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Abstract

Macroalgae beds are extensive and productive marine benthic vegetated habitats globally, occurring in nearly

28% of coastal habitats worldwide. These marine forests may be important coastal carbon sinks but there are very
limited in-situ assessments of their carbon stocks. In this study, we assessed the blue carbon stocks (aboveground
and belowground) of typical coastal macroalgae beds in the SW Atlantic coast by comparing shallow (<2 m) subtidal
environments with and without the presence of macroalgae. We estimated a total ecosystem carbon stock (TECS)
of 1.64+0.24 Mg C ha~' on macroalgae beds, which was on average 30% higher than areas without macroalgae
(1.14£0.16 Mg C ha™"). The differences between areas were attributed to the aboveground carbon stock in macroal-
gal biomass (0.49+0.23 Mg C ha™"), which corresponded to nearly 30% of the total stocks. Sargassum sp. (Phaeophy-
ceae) was the most representative macroalgae on the studied areas (59%), and contributed to a higher proportion
of the aboveground carbon stocks. Using satellite imagery, we estimated an area of 527 ha of macroalgae beds
along a stretch of 410 km in the Eastern Marine Ecoregion of Brazil, representing a TECS of 869+ 128 Mg C. Nearly
45% of these macroalgae beds are currently within coastal marine protected areas in the region, and although they
hold a limited value for climate mitigation, they remain largely unrecognized in the conservation planning in the SW
Atlantic.

Highlights

- We present the first mapping and regional assessment of carbon stocks in macroalgal beds in the SW Atlantic.
«We mapped 527 ha of macroalgae beds with carbon stocks of 869 + 128 Mg C, with 30% as aboveground biomass.
+ Macroalgal beds hold on average 30% higher C stocks compared with bare sand subtidal habitats.

- Coastal macroalgae beds are of limited value for climate mitigation.
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1 Introduction

Macroalgae beds (seaweeds) are subtidal coastal eco-
systems associated to multiple ecosystem services, with
unique associated biodiversity and potentially holding
carbon along global coastal areas (Mazzuco et al. 2019;
Cai et al. 2024a). These marine forests may represent
an additional coastal carbon sink within their stand-
ing biomass and in belowground sediments (Pederson
et al. 2020; Paine et al. 2021). In addition, macroalgae
can release dissolved nutrients and labile organic com-
pounds on coastal areas (61 to 268 tg C y '), potentially
increasing their importance in coastal alkalinity and
contributing to long-term deposits of carbon in coastal
and deep-sea sediments (Filbe-Dexter and Wernberg
2020; Paine et al. 2021). Although some studies sug-
gest that macroalgae may be an important component
of marine blue carbon (Gallagher et al. 2022; Ould and
Caldwell 2022; Young et al. 2022; Cai et al. 2024a), there
are very few attempts to measure their carbon stocks in
coastal areas worldwide.

Blue carbon studies are mostly focused on coastal
mangrove forests, saltmarshes and seagrasses, partially
due to their high total ecosystem carbon stocks (TECS)
and long-term preservation (Kauffman et al. 2020).
Although macroalgae may cover large coastal areas
globally, it is estimated that most of their productivity
is lost to herbivory resulting in limited sequestration
in sediments (Gallagher et al. 2022). Macroalgae beds
therefore are assumed to hold limited carbon stocks
but may act as an important carbon source to deep-sea
regions, contributing an estimated amount of 1.5 Pg C
per year globally, and sequestering as much carbon as
other coastal ecosystems (e.g., seagrass meadows, salt
marshes, and mangroves) (Krause-Jensen et al. 2016;

Howard et al. 2017). For instance, the global carbon
stock of Sargassum sp., whether it is floating or adhered
to the sediment, is 13.5 Pg C (Gouvea et al. 2020).
Although macroalgae beds are recognized as a poten-
tial source and sink of coastal carbon, their role as car-
bon sink is poorly explored (Moreda et al. 2024).

There is a large gap in understanding direct and indi-
rect benefits of macroalgae beds in coastal areas, espe-
cially in the SW Atlantic. Macroalgae beds in the SW
Atlantic are of potential relevance to marine biodiver-
sity in coastal reefs and rhodolith ecosystems (Mazzuco
et al. 2022; Tuya et al. 2023). There is only one study
which reported an aboveground biomass of macroalgae
(Sargassum sp.) in the SW Atlantic off Brazil (Gouvea
et al. 2020). Although the work by Gouvea et al (2020)
reveals an important role of macroalgae as blue carbon
stocks in the South Atlantic, there is yet no informa-
tion of the importance of seaweed in increasing sedi-
ment (belowground) carbon stocks on coastal areas.
This information is key for the potential inclusion of
macroalgal beds in global mitigation actions alongside
with mangroves, saltmarshes and seagrasses (Kauffman
et al. 2020; Bernardino et al. 2024; Cai et al. 2024b).
This study aimed to fill some of these gaps by quan-
tifying the TECS associated to macroalgae beds and
paired areas without seagrasses in the Eastern Marine
Ecoregion of Brazil. We hypothesized that macroalgae
beds would increase local TECS through incorporation
of biomass (aboveground) and intensification of burial
(belowground) when compared to bare (no macroal-
gae) sediment areas. This work brings new data on the
carbon stocks of coastal macroalgal beds in the tropical
SW Atlantic, an area with large potential for the occur-
rence of macroalgae (Gouvea et al. 2020).
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2 Material and methods

2.1 Study area and sampling

This study was conducted in seven coastal sites within
the Eastern Brazilian Marine Ecoregion of Brazil in
sites distributed within a Marine Protected Area (Fig. 1;
Table S1). This region is characterized by lateritic coastal
reefs with unique benthic diversity, under a microtidal
regime and fluvial influence (Mazzuco et al. 2019, 2020).
Additionally, it may have the largest potential for mac-
roalgae biomass and richness in the Tropical Atlantic
(Gouvea et al. 2020; ICMBio 2024). The region is typically
influenced by E-NE winds of the South Atlantic high-
pressure system, E-SE swells and strong tidal currents,
with rainy summers and dry winters (Bernardino et al.
2015; Quintana et al. 2015).

Sampling occurred in August 2022, during spring low
tide when macroalgae samples (adhered to unconsoli-
dated sediment) could be collected manually (n=3 per
beach) using 0.25 m? quadrats (Fig. 1). Drift or washed-
up macroalgae were not collected for this study as we
could not determine their origin. Additionally, we col-
lected three replicated sediment samples (upper 5 cm,
approximately 160 g per sample) using a semi-cylindrical
auger (6 cm diameter) within and outside macroalgae
beds to quantify belowground carbon stocks. Macroalgae
samples were kept cold in ice until freezing upon return

40°100"W

40°00"W

Page 3 of 8

to the laboratory. As the paired control areas had no mac-
roalgae cover, the TECS of the bare areas are solely rep-
resented by the amount of organic carbon belowground.
Sediment samples were also collected for granulometric
analysis. This sampling was previously authorized by the
Biodiversity Authorization and Information System from
the Brazilian Institute for the Environment and Renew-
able Natural Resources (SISBIO-IBAMA, 57,819-7).

2.2 Macroalgae and sediment analysis
In the laboratory, macroalgae samples were thawed at
room temperature, washed in current water to remove
attached organisms and identified at genus level using
a binocular stereomicroscope and dichotomic taxo-
nomic identification keys (Nassar 2012). Each macroal-
gae sample was wet weighted after removing the excess
water and dry weighted after 48 hs at 60 °C. We calcu-
lated the aboveground carbon stock (AGC) based on the
macroalgal dried biomass per sample using conversion
rates of dry biomass to organic carbon from three mac-
roalgae classes from the same marine ecoregion (Phaeo-
phyta=0.35; Chlorophyta=0.12 and Rhodophyta=0.11;
Table S2; Serafim et al. 2014; Gouvea et al. 2020).
Sediment samples were dried (45 °C until constant
weight), and then crushed, and homogenized for soil
organic carbon (SOC) quantification. For sediment

(b)
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Fig. 1 (a) Location of the seven sampled beaches in the SW Atlantic, within the marine protected area Refligio da Vida Silvestre de Santa Cruz
(RVSSC) and Area de Protecao Ambiental Costa da Algas (APACA; polygon areas). (b) Sampled sites, with (PMA) and without (AMA) macroalgae bed

coverage



Vassoler et al. Carbon Research (2025) 4:37

organic carbon (SOC) quantification, sediment sub-
samples were acidified to remove carbonate (HCl 1 M,
37% P.A./ACS, Neom Comercial, Brazil). SOC was deter-
mined using a Total Organic Carbon Analyzer (TOC-V,
LECO CN-2000, EUA) (Analytical precision, C=0.1%)
at the Escola Superior de Agricultura “Luiz de Queiroz”
(ESALQ), Universidade de Sdao Paulo (USP, Gomes et al.
2021). Sediment bulk density was determined from the
dry mass of sediments divided by the sample volume (g
cm™3). The belowground carbon stocks (BGC) quantifi-
cation on sediment was based on sediment bulk density
(Table S3) and the OC content of sediments (Kauffman
and Donato 2012; Kauffman et al. 2018). The Total Eco-
system Carbon Stocks (TECS) of macroalgae beds cor-
responded to the sum of the AGC and BGC pools. For
granulometric analyses, sediment samples (50 g) were
dried in stove (50 °C for 72 h), sieved using a sieve shaker,
and then classified as gravel (® < =-1), medium/coarse
sand (—1<®< =2), fine sand (2.5<®P<4), and silt (0=
>4; Fig. S1; Stelzer et al. 2021).

2.3 Coastal macroalgae bed area

We conducted a classification of coastal water substrate
along the coast of Espirito Santo state, Brazil using sat-
ellite imagery and a supervised learning algorithm. The
imagery was processed on the Google Earth Engine
(GEE) platform, leveraging its extensive datasets and
computational power. GEE has shown to be a powerful
tool to map coastal ecosystems (Li et al. 2022; Bessinger
et al. 2022). We used the Harmonized Sentinel-2 MSI:
Multi-Spectral Instrument, Level 2A dataset (Fig. 2). This
dataset was selected for its high spatial resolution (10 m),
multispectral imaging capability, and revisit frequency,
making it ideal for generating a high-quality composite of
the region. We selected images captured from January to
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September of 2024, removed those with over 75% cloud
coverage and masked out the remaining cloudy pixels
with the Sentinel-2: Cloud Probability auxiliary dataset.
The composite was then created with the median pixel
values. From this composite, we derived a 1000-m wide
stripe along the coast using a coastline dataset (Sayre
et al. 2019) and the OSM Water Layer (Yamazaki et al.
2019). This Region of Interest (ROI) was wide enough to
contain the typical macroalgae depths (<10 m).

We used a Random Forest algorithm to classify the ROI
pixels into five distinct categories: “macroalgae’, “later-
ite”, “granite’, “unconsolidated” and “other” (Fig. 2). While
the primary goal of this classification was to map only
the macroalgae class, an exploratory analysis indicated
that it was useful to classify in five categories of similar
features—as opposed to a binary classification— — to
increase the overall accuracy of the model. The training
set consisted of 10 in-situ verified polygon geometries
of the “laterite” class and 10 of the “macroalgae” class
along with 62 polygons of the five classes selected from
visual identification on the composition. The polygons
were sampled to extract a total of 23.325 labeled pix-
els. To train the model, we used the bands ‘B1’ to ‘B12;
comprehending all the visible spectrum, NIR and SWIR
frequencies.

The model was trained using a train-test split of 80/20
and Grid Search using the F1-Score of the “macroalgae”
class to evaluate it and adjust the hyperparameters. The
F1-Score was selected because it provides a better evalu-
ation when dealing with imbalanced classes in training
data. As a post-processing step, we used Simple Non-
Iterative Clustering (SNIC), an unsupervised cluster-
ing method to replace sparse, potentially misclassified
points, with the majority value of its neighbors. This was

Fig. 2 Steps of the mapping process. (a) Sentinel 2 image composition, (b) classification of the region of interest pixels with Random Forest
model, (c) final map with post-processing clustering technique. Yellow = unconsolidated sediment, red = laterite (rocky reefs), green =macroalgae,
and cyan=other
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necessary to better represent the natural tendency of
these classes to be formed in continuous chunks.

2.4 Statistical analysis

The normality of environmental data was tested by the
Shapiro—Wilk test (Shapiro and Wilk 1965). Macroalgal
and sedimentary carbon stocks were compared among
sampled sites and areas with and without macroalgae
beds using a Permutational Analysis of Variance (PER-
MANOVA; Anderson et al. 2008) based on a Euclidean
distance matrix. Significative differences were considered
when p<0.05. All statistical analyses were performed
using the software PRIMER 7+4+PERMANOVA (Clarke
and Gorley 2006).

3 Results and discussion

Macroalgae beds showed significant differences on
composition and biomass among sampled sites (PER-
MANOVA, df=6; Pseudo-F=2.998; p=0.014; Fig. 3;
Table S4). Phaeophyceae (Sargassum sp.) dominated
the aboveground biomass at all sites, except in one area
where Dichotomaria sp. (Rhodophyta) dominated. The
mean macroalgae biomass was 1.73+0.90 Mg DW ha™?,
with up to 2.4 to 2.5 Mg DW ha™! in high-density mac-
roalgae beds and 0.67 to 0.94 DW ha™! in low-density
beds within the Marine Protected Area (Fig. 1). The
aboveground carbon stocks of macroalgae beds were
0.49+0.23 Mg C ha™! (Table 1). The macroalgae bed
biomass found in this study was within range of the esti-
mated macroalgae biomass in Brazil (1.93 Mg DW ha™;
Gouvea et al. 2020). Using the biomass to organic car-
bon conversion from our study, the aboveground carbon
stocks of our macroalgae beds were also within range of
their estimates for the Brazilian coast (0.5+0.39 Mg C
ha™'; Gouvea et al. 2020).
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Table 1 Carbon pools of macroalgae beds in the Eastern Brazil
Marine Ecoregion. ABG-aboveground pools; BGD-belowground
pools, TECS-Total Ecosystem Carbon Stocks. Stock values in Mg C
ha™!

Nplots  ABG BGD TECS
Macroalgae beds 21 049+0.23 1.14+0.12 1.64+024
Bare sediments 21 0 1.14£0.16 1.14£0.16

Our study suggests that another important component
of macroalgae carbon stocks lies buried in sediments
below these beds. We found that the organic carbon con-
tent in macroalgae beds averaged 8.1+0.7% OC, but we
did not find any difference between areas with and with-
out macroalgae beds (8.6 +1.32% OC). These values are
relatively high when compared to seagrass sediments in
the Red Sea (0.61+0.23%; Cai et al. 2024b). The carbon
density in sediments was also similar among areas with
and without macroalgae (0.11+0.02 g cm™), suggesting a
limited transfer of algal organic carbon to underlying sed-
iments. Furthermore, the spatial variability between the
PMA and AMA regions (approximately 100 m) suggests
a transport of this carbon content to adjacent areas. Our
data suggests that contrary to typical blue carbon wet-
lands, macroalgae beds have a limited role to increase the
burial of organic carbon in coastal sediments likely due to
their high susceptibility to degradation (Trevathan-Tack-
ett et al. 2015; Krause-Jensen et al. 2016). Given the simi-
lar sedimentary carbon density, the belowground carbon
stocks of macroalgae beds and nearby unvegetated sedi-
ments were 1.14+0.12 Mg C ha™! (PERMANOVA, df=6;
Pseudo-F=0.553; p=0.738; Fig. 4; Table S5).

The total ecosystem carbon stocks of macroalgae beds
averaged 1.64+0.24 Mg C ha™!, with a range of 1.93 to
1.34 Mg C ha™! with no difference among sites (PER-
MANOVA, df=6; Pseudo-F=1.147; p=0.33; Fig. 4;

M Chlorophyceae
Phaeophyceae
M Rhodophyceae

Dry Wet
Coqueiral

Dry Wet
Costa Bela

Dry Wet
Enseada

Dry Wet
Falésias

Sites
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Gramuté
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Jurong

Dry Wet
Mar Azul

Fig. 3 Total macroalgae biomass (dry and wet weight) in each sampled site (0.25 m?). Data are presented as mean + standard deviation
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Fig. 4 Total ecosystem carbon stocks (above and belowground) in areas with (PMA) and without macroalgae (AMA) at each sampled site

Table S6). The belowground carbon stock represents
nearly 2/3 of TECS, and as a result, our data indicates
a limited importance of aboveground macroalgal car-
bon to overall carbon stocks in coastal sediments
(0.49+0.23 Mg C ha™?). In comparison, the aboveground
stocks of macroalgae are only 22% of the AGC in sea-
grasses (1.9-2.52 Mg C ha™!; Fourqurean et al. 2014; Ser-
rano et al. 2019). However, macroalgae AGC are similar
to seagrass stocks in Brazil (0.32+0.23 Mg C ha™!; Hatje
et al. 2023), but significantly lower than stocks found in
other coastal blue carbon ecosystems. For example, mean
aboveground carbon stocks of mangroves in Brazil range
from 80 to 137 Mg C ha™! (Gomes et al. 2021; Bernardino
et al. 2024), and 7.8 Mg C ha™! in saltmarshes (Hatje
et al. 2023). This variation in carbon concentrations is
often observed when assessing the total carbon stocks
in these ecosystems. For example, global mangrove for-
ests have TECS ranging from 217 to 1141 Mg C ha™!
(Kauffman et al. 2020), and seagrass TECS ranging from
0.61 to 7.29 Mg C ha™! (Fourqurean et al. 2014). These
differences may rise from productivity and coastal geo-
morphological gradients globally, and it is likely that
macroalgae standing stocks will be subject to similar spa-
tial variability worldwide.

Based on the results of our imagery model, all the pix-
els of the ROI were classified into one of the five classes
(macroalgae, laterite, granite, unconsolidated sediment,
and others). The model scored a training accuracy of
0.9994, test accuracy of 0.9833 and F1-Score for “mac-
roalgae” class of 0.9753, indicating that the model has
good generalization capability for new data (Fig S2). The
total macroalgae area in the studied region was 527.5 ha

(Fig. 5), which represented a total macroalgae carbon
stock of 869.8+128.3 Mg C. Much of these macroalgal
beds are within the Marine Protected Areas Costa das
Algas, and are important areas for coastal marine biodi-
versity in the region (Mazzuco et al. 2019, 2020; Mazzuco
and Bernardino 2022). Our study suggests that there is
limited value of macroalgal beds with current blue car-
bon mitigation mechanisms. This is mainly due to their
limited carbon stocks when compared to wetlands, but
also to their limited additionality in increasing autoch-
thonous belowground stocks in coastal environments. In
addition, the persistence criteria for macroalgae blue car-
bon in coastal ecosystems is likely limited due to biologi-
cal and physical effects of herbivory and storm removal
(Krause-Jensen et al. 2016; Gallagher et al. 2022). Car-
bon sequestration through macroalgal biomass trans-
fer to the deep ocean may be a potential sink although
experiments show that macroalgae is also rapidly con-
sumed by benthic organisms once deposited in the sea-
floor (Bernardino et al. 2010; Krause-Jensen et al. 2016).
Determining the persistence times of macroalgae and the
additionality effect of these beds in coastal ecosystems
are thus necessary before these ecosystems can be con-
sidered for blue carbon mitigation strategies.

4 Conclusion

This study provides the first estimate of total ecosystem
carbon stocks of macroalgae beds in the SW Atlantic.
Our data revealed the importance of Sargassum sp.
(Phaeophyceae) to aboveground carbon stocks, which
accounted for nearly 1/3 of total ecosystem stocks.
Our work revealed a large area of previously unknown
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Fig. 5 Macroalgae beds area (in ha) for each coastal municipality in the Espirito Santo state, SW Atlantic

macroalgae beds in the Eastern Brazil Marine Ecore-
gion (527 ha of macroalgae beds), with a total carbon
stock of 869.8 + 128.3 Mg C. Despite their limited value
in mitigating global greenhouse gas emissions com-
pared to other blue carbon ecosystems (e.g., seagrasses
meadows, and mangroves), they have a significant value
to coastal marine biodiversity and should be included
in conservation strategies. Our study indicates that
quantifying the additionality effects and persistence
times of macroalgae blue carbon should be a priority
before these ecosystems can be considered in global cli-
mate mitigation strategies.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/544246-025-00208-6.

[ Supplementary Material 1 }

Acknowledgements
We thank Ana Carolina Mazzuco who helped during field work.

Authors’ contributions

André Vassoler and Angelo Fraga Bernardino contributed to the study concep-
tion, funding and design. Material preparation, data collection and analysis
were performed by Angelo Fraga Bernardino, Gabriel Carvalho Coppo, Tiago

Osorio Ferreira, and Ricardo Nogueira Servino. The first draft of the manuscript
was written by André Vassoler and all authors commented on previous ver-
sions of the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the PELD Program (PELD-HCES site), funded by
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPg, grant
number 441107/2020), Fundagao de Amparo a Pesquisa do Espirito Santo
(FAPES, grant number 186/2021). This is a PELD-HCES contribution #22.

Data availability
The datasets used or analyzed during the current study are available from the
corresponding author on reasonable requests.

Declarations

Competing interests

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Author details

'Departamento de Oceanografia, Universidade Federal Do Espirito Santo
(UFES), Vitoria, ES, Brazil. 2Servigo Federal de Processamento de Dados
(SERPRO), Florianépolis, SC, Brazil. >Departamento de Ciéncia Do Solo, Escola
Superior de Agricultura Luiz Queiroz, Universidade de Sao Paulo (ESALQ/USP),
Piracicaba, SP, Brazil.

Received: 10 October 2024 Revised: 10 March 2025 Accepted: 11 March
2025
Published online: 08 April 2025


https://doi.org/10.1007/s44246-025-00208-6
https://doi.org/10.1007/s44246-025-00208-6

Vassoler et al. Carbon Research (2025) 4:37

References

Anderson MJ, Gorley RN, Clarke KR (2008) PERMOANOVA+ for primer: Guide to
software and statistical methods. PRIMER-E Ltd, Plymouth

Bernardino AF, Netto SA, Pagliosa PR, Barros F, Christofoletti RA, Rosa Filho
JS, Colling A, Lana PC (2015) Predicting ecological changes on benthic
estuarine assemblages through decadal climate trends along Brazilian
Marine Ecoregions. Estuar Coast Shelf Sci 166:74-82. https://doi.org/10.
1016/j.ecs5.2015.05.021

Bernardino AF, Mazzuco ACA, Costa RF, Souza F, Owuor MA, Nobrega GN,
Sanders CJ, Ferreira TO, Kauffman JB (2024) The inclusion of Amazon
mangroves in Brazil's REDD+ program. Nat Commun 15:1549. https://doi.
0rg/10.1038/541467-024-45459-w

Bessinger M, Luck-Vogel M, Skowno A, Conrad F (2022) Landsat-8 based coastal
ecosystem mapping in South Africa using random forest classification in
Google Earth Engine. South African J Botany. 150:928-939. https://doi.org/
10.1016/j.5ajb.2022.08.014. (ISSN 0254-6299)

Cai C, Anton A, Duarte C, Agusti S (2024b) Spatial Variations in Element Con-
centrations in Saudi Arabian Red Sea Mangrove and Seagrass Ecosystems:
A Comparative Analysis for Bioindicator Selection. Earth Syst Environ
8:395-415. https://doi.org/10.1007/541748-024-00390-4

Cai C, Anton A, Duarte CM, Agusti S (2024a) Spatial variations of nutrient and
trace metal concentrations in macroalgae across blue carbon habitats of
the Saudi Arabian Red Sea. Sci Total Environ 956:177197. https://doi.org/10.
1016/j.scitotenv.2024.177197

Clarke KR, Gorley RN (2006) PRIMER v6: User Manual/Tutorial (Plymouth Routines
in Multivariate Ecological Research). PRIMER-E, Plymouth

Filoee-Dexter K, Wernberg T (2020) Substantial blue carbon in overlooked Australian
kelp forests. Sci Rep 10:12341. https://doi.org/10.1038/541598-020-69258-7

Fourqurean J, Johnson B, Kauffman JB, Kennedy H, Lovelock C, Megonidal JF,
Rahman A, Saintilan N, Simard M (2014) Coastal Blue Carbon: methods
for assessing carbon stocks and emissions factors in mangroves, tidal salt
marshes, and seagrasses. Conservation International, Intergovernmental
Oceanographic Commission of UNESCO, International Union for Conserva-
tion of Nature. Arlington, Virginia, USA

Gallagher J, ShelamoffV, Layton C (2022) Seaweed ecosystems may not mitigate CO2
emissions. ICES J Mar Sci 79:585-592. https://doi.org/10.1093/icesjms/fsac011

Gomes LEO, Sanders CJ, Nobrega GN, Vescovi LC, Queiroz HM, Kauffman JB, Fer-
reira TO, Bernardino AF (2021) Ecosytem carbon losses following a climate-
induced mangrove mortality in Brazil. J Environ Manage 297:113381.
https://doi.org/10.1016/jjenvman.2021.113381

Gouvea LP, Assis J, Gurgel CFD, Seerao EA, Silveira TCL, Santos R, Duarte CM, Peres
LMC, Carvalho VF, Batista M, Bastos E, Sissini MN, Horta PA (2020) Golden carbon
of Sargassum forests revealed as an opportunity for climate change mitigation.
SciTotal Environ 729:138745. https.//doi.org/10.1016/jscitotenv.2020.138745

Hatje V, Copertino M, Patire VF, Ovando X, Ogbuka J, Johnson BJ, Kennedy H,
Masque P, Creed JC (2023) Vegetated coastal ecosystems in the South-
western Atlantic Ocean are an unexploited opportunity for climate
change mitigation. Commun Earth Environ 4:160. https://doi.org/10.1038/
$43247-023-00828-z

Howard J, Sutton-Grier A, Herr D, Kleypas J, Landis E, McLeod E, Pigdeon E, Simp-
son S (2017) Clarifying the role of coastal and marine systems in climate
mitigation. Front Ecol Environ 15:42-50. https://doi.org/10.1002/fee. 1451

ICMBio (2024) Area de Protecido Ambiental Costa das Algas. https://www.gov.br/
icmbio/pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-
de-biomas/marinho/lista-de-ucs/apa-costa-das-algas. Accessed 3 Dec 2024

Kauffman JB, Bernardino AF, Ferreira TO, Giovannoni LR, Gomes LEO, Romero DJ,
Jimenez LCZ, Ruiz F (2018) Carbon stocks of mangroves and salt marshes of
the Amazon region. Brazil. Biol Lett 14:20180208. https://doi.org/10.1098/
rsb.2018.0208

Kauffran JB, Adame MF, Arifanti VB, Schile-Beers LM, Bernardino AF, Bhomia
RK et al (2020) Total ecosystem carbon stocks of mangroves across broad
global environmental and physical gradients. Ecol Monogr 90:e01405.
https://doi.org/10.1002/ecm.1405

Kauffman JB, Donato DC (2012) Protocols for the measurement, monitoring and
reporting of structure, biomass and carbon stocks in mangrove forests. Work-
ing Paper 86. CIFOR, Bogor, Indonesia. https://doi.org/10.17528/cifor/003749

Krause-Jensen D, Duarte CM (2016) Substantial role of macroalgae in marine carbon
sequestration. Nat Geosci 9:737-742. https//doi.org/10.1038/nge02790

LiQ JinR,Ye Z GuJ, Dan L, He J, Christakos G, Augusti S, Duarte CM, Wu J (2022)
Mapping seagrass meadows in coastal China using GEE. Geocarto Int
37(26):12602-12617. https://doi.org/10.1080/10106049.2022.2070672

Page 8 of 8

Mazzuco ACA, Bernardino AF (2022) Reef larval recruitment in response to
seascape dynamics in the SW Atlantic. Sci Rep 12:7750. https://doi.org/10.
1038/541598-022-11809-1

Mazzuco AC, Stelzer PS, Donadia G, Bernardino AF, Jennifer V, Joyeux JC (2019)
Lower diversity of recruits in coastal reef assemblages are associated with
higher sea temperatures in the tropical South Atlantic. Mar Environ Res
148:87-98. https://doi.org/10.1016/j.marenvres.2019.05.008

Mazzuco AC, Stelzer PS, Bernardino AF (2020) Substrate rugosity and tempera-
ture matters: patterns of benthic diversity at tropical intertidal reefs in the
SW Atlantic. Peer) 8:¢8289. https://doi.org/10.7717/peer}.8289

Moreda U, Mazarrasa |, Cebrian E, Kaal J, Ricart AM, Serrano E, Serrano O (2024)
Role of macroalgal forests within Mediterranean shallow bays in blue
carbon storage. Sci Total Environ 934:173219. https://doi.org/10.1016/j.scito
tenv.2024.173219

Nassar C (2012) Macroalgas Marinhas Do Brasil: Guia De Campo Das Principais
Espécies. Technical Books, Rio de Janeiro, Brazil

Ould E, Caldwell GS (2022) The potential of seaweed for carbon capture. CABI
Revs 17(9):1079. https://doi.org/10.1079/cabireviews202217009

Paine ER, Schmid M, Boyd PW, Diaz-Pulido G, Hurd CL (2021) Rate and fate of dis-
solved organic carbon release by seaweeds: A missing link in the coastal ocean
carbon cycle. J Phycol 57:1375-1391. https.//doi.org/10.1111/jpy.13198

Pederson MF, Filbee-Dexter K, Norderhaug KM, Fredriksen S, Frisk NL, Fagerli
CW, e Wernberg T, (2020) Detrital carbon production and export in high
latitude kelp forests. Oecologia 192:227-239. https://doi.org/10.1007/
500442-019-04573-z

Quintana CO, Bernardino AF, Moraes PC, Valdemarsen T, Sumida PY (2015) Effects
of coastal upwelling on the structure of macrofaunal communities in SE
Brazil. J Mar Sys 143:120-129

Sayre R, Noble S, Hamann S, Smith R, Wright D, Breyer S, Butler K, Van K, Frye C,
Karagulle D, Hopkins D, Stephens D, Kelly K, Basher Z, Burton D, Cress J,
Atkins K, Paco D, Friesen B, Alle R, Allen T, Aniello P, Asaad I, John M, Goodin
K, Harris P Kavanaugh M, Lillis H, Lillis E, Muller-Karger F, Nyberg B, Parsons R,
Saarinen J, Steiner J, Reed A (2019) A new 30 meter resolution global shore-
line vector and associated global islands database for the development of
standardized ecological coastal units. J Oper Oceanogr 12(sup2):547-S56.
https://doi.org/10.1080/1755876X.2018.1529714

Serafim L, Souza MFL, Longhini CM (2014) Determinagdo de carbono organico
em macroalgas por oxidagdo em via Umida e titulagdo potenciométrica.
Trop Oceanogr 42:48-53. https://doi.org/10.5914/tropocean.v42i1.5800

Serrano O, Lovelock CE, Atwood TB, Macreadie PI, Canto R, Phinn S, Arias-Ortiz
A, Bai L, Baldock J, Bedulli C, Carnell B, Connolly RM, Donaldson P, Esteban A
etal (2019) Australian vegetated coastal ecosystems as global hotspots for
climate change mitigation. Nat Commun 10:4313. https://doi.org/10.1038/
s41467-019-12176-8

Shapiro SS, Wilk MB (1965) An Analysis of Variance Test for Normality (Complete
Samples). Biometrika 52:591-611. https://doi.org/10.1093/biomet/52.3-4.591

Stelzer PS, Mazzuco ACA, Gomes LE, Martins J, Netto S, Bernardino AF (2021)
Taxonomic and functional diversity of benthic macrofauna associated with
rhodolith beds in SE Brazil. Peer) 9:211903. https.//doi.org/10.7717/peerj.
11903

Trevathan-Tackett SM, Kelleway J, Macredie P, Ralph P, Bellgrove A (2015)
Comparison of marine macrophytes for their contributions to blue carbon
sequestration. Ecology 96:3043-3057. https://doi.org/10.1890/15-0149.1

Tuya F, Schubert N, Aguirre J, Basso D, Bastos EO, Berchez F, Bernardino AF, Bosch
NE et al (2023) Levelling-up rhodolith-bed science to address global-scale
conservation challenges. Sci Total Environ 892:164818. https://doi.org/10.
1016/jscitotenv.2023.164818

Yamazaki D, lkeshima D, Sosa J, Bates PD, Allen GH, Pavelsky TM (2019) MERIT
Hydro: a high-resolution global hydrography map based on latest topog-
raphy dataset. Water Resour Res 55:5053-5073. https://doi.org/10.1029/
2019WR024873

Young WTL, Thiem VY, Rupert R, Rodrigues KF (2022) Seaweed: A potential
climate change solution. Renewable and Sustainable Energy Rev, Elsevier
159:112222. https://doi.org/10.1016/j.rser2022.112222

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.


https://doi.org/10.1016/j.ecss.2015.05.021
https://doi.org/10.1016/j.ecss.2015.05.021
https://doi.org/10.1038/s41467-024-45459-w
https://doi.org/10.1038/s41467-024-45459-w
https://doi.org/10.1016/j.sajb.2022.08.014
https://doi.org/10.1016/j.sajb.2022.08.014
https://doi.org/10.1007/s41748-024-00390-4
https://doi.org/10.1016/j.scitotenv.2024.177197
https://doi.org/10.1016/j.scitotenv.2024.177197
https://doi.org/10.1038/s41598-020-69258-7
https://doi.org/10.1093/icesjms/fsac011
https://doi.org/10.1016/j.jenvman.2021.113381
https://doi.org/10.1016/j.scitotenv.2020.138745
https://doi.org/10.1038/s43247-023-00828-z
https://doi.org/10.1038/s43247-023-00828-z
https://doi.org/10.1002/fee.1451
https://www.gov.br/icmbio/pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-de-biomas/marinho/lista-de-ucs/apa-costa-das-algas
https://www.gov.br/icmbio/pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-de-biomas/marinho/lista-de-ucs/apa-costa-das-algas
https://www.gov.br/icmbio/pt-br/assuntos/biodiversidade/unidade-de-conservacao/unidades-de-biomas/marinho/lista-de-ucs/apa-costa-das-algas
https://doi.org/10.1098/rsbl.2018.0208
https://doi.org/10.1098/rsbl.2018.0208
https://doi.org/10.1002/ecm.1405
https://doi.org/10.17528/cifor/003749
https://doi.org/10.1038/ngeo2790
https://doi.org/10.1080/10106049.2022.2070672
https://doi.org/10.1038/s41598-022-11809-1
https://doi.org/10.1038/s41598-022-11809-1
https://doi.org/10.1016/j.marenvres.2019.05.008
https://doi.org/10.7717/peerj.8289
https://doi.org/10.1016/j.scitotenv.2024.173219
https://doi.org/10.1016/j.scitotenv.2024.173219
https://doi.org/10.1079/cabireviews202217009
https://doi.org/10.1111/jpy.13198
https://doi.org/10.1007/s00442-019-04573-z
https://doi.org/10.1007/s00442-019-04573-z
https://doi.org/10.1080/1755876X.2018.1529714
https://doi.org/10.5914/tropocean.v42i1.5800
https://doi.org/10.1038/s41467-019-12176-8
https://doi.org/10.1038/s41467-019-12176-8
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.7717/peerj.11903
https://doi.org/10.7717/peerj.11903
https://doi.org/10.1890/15-0149.1
https://doi.org/10.1016/j.scitotenv.2023.164818
https://doi.org/10.1016/j.scitotenv.2023.164818
https://doi.org/10.1029/2019WR024873
https://doi.org/10.1029/2019WR024873
https://doi.org/10.1016/j.rser.2022.112222

	Carbon stocks of coastal macroalgal beds in the SW Atlantic
	Abstract 
	Highlights 
	1 Introduction
	2 Material and methods
	2.1 Study area and sampling
	2.2 Macroalgae and sediment analysis
	2.3 Coastal macroalgae bed area
	2.4 Statistical analysis

	3 Results and discussion
	4 Conclusion
	Acknowledgements
	References


