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Mangroves are known for large carbon stocks and high sequestration rates in biomass
and soils, making these intertidal wetlands a cost-effective strategy for some nations
to compensate for a portion of their carbon dioxide (CO»s) emissions. However,
few countries have the national-level inventories required to support the inclusion of
mangroves into national carbon credit markets. This is the case for Brazil, home of
the second largest mangrove area in the world but lacking an integrated mangrove
carbon inventory that captures the diversity of coastline types and climatic zones in
which mangroves are present. Here we reviewed published datasets to derive the
first integrated assessment of carbon stocks, carbon sequestration rates and potential
COoeq emissions across Brazilian mangroves. We found that Brazilian mangroves hold
8.5% of the global mangrove carbon stocks (biomass and soils combined). When
compared to other Brazilian vegetated biomes, mangroves store up to 4.3 times
more carbon in the top meter of soil and are second in biomass carbon stocks
only to the Amazon forest. Moreover, organic carbon sequestration rates in Brazilian
mangroves soils are 15-30% higher than recent global estimates; and integrated over
the country’s area, they account for 13.5% of the carbon buried in world’s mangroves
annually. Carbon sequestration in Brazilian mangroves woody biomass is 10% of
carbon accumulation in mangrove woody biomass globally. Our study identifies Brazilian
mangroves as a major global blue carbon hotspot and suggest that their loss could
potentially release substantial amounts of CO». This research provides a robust baseline
for the consideration of mangroves into strategies to meet Brazil's intended Nationally
Determined Contributions.

Keywords: Brazil, mangrove forests, blue carbon, hotspot, CO, equivalent emissions

INTRODUCTION

Climate change velocity has outpaced models’ predictions spurring the implementation of natural
climate solutions policies centered on ecosystems self-organizing properties to mitigate fossil
fuels emissions and ensue adaptive capacity to future alterations in the climate system. Natural
ecosystems have evolved mechanisms that allow them to shift among alternate states while
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remaining functional over geomorphic timescales (Holling,
1973). Such processes are evident in dynamic coastal
sedimentary environments, which alternate between vegetated
and unvegetated states (e.g., saltmarshes and mangroves versus
mudflats and saltflats) in response to climate and millennial-
scale changes in sea levels (Gabler et al., 2017; Saintilan et al.,
2020). In particular, where sediment yield to coastal oceans
has not been impaired and coastal floodplains still allows for
inland expansion, rising sea levels can increase accommodation
space along mangrove- and marsh-dominated environments
sustaining continuous burial of terrigenous and marine organic
sediments (Rogers et al., 2019).

Among tidal saline wetlands, mangroves are known for high
rates of carbon sequestration in soils (mean = 222 gC m™2
yr~!; Jennerjahn, 2020; MacKenzie et al., 2020; Wang et al.,
2020), that are 50 times higher than reported for terrestrial
tropical and temperate forested biomes (mean = 4.5 gC m™2
yr~ 1 McLeod et al., 2011). Combined with comparable carbon
sequestration rates in woody biomass (mean = 82.7 gC m~2
yr~!, range = 13-2,160 gC m~2 yr—!; Xiong et al, 2019),
these intertidal wetlands can be a cost-effective strategy for
some nations to compensate for part of their carbon dioxide
(COy) emissions (Taillardat et al., 2018). To date, however, few
countries have the country-level inventories required to support
the inclusion of coastal wetlands into national carbon credit
markets (e.g., Holmquist et al., 2018 for the United States and
Serrano et al.,, 2019 for Australia). Moreover, global estimates
generally focus on carbon stocks within either soil or biomass
(Hutchison et al., 2014; Jardine and Siikamaki, 2014; Atwood
et al.,, 2017; Rovai et al., 2018, 2021b; Sanderman et al., 2018;
Tang et al., 2018; Simard et al., 2019; Kauffman et al., 2020),
which are important to determine potential COjeq emissions
from mangrove forest loss (see Adame et al, 2021), but do
not provide comparable information in terms of mitigating
current emission rates. Further, global estimates often do
not accurately quantify within-country variability, relying, in
many cases, on averaged reference values or model-based
generalizations to extrapolate predictions to data-poor or data-
absent nations when harnessing national datasets would be
more appropriate to inform country-specific conservation targets
(Worthington et al., 2020a).

Brazil is home to the second largest mangrove area in the
world, with forests distributed across diverse coastal morphology
and climate gradients (Hamilton and Casey, 2016; Worthington
et al., 2020b). Despite accounting for over 9% of the world’s
mangroves, Brazil still lacks an integrated inventory of carbon
stocks and carbon sequestration rates that capture the diversity
of coastline types and climatic zones in which mangroves
are present. To fill this gap, we performed a comprehensive
review of published global datasets to derive within-country
estimates of carbon stocks and sequestration rates in mangrove
soils and biomass that represent both geographic gradients
and administrative divisions in Brazil. In addition to delivering
state-level estimates, we provide a direct comparison between
mangroves and Brazil’s other major vegetated biomes, identifying
mangroves as a major carbon hotspot that can help meet intended

Nationally Determined Contributions (NDC'’s), in addition to
their significance as global coastal carbon sinks.

MATERIALS AND METHODS

Data Acquisition

Geospatial Datasets and Analyses: Carbon Stocks in
Biomass and Soils

Global mangrove aboveground biomass (AGB) and soil organic
carbon stock (SOC) values were retrieved from various
independent datasets that have explicitly mapped the spatial
distribution parameters’ (Table 1). These global datasets were
subsetted for Brazilian mangroves, and median statistics were
computed from grided or vectorized datasets where available
or directly from the original references. Where possible,
uncertainties were assessed on the basis of bootstrapped 95%
confidence intervals for medians using the bias corrected
and accelerated (BCa) method (Carpenter and Bithell, 2000;
Mangiafico, 2021).

As noted elsewhere (Bukoski et al., 2020), due to the scarcity
of field observations there are no regional or global mangrove
belowground biomass (BGB) maps. Thus, to be consistent with
previous studies, we used a BGB:AGB ratio of 0.5 to estimate BGB
across the world’s mangroves (IPCC, 2014; Hamilton and Friess,
2018; Rovai et al., 2021b). Further, biomass (both AGB and BGB)
was converted to carbon units using a conversion factor of 0.475
(Hamilton and Friess, 2018).

To warrant direct comparison among independent sources,
we standardized per-area (MgC ha~1) and total (TgC or PgC)
carbon stock estimates across AGB and SOC datasets using
a conservative mangrove extent of 82,849 and 7,675 km? for
the world’s and Brazilian mangroves, respectively (Table 1;
after Hamilton and Casey, 2016 but see Hamilton et al., 2018;
Worthington et al., 2020a for comprehensive discussions on
existing mangrove extent databases).

Biomass (AGB and BGB) and SOC (top 1 meter) stock
estimates for Brazilian mangroves used throughout this
study were computed from Rovai et al. (2018, 2021b)
respectively, given the comparatively larger number of
observations (>900 forest plots for AGB and >65 sites
for SOC stocks distributed only within Brazil's mangroves;
Supplementary Table 1) used in these studies. It is noteworthy
that mean AGB and SOC estimates for global and Brazilian
mangroves are consistent to mean values computed among
previous studies (Table 1). Biomass (AGB and BGB) and
SOC (top 1 meter) density in other Brazilian vegetated
biomes (Amazon forest, Atlantic forest, Pampa grasslands,
Cerrado savannas, Pantanal wetlands, and Caatinga forests)
were extracted from harmonized biomass (Spawn et al,
2020) and soil (Hiederer and Kochy, 2011) databases. Due
to some overlap between spatial datasets, cells containing
mangroves were excluded when computing biomass and SOC
density estimates for other Brazilian vegetated biomes. Global
datasets were clipped to Brazils territory, split by state-level
administrative divisions and classified into vegetated biomes
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TABLE 1 | Published above- and belowground biomass (AGB and BGB), and soil organic carbon (SOC) stock estimates for global and Brazilian mangroves.

Source Mean AGB (MgC ha~1) Mean BGB (MgC ha~") Mean SOC (MgC ha~1)
Global Brazil Global Brazil Global Brazil
Rovai et al., 2018, 2021b 78 66 39 33 2974 2412
Kauffman et al., 2020 1150 1250 7410 3470 334 155
Simard et al., 2019 58 42 29 21 283¢
Hamilton and Friess, 2018 98 49
Tang et al., 2018 69 78 42 31
Sanderman et al., 2018 361 358
Atwood et al., 2017 283 308
Hutchison et al., 2014 87 80 34 30 447
Jardine and Siikamaki, 2014 369 342
Overall mean 78+7 67 +£9 39+3 29+3 329 + 16 281 £ 37
Source Total AGB (PgC) Total BGB (PgC) Total SOC (PgC) Ecosystem-level C (PgC)
Global Brazil Global Brazil Global Brazil Global Brazil
Rovai et al., 2018, 2021b 0.81 0.06 0.41 0.038 2.262 0.162 3.48 0.25
Kauffman et al., 2020 0.95 0.05 2.90° 0.13° 2.70 0.12 6.55° 0.30°
Simard et al., 2019 0.46 0.03 0.23 0.02 2.14° 2.83
Hamilton and Friess, 2018 0.8 0.41 2.969 417 0.39
Tang et al., 2018 0.56 0.06 0.34 0.02
Sanderman et al., 2018 3.80 0.27
Atwood et al., 2017 2.60 0.24
Hutchison et al., 2014 0.72 0.06 0.28 0.02 3.64 4.64
Jardine and Siikamaki, 2014 2.96 0.26
Overall mean 0.72+£0.0783 0.054+0.006 0.33+0.085 0.02+0.003 2.99+0.25 0.21 4+ 0.03 3.78 + 0.40 0.32 + 0.07

Brazil's % of global 6.9%

6.1%

7.0% 8.5%

@Based on Rovai et al. (2018).

bNot included in the overall mean computation since per unit area values were >30 and >90% higher than mean AGB and SOC values computed from all other studies.

®Based on Atwood et al. (2017); not included in the overall mean computation.

9Based on Jardine and Siikaméki (2014); not included in the overall mean computation.

according to the Brazilian Geography and Statistics Institute
databases (IBGE, 2019).

Literature Search: Carbon Sequestration in Biomass
and Soils

Carbon sequestration in mangrove woody biomass and soils were
estimated based on a comprehensive literature review performed
online on Google Scholar, Science Direct, Web of Science, and
the Brazilian SciELO databases. For carbon sequestration in
woody biomass, we performed searches using the following
expressions: “carbon sequestration,” “carbon accumulation,”
“wood production,” “biomass production,” “stem growth,” “basal
area increment,” and “DBH increment” always in combination
with the terms “mangrove” and “Brazil.” Altogether the searches
returned a total of 1,000 articles (Google Scholar = 815,
Science Direct = 51, and Web of Science = 134). For carbon
sequestration in mangrove soils, we used the expressions “carbon
sequestration,” “carbon accumulation,” “carbon burial,” and
“carbon accretion” again always in combination with the terms
“mangrove” and “Brazil.” Initial searches returned a total of
3,725 articles (Google Scholar = 3,240, Science Direct = 404,
and Web of Science = 81). Searches performed at the Brazilian
SciELO database included generic Portuguese terms “carbono”
(for carbon) and “mangue*” (for mangrove or mangal), which

returned a total of 19 studies. Only studies conducted in Brazilian
mangroves that presented data on carbon sequestration in either
woody AGB (N = 2) or soils (N = 7) were included in our
analyses. Carbon sequestration rates in mangrove woody biomass
and soils were classified into one of four coastal geomorphic
types along Brazil’s shoreline: deltas, estuaries, lagoons or open
coasts (after Worthington et al., 2020b). Differences among those
coastal typologies were assessed using analysis of variance for
unbalanced designs (ANOVA function from R “car” package; Fox
and Weisberg, 2019).

Carbon Dioxide Equivalents Emissions

and Foregone Carbon Sequestration

Carbon dioxide equivalents (COs¢q) for both carbon stock and
carbon sequestration rate values were estimated using a CO,:C
stoichiometric ratio of 3.67 (i.e., CO,/C = 44/12 = 3.67), which
is used as a multiplying factor to convert carbon atoms to
CO, molecules. Potential COzeq emissions were computed on
a “stock-difference” basis (sensu Kauffman et al, 2017) using
published mangrove biomass and soil carbon stock estimates
(based on Rovai et al., 2018, 2021b as detailed above) and
carbon sequestration rates (from the literature review). Further,
we coupled degradation-specific carbon emission factors (after
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Sasmito et al., 2019: Erosion AGB = 1, SOC = 1; Clearing
AGB = 0.7, SOC = 0.21; Settlement AGB = 1, SOC = 0.66;
Extreme weather AGB = 0.31, SOC = 0.14; Agriculture and
aquaculture AGB = 0.83, SOC = 0.52) with a high-resolution map
of drivers of mangrove forest loss (covering the period 2000-
2016; after Goldberg et al.,, 2020) to determine the dominant
historical cause of mangrove degradation for each Brazilian
state. While some mangrove loss drivers may change over
time, dominant degradation causes, particularly those driven
by climate (e.g., erosion caused by sea level rise and extreme
weather events, which affects 85% of the country’s mangrove
coverage; Goldberg et al., 2020), are likely to remain as a result
of global climate change. Likewise, agriculture or aquaculture
and clearing may be harder to reduce in Brazil in the years to
come due to increasing relaxation of environmental regulations.
Once determined, dominant state-level emission factors were
multiplied by carbon stocks in AGB and in soils (top 1
meter) separately and then summed to compute ecosystem-level
potential COzeq emissions for each mangrove cell in the gridded
dataset (that is, AGB and SOC density estimates combined from
Rovai et al., 2018, 2021b).

All raster and vector manipulations and geospatial analyses
were performed using R (R Core Team, 2020) packages ‘geobr’
(Pereira and Goncalves, 2021), ‘raster’ (Hijmans, 2020), and
‘rgdal’ (Bivand et al., 2020).

RESULTS AND DISCUSSION

Carbon Stocks in Biomass and Soils

Based on recent global estimates (Table 1), Brazil holds on
average 8.5% (or 0.32 PgC) of the world’s mangrove organic
carbon stocks, partitioned among AGB (0.05 PgC or 6.9% of

global stocks), BGB (0.02 PgC or 6.1% of global stocks) and
soils (0.21 PgC or 7.0% of global stocks). On a per-area basis,
Brazilian mangroves store on average 66, 33, and 241 MgC ha~!
in AGB, BGB and soils, respectively (from Rovai et al., 2018,
2021b for AGB and BGB, and SOC, respectively). Standardized to
the same mangrove forest coverage, these values are comparable
to and often more conservative than other studies’ estimates.
However, our ecosystem-level carbon stock estimate for Brazilian
mangroves is 36% lower than that reported in Hamilton and
Friess (2018) due to overestimated SOC density estimates for
Brazil (from Jardine and Siikaméki, 2014) used in that study.

Over 80% of all mangrove carbon stocks in Brazil are found in
the states of Maranhéo (91.3 TgC), Para (61.2 TgC) and Amapa
(47.3 TgC), reflecting extensive coverage which amounts to more
than 80% of the country’s total mangrove area (Table 2).

Largest per-area AGB values are also found in these three
states (215.5, 205.3, and 166.7 Mg ha~! in Amap4, Para and
Maranhio, respectively) as well as in Piaui (143.4 Mg ha™1!),
where mangroves develop in nutrient-rich deltaic systems. In
contrast, lowest per-area AGB was found in Santa Catarina
(56.8 Mg ha™!), near the austral distribution limit for mangrove
forests in the Southwestern Atlantic (Schaeffer-Novelli et al.,
1990; Soares et al., 2012). AGB was also lower in Sdo Paulo (84.2
Mg ha~!) and Rio de Janeiro (83.1 Mg ha—1), where extensive
mangrove areas have been impacted by industrial activities and
urban expansion (Soares, 1999; Ferreira and Lacerda, 2016;
Moschetto et al., 2021). AGB values <100 Mg ha™! were also
found in Paraiba, Sergipe, Pernambuco, Ceard and Alagoas where
shrimp farming has compromised the structural and functional
integrity of Brazil’s drier-climate mangrove forests (Lacerda et al.,
2021). AGB values >100 Mg ha™! were found in Espirito Santo
and Bahia mangroves where the multidecadal stability of more
than 70% of the mangrove coverage suggests that the integrity of

TABLE 2 | Median (95% Confidence Intervals) and total values for above- and belowground biomass (AGB and BGB) and, soil organic carbon (SOC) stock estimates for

Brazilian states.

State Mangrove AGB SOC Total OC in Total OC in Total SOC Ecosystem-level Ecosystem-level
area (ha)? (Mg ha~") (Mg ha~") AGB (Tg) BGB (Tg)® (Tg) C (Tg) C (%)
Maranhao (MA) 207,158.47 167 (160-171) 178 (174-179) 24.74 12.37 54.15 91.26 36.56
Para (PA) 186,977.44 205 (200-208) 196 (173-209) 18.17 9.08 33.94 61.19 24.52
Amapa (AP) 141,625.98 215 (200-227) 209 (138-209) 14.26 713 25.92 47.31 18.95
Bahia (BA) 46,460.39 106 (90-114) 278 (276-279) 2.53 1.27 12.90 16.70 6.69
Parana (PR) 19,681.39 99 (92-108) 269 (260-269) 0.97 0.48 5.26 6.71 2.69
S&o Paulo (SP) 14,776.24 84 (76-88) 270 (269-272) 0.60 0.30 4.07 4.97 1.99
Sergipe (SE) 10,056.71 98 (87-121) 286 (283-286) 0.53 0.26 2.90 3.69 1.48
Pernambuco (PE) 8,821.82 99 (93-121) 281 (276-281) 0.44 0.22 2.47 3.13 1.25
Paraiba (PB) 8,5679.79 80 (75-84) 269 (268-269) 0.33 0.16 2.33 2.82 113
Rio de Janeiro (RJ) 7,182.39 83 (77-87) 293 (289-306) 0.35 0.17 2.21 2.73 1.09
Santa Catarina (SC) 6,430.90 57 (44-66) 285 (279-297) 0.21 0.10 1.82 214 0.86
Espirito Santo (ES) 5,796.23 119 (102-128) 292 (256-304) 0.29 0.14 1.68 2.11 0.85
Rio Grande do Norte (RN) 5,012.71 102 (93-105) 272 (268-272) 0.27 0.13 1.37 1.77 0.71
Ceara (CE) 3,532.48 79 (74-93) 253 (247-253) 0.16 0.08 0.89 114 0.46
Alagoas (AL) 2,826.20 97 (88-106) 284 (281-285) 0.13 0.06 0.81 1.00 0.40
Piauf (PI) 2,680.41 144 (80-182) 239 (237-239) 0.18 0.09 0.65 0.92 0.37
Total 64.14 32.07 168.37 249.58 100
aEstimated using Hamilton and Casey (2016) mangrove cover dataset.
b Estimated using Hamilton and Friess (2018) 0.5 AGB to BGB conversion factor.
OC, organic carbon.
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FIGURE 1 | Comparison of ecosystem-level carbon stocks (above-,
belowground biomass and soil organic carbon in the top 1 meter combined)
among major Brazilian vegetated biomes.

core areas have been maintained over time (Diniz et al., 2019).
Predicted median AGB for Rio Grande do Norte mangroves was
also >100 Mg ha™! despite mangroves developing in a semi-
arid climate and historical damage from shrimp farming (Lacerda
etal., 2021). However, this result is likely due to the small number
of observations used to constrain biomass predictions for that
region (only two AGB values available for Rio Grande do Norte at
the time Rovai et al., 2021b study was conducted; Supplementary
Table 1). Regarding SOC stocks, deltaic mangroves in Piaui,
Amapa, Para and Maranhdo states had lower soil carbon
density due to higher inorganic-to-organic ratio per soil volume
characteristic of coastal deltaic floodplains when compared to
predominantly estuarine or lagoonal mangroves (Rovai et al.,
2018; Sanderman et al, 2018; Jennerjahn, 2020; MacKenzie
et al., 2020) found in other Brazilian states (Table 2). When
summed, carbon stocks in biomass (AGB+BGB) and soils across
Brazilian mangroves averaged 341 MgC ha™! (range: 297-397
MgC ha™!), showing little variation among states (e.g., maximum
difference of 23% or ~80 MgC ha~!) (Table 2). This relatively
small variability in per-unit area carbon stocks reflect mangrove
plants’ resource partitioning strategies in response to broad
geographical gradients (Rovai et al., 2021b), chiefly the role of
coastal geomorphology in controlling the ratio between inorganic
and organic matter in mangrove soils (Twilley et al., 2018;
Jennerjahn, 2020).

Comparatively, on a per-area basis mangroves store between
2.2 and 4.3 times more carbon in the top meter of soil relative
to other Brazilian vegetated biomes (Figure 1). Regarding mean
carbon stocks in biomass (AGB and BGB combined), mangroves

are second only to the Amazon forest, and 2.7-4.7 times higher
than other Brazilian vegetation formations.

Carbon Sequestration in AGB and Soils
Currently, only two studies in Brazil report on carbon
sequestration in mangrove woody AGB (Table 3). From these
studies, carbon sequestration in Brazilian mangroves’ woody
AGB was estimated at 3.18 MgC ha~! yr~!, consistent with
values reported for a diversity of coastal typologies worldwide
(Table 3). Thus, we used this reference value to produce a first
order country-level estimate of annual carbon sequestration in
Brazilian mangrove AGB, which totals 2.44 TgC yr~!, equivalent
to 10% of all carbon sequestered in mangroves AGB globally.

Long-term carbon sequestration rates (mostly 2!°Pb-dated
cores) in Brazilian mangrove soils was estimated at 2.81
MgC ha=! yr=! (Table 4). While there were no differences
(P > 0.05, results not shown) across the coastal geomorphic
types found along Brazil’s shoreline, this value is 15-30% higher
than recent global estimates (e.g,. 1.94-2.39 MgC ha=! yr™1;
Jennerjahn, 2020; MacKenzie et al., 2020; Wang et al., 2020),
likely due to the predominance of minerogenic coastlines (deltaic,
which accounts for >80% of the country’s mangrove area,
and meso- and macrotidal estuarine systems) where deposition
of both autochthonous (mangrove detritus) and allochthonous
(terrestrial and marine detritus) sediments are amplified (Adame
et al., 2010; Kusumaningtyas et al., 2019; Cragg et al., 2020).
Importantly, when this national median value is multiplied by the
country’s mangrove area coverage, annual carbon sequestration
in Brazilian mangroves soils was estimated at 2.14 TgC yr—!,
corresponding to about 13.5% of the total amount of carbon
buried annually in the world’s mangroves.

Potential CO5.q Emissions and Foregone

Carbon Sequestration

Highest potential COjeq emissions (>900 MgCOzeq ha™1)
resulting from loss of existing mangrove forests were estimated
for Rio de Janeiro, Alagoas, Piaui, Pard, Amapa, and Maranhao
states driven by the dominance of erosion (Figure 2 and
Table 5) where eventually all carbon stored in soils (here based
on top 1 meter) and in AGB is lost to the atmosphere. It
should be noted, however, that while eroded SOC is rapidly
mineralized in aerobic estuarine waters (Sapkota and White,
2021), carbon release back to the atmosphere from biomass loss
is not immediate given slow decomposition rates of downed
wood in mangrove forests (Romero et al., 2005). Notably,
when considering only the top 1 meter of soil to compute
such estimates, these values are amongst the highest COjeq
emissions reported in the literature for other mangrove sites
worldwide (Kauffman et al., 2017; Alongi, 2020; Adame et al,,
2021). Further agriculture/aquaculture- and settlement-based
losses (emission factors of 0.83 and 1.00 for AGB and 0.52 and
0.66 for SOC, respectively) were also anticipated to cause high
potential COzeq emissions (>500 MgCOxeq ha=!) in Espirito
Santo, Pernambuco, Rio Grande do Norte, Sdo Paulo, and
Santa Catarina states as these activities represent a considerable
loss of both aboveground and soil compartments (Figure 2).
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TABLE 3 | Carbon sequestration rates in woody biomass for Brazilian and global mangroves.

Region State Typology

Wood NPP (MgC ha~1 yr—1) Source

Southeast Rio de Janeiro (RJ) Open coast

Sé&o Paulo (SP) Lagoon

2.64 +1.03 Estrada et al., 20152
1.90 & 1.00

2.39 +1.45

7.03+1.30 Data from Rovai et al., 20212aP
4.06 + 1.16

3.71+£1.07

Overall median (95% Confidence Intervals) Brazil

3.18 (2.14-4.84)

Global Deltas 3.64 4+ 0.30 Data from Xiong et al., 2019P
Estuaries 2.96 £ 0.39
Lagoons 4.64 +£1.32
Open coasts 4.14 £ 0.63
Overall median (95% Confidence Intervals) global 3.89 (2.96-4.39)
aMean + 1SD as reported in the original study.
bMean + 1SE.
NPR net primary productivity.
TABLE 4 | Carbon sequestration rates in soils for Brazilian mangroves.
Region State Site Typology Carbon Dating method Source
sequestration rate
(MgC ha=1yr 1)
North Paréa (PA) Ajuruteua Delta 2.54 Wang et al., 2020
Northeast Pernambuco (PE) Tamandaré Estuary 3.53 210Pb Sanders et al., 2010b
Tamandaré Estuary 9.49 210Pb Sanders et al., 2010b
Bahia (BA) Jaguaripe Estuary 1.26 +£0.142 210Pb Hatje et al., 2021
Jaguaripe Estuary 1.28 +£0.032 210Pb Hatje et al., 2021
Jaguaripe Estuary 2.89 + 0.092 210Pb Hatje et al., 2021
Jaguaripe Estuary 3.37 £0.072 210Pb Hatje et al., 2021
Jaguaripe Estuary 4.08 £ 0.042 210Pb Hatje et al., 2021
‘ Jaguaripe Estuary 7.76 +£1.28°2 210Pb Hatje et al., 2021
Southeast Espirito Santo (ES) Caieira Velha Estuary 2.82 Wang et al., 2020
Vitoria Estuary 3.79 Wang et al., 2020
Anchieta Open coast 4.30 210Pb Wang et al., 2020
Rio de Janeiro (RJ) llha Grande Open coast 1.86 210Pb Sanders et al., 2008
llha Grande Open coast 1.69 210Pb Sanders et al., 2010c
Guanabara Estuary 2.76 Wang et al., 2020
Guanabara Estuary 2.93 Wang et al., 2020
Sepetiba Open coast 5.85 Wang et al., 2020
Séo Paulo (SP) Cananéia Lagoon 2.80 +0.14° 137Cs Sanders et al., 2014
Cubatao Lagoon 10.21 4 0.93°° 137Cs Sanders et al., 2014
Cananéia Lagoon 1.92 210Pb Sanders et al., 2010a
Cananéia Lagoon 2.34 210Pb Sanders et al., 2010a
South Parana (PR) Paranagua Estuary 1.68 210Pb Sanders et al., 2010c
Guaratuba Estuary 3.37 210Pb Sanders et al., 2010c

Overall median (95% Confidence Intervals)

2.81 (1.92-3.37)

aMean + 1SE computed from different depths within same cores for each site.
bMean + 1SE computed from two sites.
®Impacted site, not used to compute median and 95% Cl’s.

Lowest potential COeq emissions were linked to episodic
extreme weather events that have the potential to release smaller
fractions on carbon stored in AGB (31%) and soils (14%)
followed by clearing, which can remove substantial carbon stocks
in aboveground (70%) and soil (21%) compartments. These

estimates are conservative considering only carbon stored in
AGB and soils (but not in BGB, since emission factors for
this plant compartment have not been established yet) were
used to compute potential COjzq emissions resulting from
mangrove forest loss.
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FIGURE 2 | Total CO2¢q stored in biomass and soils (grayscale top left legend) and variability in potential COeq emissions (colored scale top right legend) across
Brazilian mangroves. Mangrove coverage exaggerated to improve visualization. Estimates per state are given on Table 5. Mangrove states: AP, Amap4; PA, Para;
MA, Maranhéao; P, Piaui; CE, Ceard; RN, Rio Grande do Norte; PB, Paraiba; PE, Pernambuco; AL, Alagoas; SE, Sergipe; BA, Bahia; ES, Espirito Santo; RJ, Rio de
Janeiro; SP, Sao Paulo; PR, Parana; and SC, Santa Catarina. Non-mangrove states: RR, Roraima; AM, Amazonas; AC, Acre; RO, Ronddnia; MT, Mato Grosso; TO,
Tocantins; GO, Goias; DF, Distrito Federal; MS, Mato Grosso do Sul; MG, Minas Gerais; RS, Rio Grande do Sul.

The loss of carbon sequestration potential after mangrove
forests are degraded was assumed here to be 100% considering
that soil and vegetation loss represent either acute stressors,
which ceases mangrove production altogether, or chronic
stressors that leave the system more susceptible to eventually
collapse (Lugo et al., 1981; Lewis et al., 2016; Krauss et al., 2018).
Further, there are currently no consistent degradation-specific
emission factors available to estimate loss of carbon sequestration
potential as there is for change in carbon stocks resulting from
distinct mangrove deforestation causes (e.g., Sasmito et al., 2019).

Based on the current reference value of 2.81 MgC ha™!
yr~! (Table 4), we estimated an annual loss of 10.31
MgCO; ha=! yr~! that would otherwise be buried in
mangrove soils. Combined with loss of carbon sequestration
potential in woody biomass, based on the current reference
value of 3.18 MgC ha~! yr~! (Table 3), foregone carbon
sequestration in Brazilian mangroves annually could total 22
MgCO; ha™! yr™!, in line with estimates reported for other
mangroves worldwide (23-254 MgCO, ha=! yr~las reviewed
in Alongi, 2014).
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TABLE 5 | Median values (95% Confidence Intervals) for potential COzeq emissions resulting from mangrove forest loss across Brazil.

State Dominant driver of Potential emissions Potential emissions Potential emissions

mangrove loss? AGB SOC Ecosystem-level

(MgCOyeq ha~) (MgCOsq ha~1) (MgCOyeq ha~")

Alagoas (AL) Erosion 169 (154-185) 1,040 (1,030-1,050) 1,210 (1,190-1,220)
Amapé (AP) Erosion 376 (348-397) 767 (508-768) 1,030 (911-1,110)
Bahia (BA) Clearing 130 (109-139) 214 (212-215) 341 (326-350)
Ceara (CE) Clearing 97 (91-113) 195 (186-195) 288 (283-315)
Espirito Santo (ES) Settlement 208 (180-223) 707 (620-736) 885 (832-921)
Maranh&o (MA) Erosion 291 (279-298) 655 (639-657) 937 (919-957)
Para (PA) Erosion 358 (349-363) 719 (633-767) 1,080 (1,010-1,110)
Paraiba (PB) Clearing 97 (92-102) 207 (206-207) 307 (299-309)
Parana (PR) Extreme weather 53 (49-58) 138 (134-138) 193 (189-195)
Pernambuco (PE) Agri/Aquiculture 143 (135-176) 536 (527-536) 677 (657-713)
Piaui (PI) Erosion 251 (140-316) 877 (871-877) 1,120 (1,010-1,190)
Rio de Janeiro (RJ) Erosion 145 (134-152) 1,070 (1,060-1,120) 1,250 (1,200-1,260)
Rio Grande do Norte (RN) Agri/Aquiculture 148 (134-153) 519 (511-519) 667 (651-672)
Santa Catarina (SC) Agri/Aquiculture 82 (64-95.) 545 (533-556) 620 (612-655)
Séo Paulo (SP) Agri/Aquiculture 122 (111-128) 516 (5613-519) 645 (625-649)
Sergipe (SE) Clearing 120 (106-148) 220 (218-220) 340 (327-373)
Total 2,791 8,925 11,590

aAfter Goldberg et al. (2020). See “Materials and Methods” section for details about emission factors applied to estimate COzeq emissions for each of these categories.

AGB, aboveground biomass; SOC, soil organic carbon.

CONCLUSION AND
RECOMMENDATIONS

Here we deliver the first integrated assessment of mangrove
carbon stocks, carbon sequestration rates and potential COszeq
emissions for each Brazilian state. While more data are needed
(e.g., particularly on carbon sequestration and emission factors)
to better quantify national level statistics, this study provides
compelling information to both aid the inclusion of mangroves
in national (or state-level) carbon credit markets and establish
Brazilian mangroves as hotspots within the context of global blue
carbon policies. Our estimates suggest that Brazilian mangroves
can potentially release substantial amounts of carbon following
mangrove forest loss, with COjeq emissions nearing those
estimated for other carbon-rich mangrove forests. In addition,
loss of carbon sequestration potential in both woody biomass
and soils following deforestation amplifies cumulative emissions
annually, shortening the country’s capacity to mitigate its fossil
fuel emissions and meet intended NDC's.

In summary, we showed that Brazil is home of 9.3% of the
world’s mangroves, commensurably holding 8.5% of the global
mangrove carbon stocks (biomass and soils combined). When
compared to other Brazilian vegetated biomes, on a per-area
basis mangroves store between 2.2 and 4.3 times more carbon
in the top meter of soil. While for carbon stocks in biomass,
Brazilian mangroves are second only to the Amazon forest,
and store between 2.7 and 4.7 times more carbon than other
vegetated biomes. Moreover, on a per-area basis organic carbon
sequestration rates in Brazilian mangroves are 15-30% higher
than recent global estimates. Importantly, integrated over the
country’s area, carbon sequestration in Brazilian mangroves soils

account for 13.6% of the carbon buried in world’s mangroves
annually. Likewise, carbon sequestration in Brazilian mangroves
woody biomass is also higher than global estimates, accounting
for nearly 10% of carbon accumulation in mangrove woody
biomass globally.

This study also highlights important research gaps and
uncertainties in Brazilian mangroves carbon inventories. For
example, the greatest carbon sink capacity in mangroves lies
in the soils since this ecosystem compartment continuously
fixes and preserves layers of millennia-old atmospheric carbon
beneath the surface. However, we still know very little about
the carbon sequestration potential of Brazilian mangroves
soils, particularly the contribution of the Amazon Macrotidal
Mangrove Coast (AMMC) to global carbon budgets. To date, we
have found only one study reporting on soil carbon sequestration
rates in this region (Table 4). Overall, several of Brazil’s northern
and northeastern states, where >80% of the country’s mangroves
are present, lack data; seven and nine states out of the 16
mangrove states in Brazil still lack data on soil organic carbon
stocks and sequestration rates, respectively (Supplementary
Table 1). It should also be noted that, while this study focused
on carbon stocks and long-term carbon sequestration rates
in biomass and soils, real time air-sea CO; fluxes, and DOC
(dissolved organic carbon), DIC (dissolved inorganic carbon),
and alkalinity (bicarbonate) export are important mechanisms of
the carbon cycling in mangroves (e.g., Sippo et al., 2016; Carvalho
et al., 2017; Cotovicz et al., 2019; Cabral et al., 2021) and should
be taken into account to better constrain carbon budgets for
Brazilian mangroves.

Mangrove AGB density has been consistently mapped across
Brazilian mangroves, but disparities exist. For instance, no data
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was apparent for Alagoas’ mangroves and only a few plots have
been implemented in Amapd (2 plots), Piaui (2 plots), Rio Grande
do Norte (2 plots), and Paraiba (6 plots) states (Supplementary
Table 1). While for carbon sequestration in woody biomass,
currently only two states (Rio de Janeiro and Sdo Paulo) are
represented (Table 3). The situation is far more critical for BGB
density and productivity estimates. In this study we used a 0.5
BGB:AGB ratio to estimate BGB across Brazilian mangroves;
however, to our knowledge, there are only two studies that
have comprehensively (using trenching vs. coring techniques;
see Adame et al., 2017 for a comprehensive discussion) assessed
actual BGB distribution in Brazilian mangroves (Santos et al,
2017 in Rio de Janeiro and Virgulino-Jinior et al., 2020
in Pard). Moreover, BGB productivity and root necromass,
which are important contributors to refractory carbon stored
in mangroves soils (Kihara et al., 2021), remain unknown for
Brazilian mangroves.

It is imperative that future research efforts and funding
opportunities focus on addressing these data coverage issues.
This is particularly pertinent for the data-poor northern states,
where the AMMC is located, as carbon fluxes are more
intense due to the synergistic contribution or riverine and
tidal forcings that dictate coastal and ecological processes (e.g.,
deposition, erosion, mineralization, export). We recommend
future carbon inventories in Brazilian mangroves to look
beyond carbon stocks in biomass and soils and prioritize
carbon fluxes via biomass (e.g., woody biomass growth)
and soils (long-term carbon sequestration) as well as export
of other carbon forms (e.g, DOC, DIC, alkalinity), which
provide a direct comparison to greenhouse gases emission
rates. Overall, this study consolidates the scientific basis
demonstrating the significance of Brazilian mangroves to
achieve NDC’s both by enforcing environmental regulations
to protect the country’s existing mangroves and by promoting
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