserving,
and restoringBCEs (Turra andDenadai, 2016; Bertramet al., 2021).
Frontiers in Marine Science | www.frontiersin.org 3
The extension of recognized Brazilian BCEs (at least
1,100,000 ha) (Table 1) needs to be better understood,
quantified, acknowledged, and protected because of increasing
human pressures operating on different spatial scales (local,
regional, and global) (Copertino et al., 2016; Horta et al., 2016;
Schaeffer-Novelli et al., 2016; Soares et al., 2017; Magris et al.,
2020; Soares et al., 2021). In this context, we present a
characterization of three actionable BCEs (mangroves, salt
marshes, and seagrass meadows) in Brazil (Figure 2).
TABLE 1 | Dimensions and carbon burial rates of established and potential BCEs. Estimates for global area, global mean burial rate, and Brazilian ecosystem areas.

Vegetated BCEs Global area (ha) Global mean burial rates (Tg C y-1) Brazilian area (ha)

Mangroves 8,148,4001 31.0 - 34.45 990,0008

Salt marshes 5,495,0892 4.8 - 87.25 A 28,8869 10 11 12

Seagrass meadows 26,656,2003 48 - 1125 6 A 67,82513 14 15 16 17 18 19 20 21

Macroalgal habitats 354,000,0004 0 - 424 B 1,144,232 22 23 24 25

c 3,300,000 26

Rhodolith beds – 400 7 22,971,80027

Non-vegetated BCEs
Hypersaline tidal flats – – 57,000 28

Continental Shelf – – –

Marine animal forests – – –
April 20
1Hamilton and Casey, 2016; 2 Mcowen et al., 2017; 3 McKenzie et al. 2020; 4Krause-Jensen and Duarte, 2016; 5McLeod et al., 2011; 6Fourqurean et al., 2012; 7van de Heijden and
Kamenos 2015; 8 Diniz et al., 2019; 9 Martinetto et al., 2016; 10Teixeira and Souza-Filho, 2009; 11 Rodrigues and Souza-Filho 2011; 12 Flynn et al., 1998;,13 Creed, 2003; 14 Barros et al.,
2014; 15 Copertino et al., 2016; 16 Howard et al., 2017a; 17 Shaefer et al., 2018; 18 Gorman et al., 2020a; 19 Choi 2011, 20 Gama 2015; 21 Silva 2017; 22Horta, 2000; 23 Jorge et al., 2012;
24Figueiredo et al., 2008; 25Lanari et al., 2022; 26Anderson et al., 2021; 27Carvalho et al., 2020; 28 MapBiomas, 2021
A Summing up available areal values from mapping and studies for distinct areas.
B Potential habitats estimated by summing up the values of subtidal regions of marine protected areas (MPA´s) where diverse macroalgal beds are registered. Data on MPA´s shallow subtidal
areas obtained from: (https://www.funbio.org.br/programas_e_projetos/gef-mar-funbio; https://uc.socioambiental.org/pt-br/arp/932; https://www.parquedorecifedefora.com.br).
cHabitat range distribution of the deep kelp beds (Laminaria abyssalis) occurring at continental margin bellow tropical waters
FIGURE 1 | Map showing the spatial distribution of major blue carbon ecosystems (BCEs) in the Brazilian coast. The dashed line presents the limits of the Blue
Amazon (Brazilian Economic Exclusive Zone). The orange, blue, and green dots represent the seagrass meadows, salt marshes, and mangrove ecosystems,
respectively. Sources: Wiesebron (2013); Copertino et al. (2016); Ferreira and Lacerda (2016); Schaeffer-Novelli et al. (2016), and Lacerda et al. (2019). Coastal
geomorphological settlings according to Muehe (2010).
22 | Volume 9 | Article 797411
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2.1 Mangrove Forests
Mangroves have a mean total ecosystem carbon stock (TECS) of
approximately 738.9 MgC ha−1 (varying widely by site) and a
total global mean C stock of 6.17 PgC. Tropical forests, on the
other hand, have a mean TECS of approximately 314 MgC ha−1

and a total global mean carbon stock of 553 PgC (Alongi, 2020).
Therefore, per plot, carbon stocks in mangrove forests are 2.35-
fold those of in tropical rainforests. However, in terms of total
carbon stocks, tropical forests have approximately 92-fold higher
carbon levels than mangroves (Ahmed and Glaser, 2016;
Kauffman et al., 2018a). For this review, we considered a global
mangrove area of 8,148,400 ha, in which Brazil has the second
largest mangrove area worldwide (Hamilton and Casey,
2016) (Table 1).

The aboveground (AGB) and belowground (BGB) biomass
and TECS in Brazilian mangroves (Figure 2B) may present
heterogeneity based on geomorphic and sedimentary settings,
soil depth, tidal height, salinity, climate, environmental
protection measures, and forest structure (Kauffman et al.,
2018a; Kauffman et al., 2018b; Nóbrega et al., 2018; Rovai
et al., 2018; Kauffmann et al., 2020; Hatje et al., 2020; Matos
Frontiers in Marine Science | www.frontiersin.org 4
et al., 2020; Rovai et al., 2020; Rovai et al., 2022) (Table 2). The
belowground portion (including soils and roots) represents
approximately 70%–86% of the total carbon stocks in
mangroves (Hamilton and Friess, 2018; Kauffman et al., 2018a;
Kauffmann et al., 2020).

In the last 5 years (2017–2021), mangroves from seven of
Brazil’s 15 coastal states have been studied and clarified the
necessity of carbon research on the TECS, AGB, and BGB of
Brazilian mangroves (Portillo et al., 2016; Kauffman et al., 2018a;
Kauffman et al., 2018b; Pavani et al., 2018; Hamilton & Friess,
2018; Ferreira et al., 2019; Nóbrega et al., 2019; Portela et al.,
2020; Rovai et al., 2020; Salum et al., 2020). There is also a
shortage of information about TECS owing to the low spatial
coverage of studies that include AGB and BGB portions
simultaneously. Furthermore, the different biophysical
typologies and the main drivers of the spatial heterogeneity of
mangrove ecosystems along the Brazilian coast (Figure 1)
remain poorly described.

Surveys of the TECS registered in Amazon mangroves (511
MgC ha−1) do not significantly differ from the mangroves of
semiarid tropical coasts in Brazil [413MgC ha−1 (Kauffman et al.,
TABLE 2 | Carbon stock in different compartments (TECS, AGB, and BGB) of mangrove and tropical forest ecosystem.

Local TECS (MgC ha−1) Reference

World mangrove 738.9 Alongi (2020)
World tropical forest 314.2 Alongi (2020)
Brazilian mangrove 507 Hamilton and Friess (2018)
Brazilian mangrove 341 Rovai et al. (2022)
Amazon mangroves—Brazil 511 Kauffman et al. (2018a)
Semiarid tropical mangrove—Brazil 413 Kauffman et al. (2018a)
Northern coast São Paulo mangrove—Brazil 157.36 Pavani et al. (2018)

AGB (Mg C ha−1)
Parnaıb́a river in Piauı ́ state mangrove—Brazil 258 Portela et al. (2020)
Amazon mangrove—Brazil 159 Kauffman et al. (2018a)
Semiarid tropical mangrove—Brazil 72 Kauffman et al. (2018a)
Northern coast of São Paulo mangrove—Brazil 76.09 Pavani et al. (2018)
Southern coast of São Paulo mangrove—Brazil 52.7 Rovai et al. (2020)

BGB (Mg C ha−1)
Northern coast of São Paulo mangrove—Brazil 22.7 Pavani et al. (2018)
Southern coast of São Paulo mangrove—Brazil 57.3 Rovai et al. (2020)
Rio de Janeiro preserved area mangrove—Brazil 104.41 Santos et al. (2017)
April 2022 |
FIGURE 2 | Blue carbon ecosystems in Brazil (South Atlantic). (A) Seagrass meadows - Cajueiro da Praia - Piaui state. Photo: K. Barros; (B) Mangrove forest - Rio
Acarau - Ceara state. Photo: R. C. Maia; (C) Salt marshes - Lagoa dos Patos - Rio Grande do Sul state. Photo: C.S.B. Costa.
Volume 9 | Article 797411
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2018a) but differ from those of mangroves on the northern coast
of São Paulo (157.36 MgC ha−1) (Pavani et al., 2018)]. At the
national level, mean TECS varies from 341 MgC ha−1 and 507.83
MgC ha−1 (Hamilton and Friess, 2018; Rovai et al., 2022).
Regarding specific mangrove portions, the AGB of the Amazon
mangroves (159 MgC ha−1) is greater than that of semi-arid
northeast mangroves (72 MgC ha−1) and those of the northern
(76.09 MgC ha−1) and southern (52.7 MgC ha−1) coasts of São
Paulo, but inferior to that of the Parnaıb́a River (258 MgC ha−1)
(Kauffman et al., 2018a; Pavani et al., 2018; Portela et al., 2020;
Rovai et al., 2020), illustrating matrix heterogeneity between sites
(Table 2). Furthermore, the BGB portions of mangroves of the
northern coast of São Paulo (22.07 MgC ha−1) differ from those
of the southern coast (57.3 MgC ha−1) more than the Amazon
mean for this compartment (104.41 MgC ha−1) (Kauffman et al.,
2018a; Pavani et al., 2018; Rovai et al., 2020). These trends could
be due to various factors, such as vegetal composition, hydrologic
fluxes (wave exposure and riverine inputs), edaphic factors,
anthropogenic influences, and microphytobenthic productivity
(Hamilton and Friess, 2018; Rovai et al., 2018; Pavani et al., 2018;
Nóbrega et al., 2019; Gorman et al., 2020b). In this regard, a
systematic review of BC stocks in Brazilian mangroves is a
priority to highlight the importance of sites that have not yet
been studied and provide information about AGB and BGB at
each site.

The combined carbon stocks of Pará mangroves in the
Amazon region are twice those of the upland evergreen forests
and almost fivefold those of tropical dry forests (Kauffman et al.,
2018a; Kauffman et al., 2018b). Amazon mangroves represent
27.9% of the total mangrove area of the country (Ferreira &
Lacerda, 2016). These results demonstrate the global importance
of Brazilian mangroves as carbon hotspots (Rovai et al., 2022)
(Table 1). Mangroves in North Brazil (Amazon mangroves) are
part of the world’s largest continuous belt of mangroves (760,000
ha) (Souza Filho, 2005). In addition, mangroves between 5°N
and 5°S represent almost 30% of the world’s mangroves (Giri
et al., 2011). However, despite recent scientific efforts, mangroves
are not adequately represented in global C budgets because the C
cycle in mangrove ecosystems is the result of complex and poorly
documented processes (Bouillon et al., 2008), particularly in
Brazil. In addition, other greenhouse gases (e.g., methane and
nitrous oxide) emitted from mangrove-dominated waters and
soils could partially offset CO2 sequestration and organic C
burial, especially in degraded/impacted mangroves (Rosentreter
et al., 2018; Call et al., 2019).

Most of the research concerning C cycling in mangroves in
Brazil and worldwide has focused on soil C stocks and burial
rates, rather than on water fluxes. However, the fate of
approximately 50% of the carbon fixed by mangrove vegetation
is unknown (Bouillon et al., 2008). Studies have shown that
mangrove carbon may be exported to the adjacent ocean (Maher
et al., 2018; Santos et al., 2018). Thus, the C sequestration
capacity of mangroves is likely underestimated.

The outwelling (lateral fluxes or horizontal exports) of
dissolved and particulate carbon derived from BCEs has
recently been described as a relevant process within the long-
Frontiers in Marine Science | www.frontiersin.org 5
term BC sequestration mechanism (Santos et al., 2021). From a
global perspective, mangroves account for >10% of terrestrially
derived refractory organic carbon exported to the ocean (Dittmar
et al., 2006). Mangrove export (outwelling) is the main source of
terrigenous organic carbon in the ocean off northern Brazil
(Dittmar et al., 2006). Further studies are required on the rates
of organic carbon mineralization along the mangrove–estuary–
continental shelf continuum to emphasize its importance as a
vital atmospheric CO2 sink (Maher et al., 2018). In addition, the
lateral export of dissolved inorganic carbon (DIC) and alkalinity
can be greater than that of organic C burial as a long-term carbon
sink (Maher et al., 2018; Santos et al., 2018). If the exported DIC
remains in the water column after air–water equilibration, this
carbon outwelling could represent an important and overlooked
long-term carbon sink (Santos et al., 2018; Santos et al., 2021).
Finally, this C outwelling along the land–ocean aquatic
continuum has the potential to locally and/or regionally
mitigate the process of ocean acidification by increasing coastal
ocean pH (Sippo et al., 2016).

The northern and northeastern continental shelves of Brazil
present widespread coral reef coverage (Leão et al., 2016; Soares
et al., 2017; Soares et al., 2019) and the outwelling of carbon and
alkalinity counteracting coastal acidification could be
particularly relevant in shallow-water coral assemblages along
the southwestern Atlantic coast (Cotovicz Jr. et al., 2020).
However, estimates of carbon outwelling along the land–ocean
continuum in Brazil (and elsewhere) are scarce (Cabral et al.,
2021) and remain spatially and temporally limited. Therefore, it
is important to calculate the outwelling from BCEs to correctly
provide the actual sequestration capacities of BCEs, which may
currently be underestimated. Future studies should examine the
fate of carbon in coastal waters and oceans as long-term C
reservoirs. The dissolved inorganic and organic C outwelling
(lateral fluxes to the ocean) are potentially greater C sinks than
organic C soil burial. Currently, these processes along the
Brazilian coast are overlooked and require further investigation.

2.2 Salt Marshes
Salt marshes in Brazil occur along sheltered coastlines maybe
associated or not with mangrove forests (Schaeffer-Novelli et al.,
2016). Knowledge of salt marsh area extension (Figures 1, 2C),
plant species composition, plant biomass standing crop, primary
production, and associated surface soil parameters (carbon,
organic matter, and grain size) is concentrated in subtropical
and warm-temperate Brazilian estuaries and coastal bays (see
Davy & Costa, 1992; Isacch et al., 2006; Martinetto et al., 2016;
Schaeffer-Novelli et al., 2016 for reviews).

The most extensive salt marsh areas are found in southern
Brazil, particularly in Rio Grande do Sul State (Figure 1), covering
the margins of coastal lagoons and estuaries, and are dominated by
mono-or multi-specific stands of Spartina (S. alterniflora and S.
densiflora), Sacoccornia, Scirpus (S. maritimus and S. olney), and
Juncus (J. kraussii and J. acutus) (Costa et al., 2003). Large areas of
salt and brackish marshes are also associated with tropical
mangrove forests (Teixeira & Souza-Filho, 2009; Rodrigues &
Souza-Filho, 2011) dominated by Spartina spp., Disticlis spp.,
April 2022 | Volume 9 | Article 797411
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Eleocharis spp., and Schoenoplectus spp. (Kauffman et al., 2018a).
According to available data on cover extension based on mapping
studies (Teixeira & Souza-Filho, 2009; Rodrigues and Souza-Filho
2011; Martinetto et al., 2016), the total Brazilian salt marsh area is
approximately 26,300 ha (Table 1). However, this number is
underestimated as the total area occupied by tropical salt marshes
in the SW Atlantic is unknown.

The total biomass standing crop (from <1 to 30 MgC ha−1)
and surface soil organic matter (from <1% to 20%) content of
these systems show high variability, depending on species
composition, estuarine position, marsh level, terrestrial input,
and climate. Most data on soil organic matter or carbon content
are limited to surface or shallow core depths (up to 10–20 cm)
and lack bulk density data and sedimentation rates. Moreover,
data on carbon stocks of Brazilian salt marshes are restricted to
two salt marsh areas more than 8,000 km apart that are
influenced by distinct climates, tides, fluvial regimes, and
community structures. The ecosystem carbon stocks (soil and
biomass) observed in Amazonian tropical salt marshes (Pará,
Brazil; for the top 1 m to 3 m soil depth) are between 196.7 ± 22.9
and 352.6 ± 29.0 (mean 257.3 Mg C ha−1), which are slightly
higher than those used by the IPCC as a referential mean
(Kauffman et al., 2018a). The contribution of aboveground
biomass to these carbon pools was less than 2%. Higher values
have been found for the extensive salt marshes in southern Brazil
(Patos Lagoon, Rio Grande do Sul State) (Figure 1), ranging
from 263 up to 440 MgC ha−1 (for the top 1 m), depending on
the species and marsh level (Patterson et al., 2016). The
aboveground biomass of these southern marshes (mean of 26.4
MgC ha−1) may account for 10%–20% of the ecosystem carbon
pool. Therefore, further studies on carbon stocks and
sequestration in Brazilian salt marshes are needed to provide
better support for science-based policies to protect these
unique systems.

2.3 Seagrass Meadows
Seagrasses are distributed worldwide, on both temperate and
tropical coasts, covering a total area of 26,656,200 ha (McKenzie
et al. 2020), up to 164,678,900 ha according to one modeling
estimation (Jayathilake and Costello, 2018). There is a notable
lack of data on seagrass carbon stocks and sequestration rates
from most of the South Atlantic Ocean (Nóbrega et al., 2018;
Gorman et al., 2020a), including the Brazilian coastline
(Figure 1). Seagrass meadows are suggested to be hotspots for
BC storage in soils and may contain at least twice as much carbon
per unit area as terrestrial soils (Fourqurean et al., 2012).
However, the sedimentary inorganic carbon as carbonate could
be close to sedimentary Corg levels, and as the production of
carbonates may represent a CO2 source, this can diminish the
strength of seagrass sediments as CO2 sinks in some ecosystems,
including Brazilian seagrass meadows (Howard et al., 2017;
Gullström et al., 2018). Most available data and global reviews
concerning seagrass carbon pools are based on the
Mediterranean, Australia, and North Atlantic coastlines
(Fourqurean et al., 2012; Ricart et al., 2020) and are biased
towards large persistent species and dense meadows. Less
Frontiers in Marine Science | www.frontiersin.org 6
knowledge is available regarding the stocks and sequestration
capacity of small ephemeral species that dominate large
extensions of the world´s coasts and estuaries including in Brazil.

Although seagrass meadows have been highlighted as
important carbon sinks since the 1980s, they are still neglected
in global carbon cycle models and emission inventories, as well as
in NDCs, owing to gaps and uncertainties about their stocks,
carbonate chemistry, and water–air CO2 fluxes (Duarte, 2017;
Macreadie et al., 2014). The area of global seagrass meadows is
highly controversial, with a large variability between estimates.
Considering the range variability in worldwide seagrass area and
the mean C stocks for the top meter of soil (108 Mg C ha−1), the
global carbon pool is generally considered to lie between 4.2 and
8.4 Pg (Fourqurean et al., 2012); however, a less conservative
approach produces estimates of between 8 and 19.0 Pg. These
uncertainties are due to the scarcity of data on most parts of the
world’s coasts, including South America. Approximately 50% of
the seagrass soil carbon is derived from seagrass plants, with the
remainder from other autochthonous and allochthonous sources
(plankton, benthic algae, and terrestrial plants; Kennedy et al.,
2010). Considering the loss rate of seagrass meadows (global loss
rates accelerating from 0.9% year−1 in the 1940s to 7% year−1

towards the end of the 20th century) (Waycott et al., 2009; de los
Santos et al., 2019), these systems may release an additional 11–90
Tg C year-1 into the atmosphere (Fourqurean et al., 2012;
Pendleton et al., 2012).

Seagrass meadows in Brazil occur discontinuously along the
coast (Figures 1, 2), with species distribution and abundance
being strongly influenced by regional oceanography, coastal
currents, river runoff, and regional and local geomorphology
(Copertino et al., 2016). Despite the increasing number of studies
on seagrass ecology in Brazil, few have investigated seagrass soil
carbon stocks/sequestration or other soil characteristics
(Patterson et al., 2016; Howard et al., 2017; Nóbrega et al.,
2018; Gorman et al., 2020a; Gorman et al., 2020b). One study
comparing seagrass soil across the Brazilian coast (NE semi-arid
coast and Southeast/South Brazilian coast) found significant
differences according to their morphological, chemical, and
physical properties, with distinct total organic carbon (TOC)
contents (Nóbrega et al., 2018). Available data show that the
percentage of TOC in seagrass soils varies according to latitude,
with higher values in the northeast semi-arid coast (Ceará and
Piauı ́ states), according to measurements conducted within
dense estuarine meadows (2.5% ± 0.9%; Nóbrega et al., 2018).

Seagrass soil C stocks in Halodule spp. meadows measured
from several sites across Eastern and Southeastern Brazil range
from 0.2 to 1.7 Mg C ha−1 (Howard et al., 2017), with an average
(0.67 Mg C/ha) lower than the global mean (1.65 Mg C ha -1

Fourqurean et al., 2012). Data from Northeast Brazil, taken from
estuaries, show a higher mean (~2Mg C ha -1) and greater range
of values (0.7–4.0 Mg C ha -1) (Nóbrega et al., 2018). The lack of
seagrass mapping in most coastal regions hinders the accurate
quantification of regional and global seagrass carbon pools.
Summing up values from published and unpublished data and
few mapped areas, the coastal seagrass area in Brazil covers at
least 67,825 ha (Table 1). However, the total area coverage is
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likely to be greater because many shallow turbid waters and clear
deep waters (>10 m) have not been surveyed (Copertino
et al., 2016).

Brazilian seagrasses are dominated by small seagrass genera
(Halodule, Halophila, and Ruppia) that occur in dynamic patches
and have high seasonal and annual variability in their abundance
and distribution patterns. While local losses have been reported
due to anthropogenic and natural impacts (Copertino et al., 2016),
H. wrightii and H. decipiens have expanded the southern limit
range distribution (Sordo et al., 2011; Gorman et al., 2020a).
Although the distribution of seagrass species along the Brazilian
coast is relatively well known, the general lack of mapping and
better distribution of soil C stocks for most regions (particularly
for the densest meadows thriving along the northeastern region)
limit the estimation at the national scale. Roughly, multiplying
average C stocks found by Patterson et al. (2016); Howard et al.
(2017), and Nóbrega et al. (2018) by the estimated areal extent
(Table 1) gives a total soil reservoir ranging between 200 and 3000
Mg C. This wide range is due to the high variability in C densities
among the regions and can be considered a hypothesis to be tested.
3 OTHER POTENTIAL BLUE CARBON
ECOSYSTEMS

The concept of BC and its rapidly growing scientific focus on
mangroves, salt marshes, and seagrass ecosystems, justified by
their large C reservoirs, high sequestration rates, long-term
carbon storage, and potential to manage greenhouse gas
emissions, support other adaptation policies (Lovelock &
Duarte, 2019). In particular, mangroves and salt marshes are
now recognized by the International Panel on Climate Change as
potential nature-based solutions for atmospheric CO2 reduction
(IPCC 2021) and are eligible for inclusion in the greenhouse gas
accounting guidance of this panel (IPCC 2014). While these
vegetated coastal systems are established BCEs, other relevant
systems do not meet key criteria (e.g., coral reefs) or have gaps in
scientific knowledge and limited potential for management and
accounting (e.g., macroalgal beds and HTFs) (Figure 3).
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The Blue Amazon has large extensions of overlooked
potential BC sinks, such as macroalgae (Aued et al., 2018),
rhodolith beds (Horta et al., 2016), phytoplankton-dominated
ecosystems (Guidi et al., 2016), hypersaline tidal flats, mudflats
(Gorman et al., 2020b), and marine animal forests (Soares et al.,
2017; Barbosa et al., 2019; Soares et al., 2019). In their review,
Lovelock and Duarte (2019) framed some of these ecosystems as
non-actionable since they do not fulfill key criteria and because
of insufficient knowledge about their potential as long-term sinks
(Figure 3). If such systems provide important C stocks and
sequestration, whether for the ecosystem or beyond, they must
be investigated before they can be included in the BC framework.
This BC question is long-standing and controversial and requires
resolution using empirical evidence (Macredie et al., 2021). In
this context, we present other potential BC sinks that should be
investigated and protected in the Blue Amazon.

3.1 Hypersaline Tidal Flats (Apicuns)
Hypersaline Tidal Flats (HTF’s) are ecotones associated with
mangrove ecosystems on arid and semiarid coasts (Figure 3).
Despite carbon sequestration rates being lower in HTFs than in
traditional BCEs (described in Section 2), worldwide HTF
carbon stocks and long-term carbon sequestration rates can be
substantial given their large area (Brown et al., 2021). Together
with other vegetated systems, HTFs meet the requirements that
define BC systems and can thus be included in global and
regional management and mitigation policies (Lovelock &
Duarte, 2019).

In Brazil, the HTFs, known as apicuns, occupy large areas in
the supratidal zone (57,000 ha; MapBiomas 2021), in an
intermediary position between mangroves (or salt marshes) and
terrestrial environments (i.e., coastal plains), flooded monthly or
with lower frequency (Schaeffer-Novelli et al., 2018; Albuquerque
et al., 2014) (Figure 3). Low precipitation and tidal fluxes usually
maintain hypersaline conditions (salinity > 100ppt). In Brazil
apicuns and mangroves are contiguous ecological systems that
present contrasting soils with very different physical, chemical, and
mineralogical characteristics (Lacerda et al., 2019). The reduced
tidal flooding associated with an evaporative environment and
FIGURE 3 | The Blue Amazon (Brazilian Economic Exclusive Zone, South Atlantic) contains potential and non-actionable BC ecosystems that could contain vast
amounts of stored carbon. (A) Hypersaline tidal flat (E.g., Barra do Ceara-Ceara state. Photo: N. Beloto, 2020) (B) Macroalgal beds (E.g., Arquipelago de S.Pedro e
S.Paulo-Pernambuco state. Photo:Dimas Gianuca, 2004); (C) Marine animal forest (E.g., Parque Estadual Marinho da Pedra da Risca do Meio - Ceara state. Photo:
Marcus Davis, 2021).
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hydric deficit seems to be the primary controlling factor for the
formation of these wetlands, which are primarily vegetated by
extreme halophytes or devoid of vegetation (Hadlich and Ucha,
2009). Active pedogenetic processes (e.g., salinization, sulfidation,
and bioturbation) controlled by the above factors have important
ecological roles, specifically regarding carbon and nutrient
dynamics (Albuquerque et al., 2014). A sandy mineral apicun
soil is deposited over former mangroves.

Mangrove leaves and microphytobenthos have been
identified as important sources of organic material
accumulated along the sediment columns of these systems. The
reported soil carbon content of Brazilian HTFs is lower than 1%
(Hadlich et al., 2010; Albuquerque et al., 2014; Brown et al.,
2021). Rates of organic carbon burial for a Brazilian HTF
(Guaratiba Bay, Rio de Janeiro) during the last century were
estimated at 17.8 (± 0.8) g C m−2 y−1 (Brown et al., 2021). These
rates are considerably lower than the global averages reported for
salt marshes (245 ± 26 g m−2 y−1), mangrove forests (163 ± 40 g
m−2 y−1), and seagrasses (138 ± 38 g m−2 y−1). Nevertheless, the
importance of HTFs as carbon sinks may be substantial given
their extensive coverage along Brazil, particularly on northern
and northeast coast (MapBiomas 2021; Soares et al., 2021). HTFs
are essential for Brazilian mangrove forests, as they act as
reservoirs of nutrients and buffer zones, particularly where
mangroves are likely to move inland with sea-level rise due to
climate change (Schaeffer-Novelli et al., 2018).

3.2 Macroalgal Beds
Environments dominated by macroalgae occupy a global area of
354,000,000 ha and, considering the high sequestration rates
(173 T C year–1), play an essential role in BC budgets (Krause-
Jensen and Duarte, 2016). In addition, the burial process of
macroalgae-derived organic carbon in shelf sediments and the
deep ocean requires that these environments be included in BC
estimates (Krause-Jensen et al., 2018), including for the Blue
Amazon (Figures 1, 3). While the C stocks of some algal species
have been evaluated for some Brazilian regions (e.g., Sargassum;
Gouvêa et al., 2020), the contribution of most benthic
macroalgae to the C budget and burial is unknown in the SW
Atlantic. Nevertheless, it is likely that a large fraction of the
organic matter produced by macroalgae is exported and buried
in adjacent sediments and deep oceans (Krause-Jensen and
Duarte, 2016; Macreadie et al., 2019; Gouvêa et al., 2020).

Macroalgal habitats (mainly algal turfs, frondose macroalgae,
rhodolith beds, shallow subtidal sargassum beds, and deep-water
kelp beds) occupy the sea bottoms along the Blue Amazon (Aued
et al., 2018). Deep-water kelp beds (dominated by the endemic
Laminaria abyssalis) are predicted to cover 3,300,000 ha of the
Brazilian continental margin, between depths of 20 and 120 m,
under cold water temperatures (<15–19°C), and with a high
nutrient supply of upwelling regimes (Anderson et al., 2021).
Considering L. abyssalis demographic parameters (0.22–2.20
ind/m2) and individual dry weight (54 to 150 g) and the
average C content for Laminaria species (30%–33%; King
et al., 2020), we can expect average C stocks of up to 0.01 Mg
C ha−1. The minimum values of net primary productivity for
Laminaria species in the Atlantic range between 100 and 300 g C
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m-2 year−1 (King et al., 2020). Extrapolating to the area occupied
by L. abyssalis in the southwestern Atlantic, it accounts for
ecosystem sequestration rates of up to 312 Mg C year−1.

The rhodolith beds of the Blue Amazon span over 22,971,800
ha, equivalent to the area of Australia’s Great Barrier Reef (Horta
et al., 2016; Carvalho et al., 2020). The most extensive area of
rhodolith beds, covering 2,090,000 ha, is on the Abrolhos Bank
(Amado-Filho et al., 2012). Distributed from 0 to ~250 m deep,
these beds represent one of the largest carbonate depositional
environments and play a fundamental role in the carbon cycle
(Horta et al., 2016). The Abrolhos shelf boasts the world’s largest
expansion of rhodoliths and is able to produce 1 kg of CaCO3

m-2 year−1, which represents approximately 5% of the CaCO3

burial/precipitation of the world’s carbonate banks (Amado-
Filho et al., 2012). Although there is a large distribution and
abundance of rhodoliths and seaweeds on the Brazilian coastline
(Carvalho et al., 2020), the specific processes of the carbon cycle
in these environments have not been completely modeled.

Coralline algae, which form rhodolith beds, may act as a CO2

sink in the processes of photosynthesis and CaCO3 dissolution,
and as a CO2 source in the processes of respiration and CaCO3

production (Gattuso et al., 1998), which may offset the C
sequestration capacity in the short term. Using a modeling
approach, the potential burial rate has been estimated to be 0.4
× 109 Tg C year−1 (Van de Heidjen & Kamenos 2015). There is a
need for more comprehensive studies involving the chemistry of
coralline algae and refining the models with empirical data
before evaluating the role of Brazilian rhodolith beds as
true BCEs.

3.3 Plankton-Dominated Coastal Bays
and Lagoons
Plankton (bacteria, viruses, phytoplankton, and zooplankton)
represent communities in the biological carbon pump because
they capture, transform, and export carbon from the upper layers
of the ocean and coasts and transfer them for immobilization
(Guidi et al., 2016) via benthic suspension feeders (e.g., sponges
and octocorals) that compose MAFs (Rossi et al., 2017; Rossi and
Rizzo, 2020), such as found across the Amazon Reef System
(Soares et al., 2019). Other carbon may be deposited and
sequestered through burial in sediments (Macreadie et al.,
2019). However, only approximately 0.5% of the carbon fixed
in the surface ocean is transferred and deposited on the sea floor.

In this way, higher rates of primary production associated
with the eutrophication of Brazilian coastal bays in the tropics
can generate large stocks of phytoplankton-derived dissolved
and particulate organic carbon, which is permanently being
produced, partially degraded, and buried in sediments
(Cotovicz Jr. et al., 2018a). For example, the CO2 sink
efficiency of Guanabara Bay (Brazil) may be enhanced by
eutrophication owing to its location (near the largest city of
Rio de Janeiro) and geomorphological characteristics, such as
tropical coastal embayment (Cotovicz Jr. et al., 2015). Recent
studies conducted in eutrophic Brazilian coastal lagoons have
demonstrated the same pattern of atmospheric CO2 absorption
and organic carbon storage in sediments (Cotovicz Jr. et al., 2021;
Erbas et al., 2021). Large-scale exportation provided by plankton
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along the tropical and subtropical pelagic marine environments
has not been analyzed; however, recent results provided by the
Tara Oceans Consortium in the South Atlantic indicate that
Radiolaria, alveolate parasites, Synechococcus, copepods, and
Rhizaria are drivers of carbon exportation (Guidi et al., 2016)
to seafloor sediments and MAFs in the SW Atlantic.

3.4 Marine Animal Forests
Other neglected carbon sinks in the Blue Amazon are MAFs,
which capture carbon via benthic-pelagic coupling (Rossi et al.,
2017; Rossi and Rizzo, 2020). MAFs are important carbon
immobilizers. Various MAFs, including gorgonian forests
(Coppari et al., 2019), sponge gardens (Coppari et al., 2016)
(Figure 3C), and inactive and passive benthic suspension feeders
(Rossi et al., 2017), have been recognized as important systems
for considering the BC budget. Ascension Island (South Atlantic,
United Kingdom) and the surrounding seamounts in the South
Atlantic have shallow MAFs with depths of less than 1,000 m.
These MAFs are estimated to capture at least 0.41 MgC ha−1,
mainly in the form of deep coral reefs (Barnes et al., 2019). Thus,
the Blue Amazon, which has seamounts, sponge gardens,
octocoral forests, and an extensive seabed (Soares et al., 2017;
Soares et al., 2019), should be considered during the estimation
of carbon storage and immobilization in benthic ecosystems and
associated sediments. These methodologies, applied to benthic
suspension feeder communities (Barnes et al., 2019), mirror
similar approaches used in terrestrial forestry studies (Coppari
et al., 2016; Coppari et al., 2019) concerning C flux estimation
(Rossi and Rizzo, 2020), and could be applied in the Blue
Amazon to investigate the overlooked role of MAFs as carbon
sinks in the SW Atlantic. However, the total area of the Brazilian
MAFs has not been mapped (Table 1).

3.5 Continental Shelf
Perhaps the largest C sink, yet the most uncertain stock, lies
within the Brazilian shelf sediments, which may receive a large
part of the C exported from continental, coastal, and in situ
pelagic biota inputs (e.g., Amazon River plume) (DeMaster et al.,
1996; Sobrinho et al., 2021). Shelf sediments cover ~9% of global
marine area and may account for more than 90% of stored
carbon within some national inventories (Legge et al., 2020).
Despite the large carbon pool, these marine areas are currently
not protected by international agreements to promote
their conservation.

Bottom trawling is likely to be the most widespread human
pressure across the seabed globally, disturbing ecosystem
functions and resuspending sediments (Rossi et al., 2019).
Trawling affects up to 75% of continental shelf sediments
globally, with almost 20 million km2 of sediments subject to
this pressure (Kaiser et al., 2002). Globally, bottom trawling may
release approximately 1.5 billion metric tons of aqueous CO2

annually, which is equal to that released on land through farming
(Sala et al., 2021), plus the 22 Gt year−1 of suspended sediments
have high direct impacts on biodiversity. The Brazilian economic
exclusive zone is a relevant area for carbon storage and must be
considered as a BC research priority and conservation target
(Soares et al., 2017). Recent studies have estimated that the
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Amazon River Delta has an accumulated sedimentation rate
above the global average. Moreover, the suspended material is
transported horizontally by river plume fuel production to
adjacent seafloor areas, which improves the relevance of the
Amazon continental shelf to the global carbon budget (Sobrinho
et al., 2021).
4 IMPACTS AND PROTECTION OF THE
BCEs SEQUESTRATION

The extension and high biodiversity of the Blue Amazon provides
great potential for carbon storage and sequestration, therefore
contributing to climate mitigation and adaptation. However, their
regional/global role as carbon sinks still needs to be better
understood and recognized. Moreover, human impacts on these
marine ecosystems must be avoided and managed because of the
local and global relevance of ecosystem goods and services,
including climate regulation. Climate change could modify the
resistance or resilience of BCEs, potentially making them more
sensitive to impacts from activities (e.g., bottom trawling and
sewage pollution) and direct pressure may amplify climate change
constraints in BCEs (Rossi et al., 2017).

In Brazil, BCEs are threatened by a plethora of human
pressures such as coastal urbanization, heatwaves, global
warming, oil and gas exploitation, eutrophication, ocean
acidification, contamination by agricultural, industrial, and
urban effluents, mining accidents, large oil spills, deforestation,
and aquaculture activities (Pagliosa et al., 2012; Copertino et al.,
2016; Soares et al., 2017; Lacerda et al., 2019; Magris et al., 2020;
Soares et al., 2021). For example, deforestation for urbanization,
salt exploration, and aquaculture has contributed to the loss of
extensive mangrove areas and increased carbon emissions
(Pagliosa et al., 2012; Kauffman et al., 2018b). In this way,
aquaculture activities, such as shrimp farming, may remove 60%
of the soil carbon stock and 85% of the living biomass carbon stock
(Sasmito et al., 2020). Shifts in hydrology, tidal exchange, disposal
of effluents into mangrove soils, and water changes also have
negative effects on BCEs (Macreadie et al., 2017), including in the
Blue Amazon (Soares et al., 2017; Magris et al., 2020). Recently, the
most extensive oil spill detected in tropical oceans has reached
large areas of BCEs, such as mangroves, seagrasses, salt marshes,
and rhodolith beds (Magris and Giarrizo, 2020; Soares et al., 2020).
For example, Brazilian estuaries (492,974 ha), mangroves (48,983
ha), seagrass meadows (32,477 ha), and tidal flats (6,364 ha) were
severely affected by this oil spill along 3,000 km of coastline
(Magris and Giarrizo, 2020).

In addition to these local and regional pressures, the predicted
impacts of climate change on Blue Amazon ecosystems, such as
warming (Magris et al., 2015), ocean and coastal acidification
(Cotovicz Jr. et al., 2018b; Perretti et al., 2018), rising sea levels
(Godoy and Lacerda, 2015), and droughts (Marengo et al., 2017;
Soares et al., 2021), also enhance the risks associated with the
degradation of BCEs (Magris et al., 2020) and changes in the
coverage of BC areas (e.g., retraction and expansion of
mangroves) (Lacerda et al., 2019). Thus, the impacts of climate
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change on BCEs and their C stocks are dependent on exposure to
climate change factors and land use practices (Macreadie et al.,
2019; O´Connor et al., 2019). These human activities in the Blue
Amazon promote drastic changes in the rates and balance of
carbon emissions due to the effects on the storage and
sequestration of both the forest structure and burial in the soils
(Pagliosa et al., 2012; Nóbrega et al., 2016; Kauffman et al., 2018b;
Nóbrega et al., 2019).

Among BCEs, the only environments that have protection
measures via legal instruments and coverage by coastal and
marine protected areas (MPAs) are mangroves (Santos and
Schiavetti, 2014). Other systems that are incorporated in MPAs
(e.g., seagrass meadows within the Coral Coast MPA and Abrolhos
Marine National Park) are also protected by instruments according
to specific local, regional, or national laws. Coastal zones are
formally protected by national and international legal provisions.
For example, Brazilian mangroves are considered national heritage
sites (Constitution of Brazil/1988) and permanent preservation
areas (Forest Code/2012). Despite this apparent protection, the
existing legal framework is insufficient as it does not require the
development of public policies and management plans that ensure
effective conservation (Ferreira and Lacerda, 2016). In recent years,
the Brazilian federal government has made decisions that
weakened and dismantled established environmental policies
(Fearnside, 2019), modifying the protection of important areas
(e.g., mangroves) and disregarding the inefficient use of natural
resources (Bernardino et al., 2021).

Although protected by laws and MPAs, mangroves still suffer
from illegal exploitation (Lacerda et al., 2019) and poor
management effectiveness (Almeida et al., 2016). Shrimp
aquaculture and urban development are likely to be the highest
threats to mangrove forests in Brazil (Bernardino et al., 2021). The
“Reducing Emissions from Deforestation and forest Degradation
(REDD)” program could help to restore mangrove environments;
however, technical and financial assistance and institutional
support are required to implement REDD+ (Ahmed and Glaser,
2016). In addition to scientific gaps and uncertainties, the Blue
Amazon suffers from a lack of political and a government agenda
for downgrading already protected ecosystems. Therefore, the
implementation of this type of instrument in coastal areas is still
far from practical.

South America lost approximately 7.8% and 3.8% of its
mangrove coverage between 1980–1990 and 1990–2000,
respectively (Lacerda et al., 2019), including losses in Brazil
(MAPBIOMAS 2021). In addition, it is important to highlight
that Brazil has the third highest country-specific potential annual
CO2-equivalent emissions from mangrove soils (Atwood et al.,
2017). BCE payments can be implemented in countries with
moderate fossil fuel emissions and extensive coastlines,
potentially contributing towards climate change mitigation at a
national scale (Taillardat et al., 2018). Brazil’s gross emission in
2020 was 2.16 billion tons of carbon dioxide equivalent (Gt CO2;
SEEG Brasil, 2021). Discounting carbon removal by secondary
forests and protected areas, the national net emissions in the
same year were 1.52 Gt CO2. Considering only fossil fuel and
cement production (land use change not included), Brazil
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emitted 467.38 million tons CO2, which represent 1.34% of
global emissions (Ritchie and Roser, 2020).

In Brazil, 37.4% of emissions come from the energy sector,
followed by the agriculture, land use change and forestry,
industrial processes, and waste sectors, which contribute
32.6%, 22.6%, 4.2%, and 3.4% of greenhouse gas emissions,
respectively (MCTIC – Ministério da Ciência e Tecnologia do
Brasil 2017). In addition, the lack of knowledge regarding reliable
and accurate estimates of BC cycling and national budgets is a
lost opportunity for economic gains funding from voluntary
carbon markets, non-carbon finance, and alternative livelihoods
for local communities along the Brazilian coast (Zhao et al.,
2020). Carbon credits can be generated for mangroves and
coastal wetlands when degraded mangrove habitats are
afforested or reforested. This could serve as a strategy to
improve the quality of life of citizens and reduce social and
economic inequalities using successful global case studies
(Taillardat et al., 2018).

Despite the clear societal benefits of carbon sequestration,
countries may wish to recognize the benefits in terms of
economic value before making decisions about the protection of
vulnerable ecosystems, aid policy decisions, widen the market for
carbon management and trading (e.g., Nellemann et al., 2009;
Luisetti et al., 2019), and include BC protection within national
policies (Bertram et al., 2021). Under the increased human and
climate pressures predicted for the next decades, damage costs
caused by carbon release due to the disturbance of coastal and shelf
sea sediments could be very high (e.g., up to US$ 12.5 billion in UK;
Luisetti et al., 2019). However, efforts to manage socio-economic
pressures to maintain seabed carbon storage need to account for
trade-offs with social welfare benefits, such as food security.
Therefore, more robust evidence is needed to develop effective
incentive mechanisms to preserve these valuable ecosystems within
a sustainability governance framework in Brazil.
5 BCEs NATIONAL PRIORITIES

Surveys on carbon stocks and sequestration in mangroves and
other BCEs are fundamental, and defining values and
understanding how these ecosystems work in relation to the
carbon cycle are essential for climate change compensation
projects. This does not mean that surveillance actions should
be in the background; however, having observed the political
management of Brazil, it is noticeable that there is an inversion of
national environmental agencies. Inspection actions are incipient
and the budgets for these actions are not being utilized. As a
consequence of such environmental liabilities, deforestation and
degradation have continued, along with worsening conditions
for indigenous people (Scantimburgo, 2018; Fearnside, 2019;
Missiatto et al., 2021). The ridge-to-reef concept (Carlson
et al., 2019) of ecosystem management can also be applied to
Brazilian coastal and marine environments, considering the huge
amount of deforestation and pollutants originating from land
activities that impact mangroves, seagrass beds, salt marshes, and
shallow-water animal forests. Therefore, the priority actions for
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BCEs, and all terrestrial and marine areas of high importance, are
political, especially for climate change mitigation and adaptation.
6 URGENT RECOMMENDATIONS AND
FUTURE DIRECTIONS

The current mismanagement of carbon in the Blue Amazon
highlights the need for urgent improvements in research,
conservation actions, and science-based policies in the United
Nations Decade of Ocean Science (2021–2030). We highlight
that the knowledge concerning the ecosystem services of the Blue
Amazon, such as C stock/sequestration and protection measures,
is still incipient and needs to be improved. Importantly, attempts
to measure and set targets for carbon sequestration in BCEs
should be kept separate from emissions targets in other
economic sectors (e.g., transport, industry, and agriculture), to
avoid using BC as an offset of other required emission reductions
(Climate Analytics 2017). Although it is essential to prevent the
degradation of BCEs, carbon sequestration is not the only or
most valuable ecosystem service for local populations along the
Blue Amazon.

The wide range of potential benefits that emerge from coastal
ecosystem conservation and restoration, beyond carbon
sequestration, always have sufficient justification for schemes to
incentivize their immediate protection (e.g., payment for ecosystem
services), with substantial adaptation benefits for local communities,
in addition to other ecosystem services. To maximize these benefits,
schemes should be designed with the full set of ecosystem services in
mind, in addition to carbon sequestration.

Another urgent problem regarding carbon mismanagement
in the Blue Amazon is that other BCEs such as seagrass, tidal salt
marshes, HTFs, MAFs, and rhodolith beds still have little
protection from MPAs or legal provisions that prevent intense
economic exploitation (Copertino et al., 2016; Horta et al., 2016;
Soares et al., 2017; Magris et al., 2020). Therefore, it is necessary
to increase legal protection and MPA coverage in all
environments and improve the efficiency of public policies,
such as the management effectiveness of mangrove protected
areas (Almeida et al., 2016). Moreover, conservation actions that
are advantageous for both BC and the structural complexity and
diversity of marine species, such as initiatives in terrestrial forests
(Silveira et al., 2019), are preferable to carbon-focused initiatives
in coastal and marine environments. Thus, it is important to
identify and provide effective protection to BC diversity hotspots
along the southwestern Atlantic coast.

7 SUMMARY ACTIONS FOR
RESEARCHERS AND POLICYMAKERS

• Promote research that provides information about C stocks,
sequestration, and burial rates in Brazilian BCEs and that
aims to understand carbon cycling in these environments.

• Reinforce surveillance actions in BCE areas, especially in
those with high carbon sequestration and storage potential.
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• Change the management of national and state environmental
agencies to promote actions in BCEs and their dependent
human communities favors.

• Establish goals for carbon sequestration in Brazilian BCEs together
with economic sectors, considering carbon credit mechanisms.

• Consider all environmental goods and services provided by
such unique environments, as well as carbon sequestration
and storage, for the valorization of BCEs.

• Increase the legal protection of BCE areas, including
environments that are still poorly measured or valued for
their economic and environmental importance, such as
seagrasses, HTFs, MAFs, and rhodolith beds.

• Establish the conservation and restoration of BCEs as a
national priority for ocean-based carbon dioxide removal
(CDR) and adaptation measures.
8 CONCLUSIONS

The Blue Amazon is potentially one of the largest carbon sinks on
Earth but is largely overlooked. In addition, estimates of
quantitative total carbon stocks, burial rates, and atmospheric
exchanges of greenhouse gases in Brazilian BCEs are scarce. In this
regard, systematic reviews and field/laboratory research on BC
stocks in Brazilian coastal and marine ecosystems are a priority
topic. It is important to publish future systematic reviews to
demonstrate the gaps in current knowledge and original
research to provide robust BC budgets of this extensive area.

It is necessary to improve the estimates of carbon stocks,
fluxes, protection, and restoration of carbon both above- and
belowground in already actionable BCEs (e.g., mangroves and
seagrass meadows) and those still not-actionable (e.g., MAFs,
HTFs, and macroalgal beds). However, the overall focus of
current BC research on the estimations of total stocks and
burial rates (habitat-bound carbon) has overlooked the mobile
BC fraction, that is, carbon outwelling (lateral fluxes or
horizontal exports of C to the ocean; Santos et al., 2021).
Therefore, the sequestration capacity of BCEs can be largely
underestimated (Santos et al., 2021; Rovai et al., 2022).

Understanding how climate change affects the carbon
sequestration capacity in mature BC ecosystems (including
Brazil) and during their restoration is a research priority
(Macreadie et al., 2019). The role of rhodolith and fleshy
macroalgal beds (sinks/donors) in BC cycling and the degree
to which greenhouse gases are released following disturbance of
BCEs are emerging scientific questions. Finally, we need to
improve precision of the extent of BCEs, techniques to
determine BC provenance, and understanding of the biotic and
abiotic factors that influence sequestration in BCEs.
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