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Stocks and fluxes of carbon and
nitrogen in northeastern Brazil
coastal seascapes
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Quantifying carbon and nitrogen dynamics is essential for understanding the role of coastal
ecosystems in climate change mitigation and habitat connectivity. We assessed organic carbon (OC)
and total nitrogen (TN) stocks, accumulation rates, and isotopic composition (§3C and §'°N) in
sediment across diverse seascapes in northeastern Brazil, including high- and low-salinity mangroves,
a tidal flat, a freshwater marsh, and an inundated forest. OC stocks in the upper meter of sediment
were highest in the freshwater marsh (283 = 64 Mg OC ha™!) and tidal flat (266 + 27 Mg OC ha™%), and
were comparable to mangroves (239 = 11 to 263 = 44 Mg OC ha™'), while the inundated forest stored
less (138 Mg OC ha™?). Accumulation rates were highest in the marsh (202 +19 gOCm=2yr ) andin
the high-salinity mangroves (187 + 20 g OC m~2 yr~1), with lower values in tidal flats (108 + 3 gOCm"~
yr'1), inundated forests (119 g OC m~2 yr'!), and low-salinity mangroves (105 + 11 gOC m~2yr™%). TN
stocks ranged from 7.7 Mg N ha! (inundated forest) to 18.9 Mg N ha! (marsh), with intermediate
values in mangroves (8.3-11.6 Mg N ha?) and the tidal flat (13.5 Mg N ha ). TN accumulation rates
mirrored those of OC, being highest in the marsh (12.4 = 3.9 g N m~2 yr1) and lowest in low-salinity
mangroves (3.6 + 1.4 g N m™2 yr'%). Isotopic signatures reflected the dominance of C, vegetation, but
also highlighted the limited discriminatory power of stable isotopes alone, emphasizing the need for
complementary tracers (e.g., fatty acids, pyrolysis, or eDNA) to resolve OM sources across seascapes.
Overall, substantial OC and N storage in both vegetated and unvegetated habitats highlights the
need to broaden Blue Carbon policies to include tidal flats and inland wetlands within Blue Carbon
frameworks and management strategies.
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Coastal vegetated ecosystems (CVE), including mangroves, salt marshes, and seagrasses, are found along
coastlines worldwide, except in Antarctica. These ecosystems are pivotal in shaping coastal morphology,
safeguarding shorelines against erosion, providing food and shelter for numerous species, and acting as
vital interfaces between marine and terrestrial environments. They are also referred to as Blue Carbon (BC)
ecosystems, since they play a significant role in climate regulation by sequestering carbon, offering nature-based
solutions for mitigating greenhouse gas emissions!~>. These ecosystems are recognized in IPCC guidelines
(Wetland Supplement 2014), which support the inclusion of CVE management in national greenhouse gas
inventories. Beyond accounting, the active protection, restoration, and expansion of these ecosystems are key
to enhancing their CO, sequestration capacity and ensuring the long-term stability of their carbon stocks. Such
actions not only contribute to achieving the global climate mitigation targets of the Paris Agreement but also
sustain biodiversity and a wide range of ecosystem services that underpin coastal resilience and human well-
being.

Like tropical evergreen forests, CVE are highly productive and capture atmospheric CO,, storing it as organic
carbon (OC). This OC can remain stored in both aboveground and belowground biomass, such as leaves, stems,
and roots, as well as in soil, where it accumulates over time!%. The combination of fine-grained and waterlogged
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sediments along with anoxic conditions favors slow decomposition rates, preserving OC for timescales ranging
from decades to millennia>®. However, it is important to mention that microbial decomposition still occurs
naturally, releasing some OC back to the atmosphere mainly as CO, and CH,”®. Additionally, anthropogenic
impacts can also enhance OC mineralization, thereby increasing greenhouse gas emissions to the atmosphere®11.

CVE are directly influenced by hydrodynamic forces such as tidal pumping, which facilitate the transport
of organic matter (OM) across the seascape!!~1%. In mangroves, up to 50% of the litterfall that accumulates on
the forest floor can be washed away by tides and exported as particulate organic matter and litter to nearby
ecosystems!'>!4, Additionally, recent studies suggest that a significant fraction of the carbon sink in mangrove
forests and saltmarshes may be attributed to the outwelling of porewater-derived dissolved inorganic carbon
(DIC) to adjacent ecosystems!'>1315-18_ In contrast, benthic organisms such as crabs can remove and consume
over 25-70% of annual mangrove litterfall, significantly retaining organic matter within the forest and reducing
tidal export!*’. Therefore, dynamics in these ecosystems are not only driven by local primary production but
also by the exchange of organic matter and nutrients with adjacent habitats, highlighting the need to evaluate
ecosystems as interconnected components of the seascape mosaic rather than isolated units. The concept of
seascape connectivity refers to the physical and biological linkages that allow the transfer of organic matter,
nutrients, and energy across habitats, generating cross-habitat subsidies that enhance ecosystem functioning
and biogeochemical cycling®!.

Studies on seagrass-mangroves seascapes indicate that seagrass soils often store OC predominantly derived
from mangroves?!~24. For example, Chen?*, estimated that up to ~80% of buried OC in seagrass meadows in
North Sulasewi (Indonesia) originated from adjacent mangroves. Conversely, tidal flows and mangrove root
structures facilitate the trapping of suspended sediment and OM from adjacent environments®. The relative
contributions of OM sources to mangrove soils, including inputs from seagrasses, salt marshes, macroalgae,
and terrestrial environments, vary widely depending on geomorphology, hydrology, and seasonal cycles?!-26-%

While CVE are important carbon-rich systems, their role in nitrogen cycling is equally significant and
more complex. Wetlands can act both as nitrogen sources and sinks, depending on hydrology, vegetation, and
microbial community structure®®. Microbial pathways such as ammonification, nitrification, denitrification, and
dissimilatory nitrate reduction operate simultaneously in soils, governed by redox gradients and organic matter
availability®!32. The alternation between aerobic and anaerobic microsites, common in mangrove and marsh
sediments, promotes these transformations and enables wetlands to mitigate nitrogen pollution®’. Moreover,
wetland connectivity plays a fundamental role in regulating nutrient transport and transformation across the
landscape. Hydrological and biological connections among mangroves, marshes, and tidal flats increase the
residence time of nitrogen in the system, enhancing opportunities for retention via sedimentation and microbial
processing®!. Given that anthropogenic pressures such as eutrophication can shift wetlands from nitrogen sinks
to sources, a deeper understanding of nitrogen dynamics is crucial for managing these systems as multifunctional
blue carbon seascapes.

The strong connectivity of CVE drives a complex interplay of organic matter from both local (autochthonous)
and external (allochthonous) sources, with this complexity increasing as more contributing habitats are involved.
Recent study suggests that much of the organic carbon stored in CVE may originate from allochthonous
sources rather than the habitat-forming plants themselves®*, Since, in general, most of the OC in CVE is stored
belowground, accurately identifying, and quantifying the contributions from different sources is essential for
understanding carbon dynamics and storage potential. This is not only relevant for ecological studies but also
for climate mitigation efforts, as Blue Carbon ecosystems are increasingly being integrated into carbon markets
and national greenhouse gas inventories. In this context, assessing autochthonous OC serves as a proxy for the
CO, sequestration potential of a given habitat and helps avoid the risk of double counting carbon sequestration
in carbon credit assessments?’. Despite advancements in using tracers such as isotopes, accurately tracing OM
exchanges across habitats remains challenging and most of the studies are constrained to the upper centimeters
of sediment and focus primarily on mangrove-seagrass systems.

In this study we address gaps in understanding the dynamics of OC and TN accumulation across a continuous
seascape. We quantified OC and TN stocks and accumulation rates in soils from various habitats, including two
mangroves, a tidal flat, a freshwater marsh, and an inundated forest. Through §'*C and 8"°N analysis in soil
and plant tissues (leaves, stems, and roots), we aimed to identify the sources of OC and TN in soils and explore
potential biogeochemical linkages among these ecosystems. We also aimed to investigate changes in OC inputs
and accumulation rates over time using 2!°Pb dating of sediment cores. This approach could provide a temporal
perspective on the contribution of the various habitats to OC and TN storage. We hypothesize that connectivity
across the coastal seascape, driven by hydrodynamic transport of particulate and dissolved organic matter,
habitat export of detritus and nutrients and biogeochemical transformations, plays a key role in the transfer of
OC and TN between habitats. These mechanisms are expected to influence the spatial patterns of carbon and
nitrogen stocks, and to shape the isotopic composition of C and N in soils across various habitats, providing
insights into the seascape-scale interactions that may regulate organic matter dynamics.

Methods

Study area and sampling design

This study was conducted along the seascapes of the Itapicuru River (Fig.1) in the municipality of Conde (11°47’S,
37°33’W), Bahia, northeastern Brazil. The Itapicuru River basin covers an area of 36,000 km?, encompassing
fifty-six cities with a population of around 1.6 million®*. Despite deforestation caused by road construction
and agriculture over the past century, the estuary remains well-preserved within the Environmental Protection
Area of the North Coast of Bahia (APA/LN)?. In Conde, small villages like Siribinha and Pogas, each with ~500
inhabitants, primarily rely on fishing®’. The region has a tropical-humid climate, with an average temperature of
25°C and annual precipitation of 1,400 mm?. The tidal regime is semidiurnal, ranging from 2.0 to 2.5 m.
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Fig. 1. Map showing the sampling locations of soil cores collected from various ecosystems along the Itapicuru
River estuary, Northeastern Brazil. Map generated using QGIS Desktop software (Version 3.34.13, https://qgis.
org).

The study region is part of the Atlantic Forest biome, consisting of ombrophilous forests, riparian forests,
mangroves, and restinga ecosystems®. The lower estuary is dominated by mangroves, particularly Rhizophora
mangle. In the upper estuary, the mangrove diversifies to include Laguncularia racemosa, Avicennia germinans,
A. schaueriana, and Conocarpus erectus>. Marshes with Spartina sp., Eleocharis sp., and Typha domingensis are
present upstream®. Additionally, the Conde region hosts the largest swamp forest in Bahia, which harbors more
than 140 species®®.

We assessed OC stocks and accumulation rates along the Itapicuru estuarine system, focusing on five distinct
ecosystems (Table S1): (i) a tidal flat (TF; salinity of 15), two mangrove forests (ii) one dominated by R. mangle in
the high salinity region of the estuary (MHS; 17 to 21), and (iii) another dominated by R. mangle and L. racemosa
in the fringe forest at the lower salinity region of the estuary (MLS; 0 to 5), a (iv) freshwater marsh (MARSH; 0)
dominated by Eleocharis interstincta, and (v) a swamp or inundated forest (INE 0) with high terrestrial plant
diversity (142 species, 67 families), dominated by Cyperaceae, followed by Polygonaceae and Myrtaceae®.

We collected 3 sediment cores using a 1 m stainless-steel open-faced auger coring device in the fringe portion
of each environment (~15 m from the waterline at low tide). A transect was established parallel to the water
body to avoid the potential influence of tides (intertidal position) on OC stocks and accumulation rates across
ecosystems®!2, Due to operational difficulties in using the corer in poorly consolidated soils, only two soil cores
were successfully recovered in the inundated forest. The lengths of the cores ranged between 70 to 100 cm, except
for one corer in the inundated forest, which was only 50 cm (Table S2). All cores were sliced into 1cm-thick
layers down to a depth of 20 cm, followed by 2 cm-thick layers between depths of 20 and 50 cm, and 5 cm-thick
layers beyond 50 cm to the bottom. Additionally, we collected leaves, stems and roots from the vegetation in
each environment, except at INE, due to its vast diversity of terrestrial plants and at TF due to the absence of
vegetation. Samples were wet weighed, frozen, freeze-dried, and reweighed to determine the dry bulk density
(DBD).

Organic carbon, total nitrogen, carbonates, and §°C_ _and §"°N, . analyses
Organic carbon (OC), total nitrogen (TN), and stable isotope ratios (§"°C__ o an 8N, ;) were analysed in the

total
bulk soil fraction from all sediment slices in each core, as well as in the leaves, stems, and roots. Soil samples were
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acidified with 1 M HCl to remove inorganic carbon prior to the determination of carbonate (C_, ,) content. OC,
TN, 613C0rg, and 8'°N,_, were measured using a Flash 2000 elemental analyser coupled to a Delta V Advantage
Isotope Ratio Mass Spectrometer (Thermo Fisher, USA). Calibration was performed using Acetanilide (OAS 1g
- Certificate 449495). Accuracy was verified using Low Organic Soil (elemental microanalysis B2153, certificate
324704) and Wheat Flour (Cat No. B2157 - Certificate No. 354738), with recovery rates exceeding 96%. The
detection limits were 0.05% for OC and 0.02% for TN. Analytical precision was verified by repeated triplicate
analysis, yielding a precision of ~0.1%o for 8°C__ and ~0.2%o for 8"°N, . All isotope ratio measurements are
expressed relative to international reference standards, using Peedee Belemnite for 613C0rg and atmospheric
nitrogen for 6N, .
Grain size analysis

Grain size was measured using a laser particle diffractometer (Shimadzu model SALD-3101) following pre-
treatment with HCI*>*4. Samples were analysed at regular intervals: every two sediment slices in the upper 30 cm
and every three slices below this depth. We classified the grain size data into two fractions sand (> 63 pm) and
mud, which includes both silt and clay fractions (< 63 um).

Soil accumulation rates

The concentration profiles of 2!°Pb in each core were determined via its decay product, 2!°Po, using alpha
spectrometry. This involved adding 2®Po as an internal tracer, followed by microwave-assisted acid digestion®’.
Excess 21°Pb (*!°Pb_) concentrations, used for age model calculations, were obtained by subtracting **Ra
(supported 2!°Pb) from total 2!°Pb. ?2°Ra was measured in selected samples of each core using gamma
spectrometry. As expected, ***Ra levels matched total 2!°Pb concentrations at depths beyond the 2°Pb_
horizons in each core. The Constant Flux:Constant Sedimentation (CF:CS) model*® where applicable, was used
to calculate mean mass accumulation rates (MAR, in g cm 2 yr~!) and sediment accumulation rates (SAR, in mm
yr~!) (Table 1). Accumulation rates of OC, TN and C__ , were estimated by multiplying the MAR (g cm™2 yr™!)
by the weighted average contents of the respective element in soils (% element). The accumulation period was
defined based on the depth where total 21°Pb reaches equilibrium with supported 21°Pb.

Soil stocks (OC, TN, Ccarb) were calculated to a depth of 1 meter, following current literature practices47.
Where data was unavailable (8 out of 14 cores), we extrapolated the stocks down to 1 meter by linearly extending
the integrated values with depth. Additionally, to ensure consistency and allow for direct comparisons among all
sampling sites, we also calculated soil stocks to a non-extrapolated depth of 50 cm.

Data analysis
Because not all variables followed a normal distribution, we used the Kruskal-Wallis test followed by Dunn’ test,
implemented in Python with SciPy, Statsmodels, and scikit_posthocs, to assess variability among ecosystems. To

Length | MAR SAR
CoreID | (cm) (gem2yr!) | (mmyr™!)
Mangrove high salinity
1 100 0.43 £0.03* |524+0.42
2 100 NA NA
3 100 NA NA
Mangrove low salinity
1 100 NA NA
2 95 0.39+0.04> | 5.48 +0.47
3 95 028 £0.01° |4.11+0.18
Tidal flat
1 100 0.27 +0.05¢ | 6.61 +1.20
2 92 0.16 £0.01¢ |3.94+0.29
3 90 0.40 £0.02f | 9.56+0.57
Marsh
1 95 0.338 4.56
2 100 0.39£0.06" | 9.27 £1.35
3 70 0.41+0.12" | 6.01+1.70

Inundated forest
1 50 0.06/ 4.45
2 83 0.08% 8.08

Table 1. Mass and soil accumulation rates from each treatment soil (MAR and SAR). Although mixing along
the sediment profile, excess 2!°Pb indicated relatively high accumulation of sediment. The values below should
be considered as upper values estimations. Regions from which MAR and SAR were calculated using 2'°Pb: a =
20-75cm, b =1-40 cm, ¢ =7-35cm, d = 16-26 cm, e = 26-42 cm, £ = 11-34 cm, g = 40-65 cm, h = 1-70 cm, i
=4-50 cm, j = 10-30 cm, k = 40-80 cm.
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explore relationships among soil properties, we performed a multivariate analysis using Principal Component
Analysis (PCA). The fine fraction, carbonate content, organic carbon and nitrogen concentrations, §'3C and §'°N
isotopic values, molar OC:TN ratio, dry bulk density, and OC stocks were included as quantitative variables. The
five sites were treated as qualitative variables. All quantitative data were standardized to unit variance, and the
PCA was carried out using the R packages FactoMineR and factoextra.

Results

Soil physicochemical properties

The fines content varied across ecosystems. Mangroves exhibited the lowest fines content, averaging 21 + 8% at
low salinity and 31 + 12% at high salinity sites. In contrast, the marsh had an average fines content of 44 + 9%,
the tidal flat 59 + 14%, and the inundated forest 76 + 10% (Tables S2 and S3). Along the soil profiles, fines content
was relatively constant within each ecosystem (Fig. 2).

OC and TN showed significant differences across ecosystems, ranging from 2.94 + 0.81% to 22.14 + 4.49%
and 0.11 £ 0.03% to 1.17 + 0.16%, respectively. The Inundated Forest presented the highest OC and TN values
(21.3 £ 5.63% and 1.14 + 0.21% respectively, p < 0.05; Tables S2 and S3), followed by the Tidal Flat, which had
significantly higher values than the Marsh (p < 0.05; Tables S2 and S3). The lowest values were observed in the
mangrove sites, with no significant differences in OC content between them. However, for TN, the Mangrove
High Salinity showed slightly, but significantly higher values than the Mangrove Low Salinity (p < 0.05; Table
S2 and S3).

Across sediment profiles, inundated forest (INF) consistently exhibited high organic carbon (OC) and
total nitrogen (TN) with no clear vertical trend, whereas Mangrove Low Salinity and Tidal Flat sites showed
increasing OC and TN from the bottom to the surface. No clear trend was observed at Mangrove High Salinity
and Marsh for OC values. For TN vertical profiles presented an increasing trend from the bottom towards the
surface at all sites except for the mangrove High Salinity (Fig. 2). The OC:TN molar ratio differed significantly
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Fig. 2. Vertical profiles of mean (+ standard error) OC (%), Total nitrogen (%), 613C0rg (%), 8N, |
Fines (silt + clay; < 63 pm) (%), dry bulk density, carbonate (%) and OC:TN ratio, in soils collected at
Mangrove High Salinity (MHS), Mangrove Low Salinity (MLS), Tidal Flat (TF) Marsh and Inundated Forest
(INF).
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among ecosystems (Tidal Flat < Inundated Forest = Marsh < Mangrove High Salinity < Mangrove Low Salinity;
p < 0.05; Table S2 and S3) and ranged from 18.6 + 1.4 to 33.3 + 2.9 (Fig. 2; Table S2).

C,,, content ranged from 1.34 +0.32% to 13.6 + 2.4% and differed significantly among ecosystems (Mangrove
Low Salinity < Marsh < Inundated Forest = Mangrove High Salinity < Tidal Flat; p < 0.05; Table S2 and S3).
Values remained low and constant in Marsh, Mangrove Low Salinity, and Mangrove High Salinity (with slight
variability), while Tidal Flat and Inundated Forest showed an increase with depth, followed by stabilization and
a final decrease near the surface.

81*C_ values ranged from —28.8 + 0.6%o0 to —26.6 + 0.9%o, lowest in the Inundated Forest, Marsh, and
Mangrove Low Salinity and highest in Mangrove High Salinity and Tidal Flat (p < 0.05; Tables S2 and S3).
Profiles displayed decreasing 8'*C__ toward the surface in the Mangrove Low Salinity and at the Inundated
Forest. In contrast, Tidal Flat, Mangrove High Salinity, and Marsh remained relatively constant with some
variability (Fig. 2).

615Ntotal values ranged from 0.72 + 0.71%o to 4.68 £ 1.00%o, with the lowest values at the Inundated Forest
and Mangrove High Salinity sites and the highest at the Marsh, followed by the Tidal Flat and Mangrove Low
Salinity (p < 0.05; Tables S2 and S3). Vertical profiles showed slight 6N, , enrichment toward the surface in
Mangrove Low Salinity and Marsh soils, while Mangrove High Salinity and Tidal Flat sites displayed smaller
variation. In the Inundated Forest, 8"°N, , remained stable from the bottom to ~10 cm depth, before declining
near the surface (Fig. 2).

Sources of stable isotopic composition

The §°C__ and §'°N,_ isotopic composition of plant tissues exhibited considerable variability, particularly
for Rhizopﬁom mangle at the Mangrove High Salinity site, ranging from —36.4 to —28.3%o for 513C0rg and from
1.7%o to 3.6%o for 6'°N, | (Table 4). In contrast, at the Mangrove Low Salinity site, R. mangle tissues varied
in a narrow range from —-31.5 to —29.0%o for 613C0rg and from 1.7 to 2.9%o for 8'°N, , presenting similar
813C_ _ values to another dominant species in the same environment, Laguncularia racemosa (8°C__: -31.7 to
—29.00%0). However, L. racemosa displayed greater variability in 8"°N, , values, ranging from 0.9 to 3.3%o. In the
Marsh, Eleocharis interstincta tissues exhibited narrower isotopic ranges, with 613C0rg values between —29.0 to
—28.7%o and 8"°N, | values ranging from 4.3 to 4.7%o for (Table 4).

Principal component analysis (PCA)

PCA (Fig. 3) revealed that the first principal component (PC1, 43% variance) was strongly associated with TN (r
=0.92), OC (r = 0.85), fine sediment (r = 0.71), and negatively with DBD (r = - 0.87), while PC2 (22%) correlated
with 515Ntotall (r=0.79), C_,,, (r=10.58) and OC:TN (r = -0.65). PCA showed distinct clustering of soil samples
by ecosystem. The Inundated Forest separated clearly from all others, driven by high OC and TN. Mangrove
ecosystems overlapped substantially and were associated with DBD, OC:TN, and 613C0rg variability. The Marsh

Treatment

IE’ Inundated Forest
Mangrove High Salinity

E‘ Mangrove Low Salinity

@ Marsh

@ | Tidal Flat

O e R e B il

PC1 (43%)

>

Fig. 3. Principal component analysis of soil properties (fine particle fraction, OC, Total N, OC:N ratio, §"°C__
8N, ,,» carbonate and dry bulk density) for Mangrove High Salinity, Mangrove Low Salinity, Marsh, Tidal
Flat and Inundated Forest. Superimposed on the plot are the confidence ellipses for each treatment. Group
mean points are represented by large circles.
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overlapped with both mangroves and tidal flats and was influenced by C__ 613Corg, 8N, ,.» and OC:TN. Tidal
flats were primarily associated with fines and C_, ; (Fig. 3).

210pp

For most sediment cores, especially Tidal Flat, excess 2!°Pb activity profiles did not show a consistent decrease
with depth, indicating sediment mixing and preventing reliable age estimates for the full core length. This
vertical homogenization is likely driven by sediment resuspension and bioturbation, which are common in
high-energy, unvegetated environments and can obscure the expected exponential decline of 2°Pb*. Therefore,
sedimentation rate estimates (MAR and SAR) were not applied to the full core. Instead, they were calculated
only for specific depth intervals where a clear decreasing trend could be identified and modelled (Table 1; Fig. 4
caption). These results should therefore be interpreted with caution and are considered as upper-limit estimates.
Among the exceptions, two cores from Mangrove High Salinity and one from Mangrove Low Salinity showed
intense mixing throughout the profile (Fig. 4), making rate estimates impossible. For the cores where rates could
be calculated, MAR ranged from 0.06 g cm™ yr~! in the Inundated Forest to 0.43 g cm™ yr~! in the Mangrove
High Salinity site (equivalent to 4.45 mm yr~! to 5.24 mm yr™’, respectively). The Marsh and Inundated Forest
showed more consistent values within each ecosystem. The highest MAR was recorded in the Mangrove High
Salinity site; however, this estimate was based on a single core and was similar to values from the Mangrove Low
Salinity site (Table 1).

Stocks and accumulation rates of organic carbon, nitrogen and carbonates

Stocks were calculated for the upper 50 cm (the minimum length of all cores) and also 1 m, for which some cores
had to be extrapolated (see Table 1 for core lengths). The 50 cm OC stocks ranged from 65 Mg ha™! at Inundated
Forest to 175 Mg ha™! at Marsh and did not show significant differences among ecosystems (Fig. 5; Table 2 S3),
despite the large differences observed in OC content and density. For the 50 cm TN stocks, which ranged from
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Fig. 4. Excess 21°Pb specific activity profiles for soils. The depth intervals (horizons) used for MAR and SAR
calculations (see Table 1) are as follows: (a) Tidal Flat: Core 1 (16-26 cm), Core 2 (26-42 cm), Core 3 (11-34
cm); (b) Mangrove High Salinity: Core 1 (20-75 cm); (c) Mangrove Low Salinity: Core 2 (1-40 cm), Core 3
(7-35 cm); (d) Marsh: Core 1 (40-65 cm), Core 2 (1-70 cm), Core 3 (4-50 cm); (e) Inundated Forest: Core 1
(10-30 cm), Core 2 (40-80 cm).
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Fig. 5. Organic carbon stocks per replicate (1-3) core (Mg OC ha™!) across ecosystems (Mangrove High
Salinity-MHS, Mangrove Low Salinity-MLS, Tidal Flat-TF, Marsh, and Inundated Forest-INF). Solid bars
represent stocks up to 50 cm (measured), while dotted bars indicate stocks down to 100 cm, which for some
cases had to be estimated (see Table 1 for the length of each core).

Stock (50cm) Stock (100cm)
Ecosystem oC TN Carbonates | OC TN Carbonates
(Cc‘r)sr length | (\foha ) | (Mgha™!) | (Mgha®) | (Mgha™)) | (Mgha™) | (Mgha™)
1 100 154 6.5 213 299 12.1 390
100 138 6.3 236 276 11.9 387
Mangrove high salinity
100 106 4.6 108 213 9.2 245
mean + sd | 100 133+24 |58+1.0 |186+68 263+44 |11.0+1.6 | 341 +83.3
1 100 132 4.6 51 234 8.1 104
2 95 109 4.2 54 231* 8.8* 118*
Mangrove low salinity
95 127 4.9 56 251* 9.2* 113*
mean+sd | 97+3 123+12 | 46+03 |54%3 239+11 |87%0.6 |112%7
1 100 127 7.8 271 241 14.7 520
2 92 129 8.0 259 254* 15.8* 560*
Tidal flat
3 90 157 10.0 346 303* 18.9* 719*
mean+sd | 97 +5 138+17 | 8.6+1.2 |292+47 266 +27 |16.4+2.2 | 600 =105
1 95 103 7.1 50 234* 12.9* 102*
2 100 103 5.1 43 259 10.3 74
Marsh
3 70 175 7.5 66 356* 15.2% 135*
mean +sd | 88+ 16 127+42 |6.6+13 |53+12 283+64 |11.6+2.6 | 106 +30
1 50 140 7.5 23 284* 15.3* 44*
Inundated forest 2 83 65 35 13 138* 7.7% 27*
mean + sd | 66 103 5.5 18 211 11.5 37

Table 2. Organic C (OC), Total N (TN) and carbonate stocks down to 50 cm and 100 cm. Estimated values for
the upper 100 cm are marked with an asterisk (*).

3.5 Mg ha™! to 10 Mg ha™!, only the Tidal Flat had a significantly higher value compared to the Mangrove Low
Salinity (Table 2, S3). In contrast, the 50 cm C__, stocks exhibited high variability, ranging from 13 Mg ha™! to
346 Mg ha™! (Table 3., $3). The Tidal Flat had the highest C__ , stocks, followed by the Mangrove High Salinity,
whereas the Mangrove Low Salinity, Marsh, and Inundated Forest had the lowest C_up, Stocks (Table 2, S3). The 1
m OC and TN stocks followed similar patterns to those observed at 50 cm, ranging From 138 Mgha™' to 356 Mg
ha™! for OC, and from 7.7 Mg ha~! to 18.9 Mg ha™! for TN, at the Inundated Forest and the Marsh respectively
(Fig 5). Likewise, the 1 m C_, , stocks displayed the same variability trend as those at 50 cm, ranging from 27 Mg
ha™! at the Inundated Forest to 719 Mg ha™" at the Tidal Flat.

Considering that several profiles presented mixing along the cores a conservative approach was adopted to
calculate the accumulation rates of OC, TN and Ccarb. Since at least two cores were collected in each ecosystem, the
lowest MAR among the cores within each ecosystem was used to estimate accumulation rates. The accumulation
rates varied substantially across environments. For, OC, CAR ranged from 94 + 4 g OC m~2 yr~! at Mangrove
Low Salinity to 215 + 61 g OC m™2 yr~! at Marsh. For TN, the accumulation rates ranged from 3.6 + 1.4 g TN
m~2 yr! at Mangrove Low Salinity to 12.4 + 3.9 g TN m~2 yr! at Marsh. And the accumulation rates of Ceub
were the lowest at Inundated Forest (15 g C_ | m™ yr™!) and the highest at Tidal Flat (249 + 18 gC_ | m™yr 1C)
(Table 3.). The OC accumulation rates were significantly higher in the Marsh and Mangrove High Sahmty while
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Accumulation rate
CoreID |OC(OCgm2yr!) | TN (TN gm2yr!) | Carbonate (Carbonate g m=2yr™!)

Mangrove high salinity

1 194+ 16 7.7+21 238+19
2 164 + 13 70+23 230+19
3 202+ 16 82+24 184 +15
mean *sd | 187 +20 7.6 £0.6 217 +£29

Mangrove low salinity

1 105+5 37+14 39+2

2 94+4 36+1.4 402

3 115+5 40+14 42+2
mean +sd | 105+ 11 3.8+0.2 40+1.5
Tidal flat

1 108 £8 65+1.4 20215
2 105+ 8 63+1.2 220+ 16
3 110+ 8 69+1.0 249+ 18
mean +sd | 108 £3 6.6+0.3 224+24
Marsh

1 180 + 51 12.4+£39 87 £25
2 211 + 60 10.4+3.4 88 £25
3 215+ 61 9.0+3.0 81+23
mean +sd | 202+ 19 10.6 £ 1.7 85+3.8

Inundated forest

1 115 6.4 15
2 123 6.2 23
mean +sd | 119 6.3 19

Table 3.. Organic carbon (OC), total N (TN) and carbonate accumulation rates for each treatment soil
profiles. The accumulation rate was estimated considering the depths for which the MAR was estimated.

the Mangrove Low Salinity, Tidal Flat, and Inundated Forest exhibited lower values (p < 0.05; Table 3. and S3).
For TN accumulation, the Marsh displayed significantly higher values, followed by the Mangrove High Salinity,
Tidal Flat, and Inundated Forest, which exhibited similar values, and lastly, the Mangrove Low Salinity, which
showed the lowest value (p < 0.05; Table 3. and S3). The C_, ; accumulation rates were significantly higher in the
Mangrove High Salinity and Tidal Flat, followed by the Marsh and Mangrove Low Salinity, which had similar
values, while the Inundated Forest displayed the lowest Ceab accumulation rates (p < 0.05; Table 3. and S3).

Discussion

This study quantified OC stocks, accumulation rates, and stable isotope ratios across seascapes in the Itapicuru
River estuary. Our results underscore the importance of a seascape-level perspective for evaluating Blue Carbon
habitats, highlighting not only the distinct contribution of each ecosystem to carbon storage and long-term
accumulation but also their interconnectedness in regulating organic carbon and nitrogen fluxes, including
potential contributions to the ocean, which should be considered in future studies.

OC and TN stocks across the seascape

Mangrove OC stocks reached 263 + 44 Mg OC ha™! (high salinity) and 239 + 11 Mg OC ha™! (low salinity),
aligning with recent regional estimates from Brazil (265 + 149 Mg OC ha™')*° and global averages for estuarine
and marine mangroves (282 + 8.1 and 250 + 5.0 Mg OC ha™!, respectively)?’. Similarly, the marsh stored 283 +
64 Mg OC ha™!, consistent with other Brazilian marshes (238 + 213 Mg OC ha™)** and global estimates (231 +
38 Mg OC ha™!)*.

The unvegetated tidal flat showed OC stocks (266 + 27 Mg OC ha™!) comparable to those of nearby mangrove
sites. Similar patterns have been reported for mudflats adjacent to fringe mangroves®’, likely due to mangrove
encroachment. In our case, historical satellite imagery suggests that the tidal flat was previously occupied by
fringe mangroves, which retreated approximately 40 years ago. We hypothesized that OC stocks have persisted
due to the high content of mud in the Tidal Flat soil which are a key factor that promotes OC trapping in this
ecosystem’s soils coupled with sedimentary legacy. Cross-habitat inputs and hydrodynamic transport likely also
further support this persistence, highlighting the role of seascape connectivity in shaping carbon and nutrient
distribution. These observations highlight that, despite the absence of vegetation, tidal flats can maintain
considerable carbon stocks through physical sediment characteristics and historical ecological processes.

Tidal flats are increasingly recognized as emerging Blue Carbon ecosystems>>>>3 due to their capacity for
substantial carbon storage, although uncertainties regarding accumulation rates, carbon stability, and potential
double counting from allochthonous inputs have limited their inclusion in formal accounting frameworks. The
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tidal flat investigated here exhibited OC stocks in the upper meter exceeding the global average for similar
systems (~86 Mg OC ha™')** and similar to those reported for Pacific Coast of North America (~148 Mg OC
ha 1)*4, Globally, tidal flats cover an estimated 128,000 km? and store nearly 0.9 Pg C, with annual burial rates of
~130 g OCm~2 yr~!%3, underscoring their potential relevance for coastal carbon budgets. These findings reinforce
the need for further investigation of their long-term carbon stability and for their formal integration into Blue
Carbon policy frameworks.

Although OC stocks estimate for the inundated forest are within the range of other ecosystems, they should
be interpreted with caution due to the limited number of cores (n = 2). The soils in this ecosystem had very low
dry bulk density, up to seven times lower than those in the mangroves, and exhibited high %OG, likely reflecting
the presence of a thick layer of partially decomposed litter (peat). Previous studies in similar forested wetlands
have reported organic layers extending from 1.5 m to as much as 4.5 m in depth®>*, suggesting that our cores
were entirely contained within this organic-rich deposit.

In terms of nitrogen, TN stocks reached 11.0 + 1.6 and 8.7 + 0.6 Mg N ha™! in the high- and low-salinity
mangroves, respectively. These values are consistent with the scarce global data available. For instance, Alongi®’
and Bulmer® reported up to 12.2 and 15.4 + 1.0 Mg N ha"! in mangrove forests in Australia and New Zealand,
respectively, although our values are considerably lower than the global average of ~50 Mg N ha™! reported
by Alongi®. Recent studies also confirm that tropical mangroves are hotspots of nitrogen cycling, supporting
intense mineralization, nitrification, and denitrification®®. Similarly, the unvegetated tidal flat stored 16.4 +
2.2 Mg N ha! and accumulated 6.6 + 0.3g m~2yr~!, values comparable to vegetated Blue Carbon ecosystems,
indicating their role as nutrient sinks despite lacking vegetation. This dual role in carbon and nitrogen cycling
highlights their contribution to reducing nutrient export and improving coastal water quality, emphasizing the
need to incorporate nitrogen alongside carbon in future Blue Carbon assessments.

These characteristics observed in the soil properties are further synthesized using a Principal Component
Analysis (Fig. 3), which highlights the distinct biogeochemical clustering of the habitats. The clear separation
of the Inundated Forest in PC1 likely reflects its significantly higher OC and TN contents and low DBD,
emphasizing its unique soil characteristics compared to the other ecosystems. In contrast, the substantial
overlap observed between the mangrove sites supports their similar soil properties and possibly common OC
autochthonous sources that could not be further resolved due to the superimposed OC isotopic signature across
seascapes. The intermediate position of the Tidal Flat, overlapping with both the Mangrove High Salinity and
the Marsh, reflects its complex soil matrix influenced by high carbonate content and fine sediments, supporting
the interpretation of mixed inputs or legacy carbon discussed previously.

Sedimentary organic matter sources and isotopic signatures
The 513C0rg and 85N, profiles revealed differences among ecosystems, though overall, the plant tissue
(i.e., leaf, branches and roots) isotopic signatures varied in a narrow range (-36.4%o to -28.3%o and 0.9%o to
4.7%o, respectively). The most depleted 613Cor value (-36.4%o) was found in the root tissue of the Mangrove
High Salinity site; excluding this sample, 8'*C_  values ranged from -32.3%o to —28.3%o, consistent with the
dominance of C, plant species across all environments. The narrow §'*C__ range observed, limited the ability to
clearly differentiate OM sources based on C isotopes alone (Table 4; Figure 6). This overlap aligns with previous
studies in tropical coastal systems dominated by C3 vegetation, where §°C__ values often fall within a restricted
range and are influenced more by environmental conditions (salinity, canopy cover, and hydrology) than by
vegetation type'2. Moreover, a broad range of allochthonous carbon sources across seascapes is expected to
contribute substantially to soil OC, often exceeding autochthonous inputs. These contributions cannot be reliably
distinguished using 6°C_ alone. Consequently, while our data support strong biogeochemical comparisons
across the seascape, this limitation precludes a definitive evaluation of the connectivity.

In contrast, the relatively higher 613C0rg values observed in the Mangrove High Salinity and Tidal Flat suggest
considerable marine influence. These sites, closest to the ocean, exhibited the highest salinity levels in the study

Organic mater source | §'>C (%o) | 8'°N (%) | OC/TN
MHS leaf -32.3 3.0 38.4
MHS branches -28.3 1.7 142.5
MHS root -36.4 3.6 83.7
MLS leaf/R -31.7 2.0 30.8
MLS branches/R -30.9 0.9 134.1
MLS root/R -29.0 33 79.3
MLS leaf/L -31.5 2.9 34.5
MLS branches/L -29.5 1.7 135.6
MLS root/L -28.7 2.7 97.1
MARSH leaf -28.7 4.7 71.0
MARSH rhizome -29.0 4.3 106.7
MARHS root -28.7 4.4 74.7

Table 4. Stable isotopic composition (§'*C and §'°N) and carbon-to-nitrogen ratio (OC/TN) of tissues from
Mangrove High Salinity (MHS), Mangrove Low Salinity (MLS), and MARSH ecosystems. In the low-salinity
mangrove, values are shown separately for Rhizophora mangle (R) and Laguncularia racemosa (L) tissues.
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Fig. 6. Relationship between 6"°C__and OC:TN across the ecosystem soil and plant tissues. Hexagons
represent the mean (+ standard error) for treatment averages. Circles, squares, and triangles denote leaves,
stems, and roots, respectively, with green, brown, and beige colors representing these plant tissues. Red
markers indicate surface soil values. Data are shown for three ecosystems: Mangrove High Salinity (MHS),
Mangrove Low Salinity (MLS), and Marsh. In MLS, two species were sampled, represented by squares with and
without a black fill.

area (15-22 %o), suggesting that tidal flushing and seawater influence enrich 613C0rg by modifying the isotopic
composition of available inorganic carbon or by introducing enriched carbon sources, such as benthic algae or
marine-derived organic matter which typically present more enriched 8'*C___ values, (e.g., —21%o to —18%s for
phytoplankton, —23%o to —16%o for marine algae, and —19.6%o to —4.8%o for seagrasses), than terrestrial C,
vegetation in our sites'>%%2, The relatively stable 813C0rg profiles in these ecosystems and in the Marsh indicate
consistent source inputs or effective vertical mixing over time. Conversely, in the Mangrove Low Salinity, down-
core 3'*C__ enrichment likely reflects a shift from leaf-derived organic matter (~ —31.6%o) at the surface to root-
derived inputs (~ —28.8%o) at depth, consistent with Saintilan®. In the Inundated Forest, pronounced §"*C_,
enrichment with depth is probably driven by early diagenesis, where microbial decomposition preferentially
removes 2C, leaving 13C-enriched residues® in line with the high abundance of partially decomposed litter that
promotes selective degradation of labile compounds.

The more positive 8'°N,__, values observed in the mangroves and, especially, in the marsh may indicate some
level of organic matter decomposition, as microbial processing tends to enrich the residual organic nitrogen
pool in *N due to the preferential use of N during mineralization. However, soil "N, values closely
resemble those of local plant tissues (Table 4) in both ecosystems, suggesting that nitrogen inputs are mostly
autochthonous and have undergone limited remobilization post-deposition. In the tidal flat, 8N, values
were like those of surrounding mangroves, likely reflecting legacy inputs. In the inundated forest, although
bulk 6N, values were relatively low compared with the other ecosystems, a sharp increase from the 5 to
15cm depth likely indicates early diagenetic decomposition processes. Under anoxic conditions, microbially
mediated nitrogen transformations, such as denitrification and dissimilatory nitrate reduction to ammonium
preferentially remove '“N enriched inorganic nitrogen species (e.g., NO,’, NH,"), enriching the residual organic
nitrogen pool in "N®>-¢7,

To complement the broader isotopic patterns, we examined the relationship between 8"°C__ and OC:TN
in plant tissues and surface soils (Fig. 6). Despite the narrow 8'*C__ range, consistent with the dominance of
C, vegetation, OC:TN ratios reveal a gradient among tissue types: leaves exhibit the lowest ratios, followed by
roots, and stems the highest values. This pattern likely reflects differences in tissue function and composition,
where leaves are nitrogen-rich due to their metabolic role, whereas roots and stems are more carbon-rich due to
structural and storage functions®®%°.

Moreover, the OC:TN ratio is a key determinant of litter quality, influencing decomposition dynamics.
Tissues with higher OC:TN ratios, such as stems and roots, decompose more slowly and are more likely to
contribute to long-term soil organic matter accumulation’®”!. Taken together, these findings underscore the
importance of both the origin of organic matter and the post-depositional microbial processing in shaping soil
isotopic signatures. Additional tracers, such as fatty acids and eDNA, along with a comprehensive identification
of all potential source end-members, including the water-column (e.g., POM, phytoplankton) and riverine
inputs not analysed in this study, would improve the determination of OC origins.
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OC and TN accumulation rates

Overall, as stated above, 21°Pb-derived MAR and SAR should be interpreted with caution, as most cores showed
signs of vertical mixing that can affect the reliability of age models. Consequently, the estimated accumulation
rates presented here likely represent upper-limit values, particularly in the most dynamic and unvegetated sites.

Organic carbon accumulation rates (CAR) in the mangroves presented considerable spatial variability,
averaging 105+ 11 gCm™2yr! at Mangrove Low Salinity and 187 +20gC m~2yr! at Mangrove High
Salinity (Table 3.). These rates are comparable to those previously reported for northeastern Brazil (average
of 190 g C m~2 yr1)* and align with global estimates (194 + 15 g C m™2 yr!)’2 Such variability is commonly
driven by both physical (e.g., tidal amplitude, salinity gradients, geomorphology and the influx of allochthonous
material) and biological factors (e.g., root productivity, plant community composition, and bioturbation)»41:73:74,
Moreover, geomorphological setting plays a key role in shaping sedimentation. As shown by Adame”, riverine
mangroves exhibited more uniform sediment deposition across intertidal zones, whereas tidal mangroves had
greater sediment accumulation at the seaward fringe. This spatial heterogeneity in sediment accumulation rates
influenced by bidirectional versus unidirectional flow regimes, affects not only the total sediment retained but
also the location and extent of organic carbon transfer and sequestration across the land-seascape.

The marsh averaged 202 + 19 g Cm™yr!, consistent with more recent global estimates for saltmarshes
of approximately 210 g C m2yr! 76. Notably, organic carbon accumulation in these ecosystems shows
wide spatial variability, with reported global rates ranging from 20 to 1700 g C m~2 yr~17°. This variability is
primarily controlled by tidal inundation regimes, especially tidal range and patterns, where higher tidal ranges
often correspond to lower organic carbon contents due to enhanced soil aeration and decomposition’®. In the
Southwestern Atlantic, this spatial heterogeneity is also strongly influenced by local-scale drivers, including
dominant plant species and biotic factors such as the presence of bioturbating organisms”’. In line with Hatje®’,
this study contributes rare and valuable data for carbon accumulation in saltmarshes of the southwestern
Atlantic, a region underrepresented in global blue carbon assessments.

Although lower, the Tidal Flat and Inundated Forest, exhibited considerable CARs (108 +3 g C m™ yr™!
and 119 g C m~2 yr, respectively) compared to the other blue carbon ecosystems specially the Mangrove Low
Salinity site. In the Tidal Flat, accumulation is likely influenced more by sedimentary processes and legacy
organic matter than by in situ primary productivity, given the absence of vegetation. Nevertheless, surrounding
mangrove vegetation, hydrology, and local geomorphological conditions likely contribute to sustaining carbon
burial, even in this unvegetated environment. As previously discussed, this ecosystem still shows a notable
capacity to store organic carbon belowground, with OC stocks and CAR values being significant, compared to
traditional blue carbon ecosystems. This highlights the need for further research on the carbon dynamics of tidal
flats, which remain poorly studied. In the case of the Inundated Forest, although it supports well-developed and
diverse vegetation cover, we believe that the lack of significant tidal exchange are likely key factors constraining
carbon accumulation rates.

Conclusion

This study quantified OC and TN stocks, accumulation rates, and isotopic composition across different coastal
ecosystems in the Itapicuru River estuary, including both vegetated and unvegetated areas. Results show that
high OC stocks are not restricted to vegetated environments. Unvegetated tidal flats also store substantial carbon,
likely due to high sedimentation rates (108 + 3 g C m™2 yr!), fine-grained soils, and possible legacy inputs from
past mangrove coverage. Nitrogen showed similar patterns, with marshes and mangroves acting as primary
sinks, while tidal flats and the inundated forest also contributed significantly to nitrogen storage, underscoring
their role in nutrient retention and potential mitigation of eutrophication.

Stable isotopic data (§"°C_ and 8"°N,, ) revealed the challenges of distinguishing OM sources in a
predominantly C3-plant system, where isotopic ranges of potential end-members substantially overlapped.
This suggests that stable isotopes alone may not provide sufficient resolution and should be complemented by
additional tools such as pyrolysis analysis, fatty acids, and/or eDNA analysis.

Overall, our findings highlight the importance of including a wider range of habitats in Blue Carbon
assessments. Ecosystems such as tidal flats and inland forested wetlands, as well as adjacent ocean, although
often overlooked, can hold significant carbon and nitrogen stocks and contribute meaningfully to long-term
carbon accumulation across seascapes. Future research should focus on the stability of these C stores, elucidating
the sources and fluxes of organic carbon across habitats, and evaluating ecosystem responses to environmental
change to improve carbon accounting and inform management strategies.

Data availability
The datasets generated and/or analysed during the current study are available in the Supplementary Information
files. Additional data are available from the corresponding author upon reasonable request.
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