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 21 

ABSTRACT 22 

The Marapanim River estuary (MRE) is part of the Amazon estuarine system located in 23 

northern Brazil, which is characterized as having extensive mangrove forests. Given that previous 24 

studies reported CO2 and CH4 fluxes from mangrove creeks in this region, here we investigate the 25 
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potential organic carbon sequestration of the creek mudflats to get a better understanding of the 26 

carbon cycling through these systems. Sediment accumulation rates derived from 210Pb dating 27 

indicated that sampled cores represent the previous 24 (± 4) yr. The approximately 24-year total 28 

organic carbon (TOC), total nitrogen (TN) and total phosphorus (TP) burial rates were estimated to 29 

be 192.5 (± 43.5), 15.3 (± 4.1) and 3.2 (± 0.8) g m-2 yr-1, respectively. A binary source mixing model 30 

based on carbon stable isotopes (δ13C) revealed that the sedimentary organic matter (OM) is mainly 31 

influenced by marine phytoplankton input (49% to 95%). Furthermore, the TOC accumulation rates 32 

found here were slightly higher than the global averages estimated for within mangrove forests, 33 

suggesting that these unaccounted carbon sinks along creek mudflat environments are relevant for 34 

carbon budgets in mangrove-colonized coastal zones. The highest contents, stocks and accumulation 35 

rates were found in the tidal creek sediments that are most influenced by nearby mangroves and are 36 

more protected than sediments from major river margin. Our results indicate that the creek mudflats 37 

play a major role in carbon and nutrients sequestration, directly related to grain size and OM sources. 38 

 39 

Keywords: Blue carbon, Organic matter source, Macrotidal estuary, creek mudflat, Brazilian 40 

Amazon coast. 41 

 42 

1. Introduction 43 

 44 

Mangrove forests, along with other vegetated coastal ecosystems such as seagrasses and 45 

saltmarshes, are recognized as blue carbon ecosystems due to their capacity to sequester carbon at a 46 

far higher rate than terrestrial forests (Nellemann et al., 2009; McLeod et al., 2011). Although 47 

mangrove forests occupy <1% of the global coastal area, these ecosystems sequester and store high 48 

amounts of organic carbon in plant biomass and sediment, contributing 10 - 15% to coastal sediment 49 

carbon storage and exporting 10 - 11% of the particulate terrestrial carbon to the ocean (Jennerjahn 50 
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and Ittekkot, 2002; Dittmar et al., 2006; Alongi, 2014). For instance, the carbon stocks in the Amazon 51 

mangrove are over twice those of upland evergreen forests and almost 10-fold those of tropical dry 52 

forests (Kauffman et al., 2018), which underscores their potential value to mitigating greenhouse gas 53 

emissions. 54 

Two important measurements to determining the rate of organic carbon sequestration are the 55 

sediment total organic carbon (TOC) content and the sediment accumulation rate (SAR). The first 56 

term provides information about the TOC stock sequestered in sediments (Howard et al., 2014). The 57 

SAR is used to measure the TOC accumulation rates, which address the question of how much TOC 58 

is sequestered in a specified period and quantifies the ongoing sink capacity (Arias-Ortiz et al., 2018). 59 

From the 238U decay series, the 210Pb dating method has been an ideal tracer for dating aquatic 60 

sediments deposited during the previous 100 years, enabling the determination of TOC accumulation 61 

rates in vegetated coastal ecosystems (Smoak et al., 2013; Marchio et al., 2016; Sanders et al.; 2016, 62 

Sasmito et al., 2020). 63 

Total organic carbon to total nitrogen ratios TOC/TN ratios, and carbon and nitrogen stable 64 

isotope signatures (δ13C and δ15N) have been widely used as effective geochemical proxies to estimate 65 

the relative proportions of terrigenous and marine OM in estuarine and coastal sediments (Lamb et 66 

al., 2006; Ranjan et al., 2011; Liu et al., 2015; Vilhena et al., 2018; Kusumaningtyas et al., 2019). 67 

Previous studies have shown that the terrestrial OM is preserved, stored and accumulated more 68 

efficiently than marine-derived OM in sediments (Hedges et al., 1997; Ranjan et al. 2011; Watanabe 69 

and Kuwae, 2015; Kusumaningtyas et al., 2019), due to the selective preservation of refractory OM 70 

at the expense of labile components, which is more susceptible to degradation by microorganisms 71 

(Hedges et al., 1997; Zonneveld et al., 2010). Therefore, identifying the source of OM is important 72 

in evaluating the effectiveness of the mangrove ecosystems as blue carbon sinks, since the variability 73 

of the origin of the OM stored in sediments contributes differently to longer-term carbon burial. 74 
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Data on the contribution of intertidal creek environments are more limited than mangrove 75 

forests as carbon sinks. However, intertidal mudflats situated along mangrove creeks can play an 76 

important role in the carbon cycling of tropical land-sea interfaces, such as acting as a conduit for 77 

exchanges between mangrove forests and coastal waters. For instance, Call et al. (2019) demonstrated 78 

that a mangrove tidal creek in the Amazon region presented large CO2 and CH4 fluxes, suggesting 79 

that recent global estimates of these fluxes based mostly on data from higher latitudes (exceeding 5°) 80 

without considering macrotidal mangrove system, may be underestimated. Moreover, tidal creeks 81 

may be more sensitive to land-use changes than open water systems due to a broader connectivity 82 

with watersheds, implying that OC accumulation rate changes by up to one order of magnitude in 83 

response to urban effluents input (Darrow et al., 2017). Therefore, the balance between carbon export, 84 

and sediment burial may present an important conduit to the mangrove and coastal ocean carbon 85 

cycle.  86 

The Brazilian coastal region holds, over 960,000 ha, the third-largest mangrove area 87 

worldwide (Giri et al., 2011) including the North coast of Brazil (known as the Brazilian Amazon 88 

coast) which is considered the largest continuous and best-preserved mangrove forest in the world 89 

(Nascimento et al., 2013; Kauffman et al., 2018). The mangroves of the Marapanim River estuary 90 

(MRE) are part of this extensive range of mangroves on the Brazilian north coast, which present 91 

minimal anthropogenic impact. Mangroves are enormously important in this region as they sustain 92 

traditional communities found on the Amazon coast (Fernandes et al., 2018). Information on the 93 

biogeochemical cycling of carbon and nutrients in a non-impacted environment is necessary to better 94 

understand how potential changes to the mangrove dynamics may impact the carbon and nutrient 95 

fluxes between mangrove forests and coastal waters. 96 

The main goal of this study is to obtain a better understanding of the cycling of sedimentary 97 

OM in the Marapanim mangrove estuarine system, located in the Brazilian Amazon region. To this 98 

aim, the hypothesis that creeks mudflats play an important role as carbon and nutrient sinks, rather 99 
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than only act as a conduit for carbon and nutrients cycling in coastal regions, was tested. We analyzed 100 

TOC, TN and TP stocks (sediment) and accumulation rates, as well as estimated the sources of OM 101 

in unvegetated mudflats situated along mangrove creeks to: 1) characterize the different OM sources, 102 

and 2) investigate potential relationships between OM sources and TOC, TN, and TP burial based on 103 

accumulation rates. In addition, we characterized the mangrove forest, according to topographical 104 

gradients of the tidal flats and vegetation heights, since biogeochemical cycles and carbon budget are 105 

also affected by the mangrove structure and environmental conditions (Chambers et al., 2013; Perez 106 

et al., 2018; Steinmuller et al., 2020). As such, we suggest that mangrove characteristics should be 107 

considered when comparing the biogeochemical data obtained here with other studies. 108 

 109 

2. Materials and methods 110 

 111 

2.1. Study area 112 

 113 

The Marapanim River estuary is part of the Amazon estuarine system in Para, Northern Brazil, 114 

between 00º30’ to 01º00’S and 47º32’ to 47º00’W (Fig. 1a). The main River channel has a funnel 115 

form with a length of more than 70 km and a width of 8 km at the mouth (Atlantic Ocean) (Silva et 116 

al., 2009). The water of the estuary was extremely mixed as a result of tidal pumping and wave action, 117 

with the ocean water penetrating approximately 62 km up the estuary mouth during the dry season 118 

and 42 km during the wet season (Berrêdo et al., 2008). This system is dominated by macrotidal 119 

regime with semidiurnal tides; their amplitude ranges from 3.5 m during neap tide to over 6 m during 120 

spring tides.  121 

The coastal region of Para is characterized by a tropical climate, with a wet season from 122 

January to June, and a dry season from July to December, high annual precipitation (2500–3000 mm) 123 

and average annual temperature of 27.7 ºC (Martorano et al., 1993). The water temperature of the 124 
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estuary varies from 27 to 30 ºC. pH values indicate alkaline conditions during the dry season (7.9 to 125 

8.0) and slight acidic during wet season (5.7 to 6.7). The salinity at low and high fluvial discharge 126 

varies from 24 to 3, respectively, in the estuarine channel (Berrêdo et al. 2008). 127 

The estuary is part of the Master Lucindo Marine Extractivist Reserve, a protected 128 

Conservation Unit region. The estuary contains 130 km2
 of continuous and pristine mangrove forest 129 

(Vilhena et al., 2013). The dominant mangrove species are Rhizophora spp., Avicennia germinans, 130 

and Laguncularia racemosa. The trees are tall (up to approximately 35 m, Fig. 1d), generally 131 

distributed in mixed forests of Rhizophora spp. and Avicennia germinans. Laguncularia racemosa is 132 

found in the mangrove fringe. Saltmarsh vegetation is represented by Spartina brasiliensis, which 133 

occupies pioneering position in mudflat accretion areas.  134 

The Marapanim catchment extends over an area of 2500 km2 (Silva et al., 2009), with no 135 

industrial development, where about 28,000 people live. Like other Brazilian Amazon coastal cities, 136 

the Marapanim city’s economy is based mainly on the sustainable use of natural resources, 137 

particularly fishing (crabs, shrimps, mollusks and fish), as well as commerce and tourism (Kjerfve 138 

and Lacerda, 1993; ICMBio, 2018; Fernandes et al., 2019).  139 

 140 

2.2. Acquisition of drone images and processing  141 

 142 

Very high resolution (3 cm) images of the study area were obtained using a Drone Phantom 4 143 

DJI (FC 330 digital 4K/12MP camera). The planialtimetric data were processed by the Agisoft 144 

Photoscan version 1.6.1 (AgisoftPhotoScan, 2018), and Global Mapper version 19 (GlobalMapper, 145 

2017). Planialtimetric data of ten ground control points were acquired by a smartphone connected to 146 

an Antenna Trimble Catalyst with a differential Global Navigation Satellite System (GNSS). A sub-147 

metric correction (± 30 cm), provided by the Trimble website upon payment of a subscription 148 

(https://geospatial.trimble.com/catalyst-subscriptions), was applied to the GNSS data. The vegetation 149 
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was manually classified by photointerpretation in the Global Mapper Software. Rhizophora, 150 

Avicennia, and Laguncularia trees were identified according to color, geometry, and texture of the 151 

canopy. This work followed procedures described by the software developer (Agisoft, 2018; “Global 152 

Mapper User’s Manual,” 2020) and adapted for mangrove areas (Cohen et al. 2018, 2019). A detailed 153 

description of the data processing can be obtained in the supplementary information section.  154 

 155 

2.3. Field sampling 156 

 157 

The sediment core collection was conducted during the wet (May 2017) and dry (Sept 2017) 158 

seasons. The sampling sites were situated near the mouth (Atlantic Ocean) of the MRE, along a 159 

lobular structure, where mangrove vegetation has developed. We compared tidal mangrove creeks 160 

(P2 and P3) with the Marapanim River margin (P1), which is located in an area under influence of a 161 

nearby sand bar (Fig. 1b).  162 

 163 

2.3.1. Sediment 164 

One sediment core was collected from the unvegetated mudflat (devoid of macrophytes) at 165 

each site by inserting an acrylic tube (50 cm length) vertically into the substrate during low tide. 166 

Immediately after extraction, the sediment core was sectioned at 1-cm depth intervals from the core 167 

top to 6 cm depth, then 2-cm intervals until the 20 cm depth, finally at 5-cm intervals until the 35 cm 168 

depth. The sub-samples were bagged, preserved on ice and then transported to the laboratory. In 169 

addition, pore waters were retrieved using Rhyzon® collectors (Seeberg-Elverfeldt et al., 2005) at 170 

the same intervals to the solid phase for salinity analysis. Pore water salinity was measured in situ 171 

with a portable refractometer (Atago). 172 

 173 

2.3.2. Vegetation and phytoplankton 174 
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The phytoplankton and vegetation collection was conducted just during the wet (May 2017) 175 

season. Approximately 15 fresh leaves of six different adult trees of each dominant mangrove species 176 

(Rhizophora spp., Avicennia germinans and Laguncularia racemose) were collected. The leaves were 177 

washed in deionized water to remove the adhered sedimentary particles and salt, then the samples 178 

were frozen and lyophilized. The phytoplankton samples were collected along the mangrove tidal 179 

creek during the flood tides (n=3); horizontal hauls were performed on the water surface (maximal 180 

depth 50 cm), using a standard-type plankton mesh, with mesh opening 64 μm. This mesh opening is 181 

the most used one in the Amazon estuaries due to the strong local hydrodynamics (Paiva et al., 2006). 182 

Each sample was observed in a binocular microscope after it was washed in deionized water and 183 

subjected to wet sieving (mesh opening 20 μm) to remove the contaminant particles (leaves and 184 

shells) or possible zooplankton predators. Finally, the samples were frozen and lyophilized.  185 

 186 

2.4. Analyses and data treatment 187 

 188 

2.4.1. DBD and Grain size  189 

Dry bulk density (DBD, g cm-3) was determined as the dry sediment weight (g) divided by the 190 

initial volume (cm3). From the original wet section, a portion was taken for grain size analysis. The 191 

sediment grain size was determined using a Fritsch particle size meter model Analysette 22, after 192 

calcium carbonate and OM removal, and dispersion in sodium hexametaphosphate 4% (Loring and 193 

Rantala, 1992). The GRADISTAT 9.1 software (Blott and Pye, 2001) was used for treating results, 194 

where the grain size scale was modified from Udden (1914) and Wentworth (1922), with the 195 

classification of clay (< 2 m), silt (2-63 m) and sand (> 63 m) are established for these fractions.   196 

 197 

2.4.2. Elemental and stable isotope analysis 198 
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Carbon and nitrogen stable isotope ratios of phytoplankton, leaves and sediments were 199 

measured to identify the sources of OM contributing to the sediments column at each site. A 200 

subsample of each core fraction was acidified to remove carbonate material; then it was washed in 201 

deionized water, dried (60 °C) and ground to powder before TOC and δ13C analyses. TN and δ15N 202 

were analyzed in non-acidified subsamples. Isotopic signatures (δ13C and δ15N) and TOC and TN 203 

contents were analyzed using a Leco Flash Elemental Analyser coupled to a Thermo Fisher Delta V 204 

isotope ratio mass spectrometer (Thermo Flash EA 1112). Analytical precision was as follows: TOC 205 

= 0.1%, TN = 0.1%, δ13C = 0.1‰, and δ15N = 0.15‰. Working standards were used (glucose, 10.7 206 

ppt and urea, 41.3 ppt) to calibrate for δ13C. A pair of standards were measured with every 20 samples. 207 

These standards were calibrated initially against international absolute standards LSVEC and 208 

NIST8542. TP contents in the sediments were determined by colorimetry, according to Grasshoff et 209 

al. (1999), following the extraction procedure from Aspila et al. (1976). The results of TOC, TN and 210 

TP, expressed in % in this work, were converted to µmol g-1 dry weight sediment to calculate 211 

individual TOC/TN/TP molar ratios. 212 

 213 

2.4.3 Calculation of marine and terrestrial organic matter 214 

The relative proportions of mangrove/terrestrial OM (OMterr) and marine OM (OMmar) in 215 

sediment cores were estimated using the two end-member mixing model described in Schultz and 216 

Calder (1976): 217 

 218 

Fterr = (δ13Cmar − δ13Csed)/(δ
13Cmar − δ13Cterr) x 100 and Fmar = 100 – Fterr                                                              (1) 219 

 220 

where Fterr is the contribution from the mangrove/terrestrial fraction, Fmar is the contribution from the 221 

marine fraction, δ13Csed value of the sediment interval, and δ13Cterr and δ13Cmar are the terrestrial and 222 

marine end-members value, respectively. We estimated the terrestrial (an average of the plants that 223 
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dominate in the Marapanim mangrove) and marine (phytoplankton-derived OM) end-member δ13C 224 

values to be -29.9 ± 1.0 ‰ (n = 18) and -23.9 ± 0.7 ‰ (n = 3), respectively, from our results. 225 

 226 

2.4.4. 210Pb dating and rates of organic carbon, nitrogen and phosphorus accumulation 227 

To date sediments, we measured radionuclide activities from the 238U decay series in a high-228 

purity germanium (HPGe) well gamma detector with 40% efficiency coupled to a multichannel 229 

analyzer. Sediments at each interval were sealed in gamma tubes for at least three weeks to establish 230 

secular equilibrium between 226Ra and its daughter products 214Pb and 214Bi. The 210Pb activities were 231 

determined by the direct measurement of 46.5 KeV gamma peaks, while 226Ra activity was calculated 232 

averaging its daughters’ peaks 214Pb and 214Bi (295.2 KeV) (351.9 KeV) (609.3 KeV) (Sanders et al., 233 

2016). The excess 210Pb (210Pbex) activity was estimated by subtracting the 226Ra from the total 210Pb 234 

activity. The sediment accumulation rate (SAR) was calculated according to the Constant Initial 235 

Concentration (CIC) method as a net downcore decrease in 210Pb(ex) activities was noted in all three 236 

cores, implying a consistent rate of sedimentation (Appleby and Oldfield, 1992). Accumulation rates 237 

and stocks (for 0-35 cm) of TOC, TN and TP were estimated for each depth interval (cm), using 238 

values of SAR (cm yr-1), DBD (g cm-3), and TOC, TN as well as TP contents (g g-1), respectively: 239 

Accumulation rates (AR) (g m-2 yr-1) = [SAR] x [DBD] x [TOC, TN or TP content]                        (2) 240 

Stocks (g m-2) = [DBD] x [depth] x [TOC, TN or TP content]                                                          (3) 241 

 242 

2.4.5. Statistical analysis  243 

Statistical analyses were performed using statistical package PAST version 3.26 (Hammer et 244 

al., 2001). One-way analysis of variance (ANOVA) was used to assess the significant difference of a 245 

single variable (clay, silt, sand, TOC, TN, TP, δ13C, δ15N) between the sampling sites (P1, P2 and P3) 246 

and seasons (wet and dry), with a Tukey HSD post hoc test for distinguishing pairwise relationships 247 

among sites. The normality of data distribution was tested using Shapiro-Wilk prior to statistical 248 
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analysis. When the variables were not normally distributed (clay, silt, sand, TOC, TN and TP), they 249 

were log-transformed to fit a normal distribution. Statistical significance at <0.05 was used for all 250 

tests. Principal Components Analysis (PCA) was applied to identify the multivariate relationships 251 

between the geochemical variables. Significant factors were selected based on eigenvalues >1. The 252 

relation between each pair of variables was measured by Pearson’s correlation coefficient. Correlation 253 

coefficients greater than 0.5 were considered significant. 254 

 255 

3. Results 256 

 257 

3.1. Mangrove structure 258 

 259 

 The A-B profile (Fig. 1d-e) revealed a young mangrove fringe (1-10 m) mainly represented 260 

by Laguncularia racemosa in the topographically lowest sector (~1 m above mean sea-level, amsl) 261 

of the tidal flat. In an intermediate topography (1 – 2 m amsl) a dense mangrove forest characterized 262 

by Laguncularia racemosa and Rhizophora spp. (10 - 20 m tall) was found. Following the 263 

topographical gradient (~2 m amsl) a mixed forest of Avicennia germinans and Rhizophora spp. is 264 

noted (20 - 30 m tall). These trees become taller (25-33 m) in the inner parts of this mangrove forest. 265 

The sampling sites P2 and P3 (Fig. 1b) were located in topographically highest areas, inundated only 266 

during spring tides, of which sediments are strongly oxidized during the dry season, coexisting with 267 

more mature mangroves (15-25 m). 268 

 269 

3.2. Sediment chronology 270 

 271 

The log 210Pbex of the sedimentary profiles from the three examined sampling sites were 272 

depicted by an almost linear decline with depth (Fig. 2), implying a consistent rate of sedimentation. 273 
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Based on the 210Pb(ex) profiles, the top 6 cm of the P3 and bottom of the P2 sediment cores were 274 

determined to be mixed and therefore, were excluded when calculating SAR. The SAR were 275 

calculated as 1.8 (core P1), 1.5 (core P3) and 1.3 (core P2) cm yr−1, respectively (Fig. 2), with a 276 

regional mean of 1.5 ± 0.3 cm yr−1. According to the extrapolated 210Pbex - derived age, sediment at 277 

the core basis corresponds to an age of about 1997 year in P1 (35 cm), 1989 year in P2 (35 cm) and 278 

1994 in P3 (35 cm). 279 

 280 

3.3. Grain size and dry bulk density 281 

 282 

The textural composition of the sediments was mostly sand and silt (34–80% of silt, 12–64% 283 

of sand) with a low percentage of clay (<10%) (Fig. 3). This textural distribution differs among the 284 

three sites (p<0.05, Table 2), with the distribution of fine-grained higher at sites P2 and P3 compared 285 

with P1 (Fig. 3).  The contents of the grain size fractions also showed significant seasonal variations 286 

(Table 2), except to silt at P3 and sand at P1 and P2. In general, values of DBD (g cm-3) in the sediment 287 

sites increased substantially with the depth (Fig. 3). The highest DBD was found in the P1, exceeding 288 

1.0 g cm-3, where the sedimentary profile graded to predominately sand.  289 

 290 

3.4. Elemental and isotopic composition  291 

 292 

The values and vertical profiles of elemental and isotopic composition for the sediments, 293 

plants and phytoplankton are shown in Table 1 and Fig. 3. Differences in TOC, TN, TP contents of 294 

sediments between sampling locations and seasons (except to TN at site P3) were statistically 295 

significant (Table 2). The range of TOC was highest at sites P2 (2.28 to 3.84 %) and P3 (2.21 to 3.04 296 

%) compared to P1 (0.53 to 1.91 %). The range of TN was similar to P2 (0.19 to 0.27 %) and P3 (0.19 297 

to 0.26%) compared to P1 (0.04 to 0.17 %). Like TOC and TN, TP contents was much larger in the 298 
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P2 (0.028 to 0.052 %) and P3 (0.033 to 0.059 %) than to P1 (0.009 to 0.044%). In all three sites, 299 

TOC, TN and TP contents decreased slightly with depth. 300 

 The δ13C values of sediments varied from -26.9 to -24.2‰, with significant difference between 301 

sites (p<0.05). The downcore δ13C profile was relatively homogeneous at site P1, without significant 302 

difference between seasons (p>0.05), with an average of -25.2 ± 0.4‰. However, P2 and P3 showed 303 

significant differences between seasons (p<0.05), due to results from upper 18 cm, with highest values 304 

during dry season, with average of -25.7 ± 0.6‰ and -25.2 ± 0.5‰, compared to wet season, with 305 

average of -26.6 ± 0.2‰ and -26.3 ± 0.2‰, respectively.  306 

 The δ15N values of sediments did not differ significantly between seasons (p>0.05), but 307 

differed significantly between sites (p<0.05). The δ15N values ranged from 5.1 to 8.4‰, with an 308 

average of 6.1 ± 0.8‰ to P1, 5.9 ± 0.6‰ to P2 and 6.5 ± 0.3‰ to P3. Downcore profiles of δ15N 309 

showed a small increase with depth, excepted for site P1 that showed oscillations and no tendency 310 

with depth, with a peak at 14 cm.  311 

 Differences in TOC/TN molar ratios between sampling locations and seasons were 312 

statistically significant (Table 2), varying from 12 to 18.5, with an average of 15.3 ± 1.3 to P1, 15.6 313 

± 1.3 to P2 and 13.7 ± 0.8 to P3. Downcore profiles of TOC/TN showed a small increase with the 314 

depth at all sites. The TN/TP molar ratios in sediments were not significantly different in terms of 315 

spatial variability (p>0.05), but were significantly different seasonally, with highest ratios in the wet 316 

season, varying from 8.3 to 13.3, compared to dry season, that varied from 2.9 to 11.8. 317 

The δ13C values of Rhizophora spp., Avicennia germinans and Laguncularia racemosa leaves 318 

were similar and ranged from -31.8 to -28.2‰ (29.8 ± 1.0 ‰), which is within the range of C3 319 

terrestrial plants. The δ15N and TOC/TN values varied slightly from species to species from 1.7 to 320 

6.4‰ (4.4 ± 1.3 ‰) and from 30.0 to 40.1 (34.0 ± 3.2), respectively. The phytoplankton presented 321 

δ13C values from −24.4 to −23.4‰ (23.9 ± 0.7 ‰), δ15N from 3.2 to 3.7‰ (3.4 ± 0.4 ‰), and TOC/TN 322 

from 6.9 to 7.2 (7.1 ± 0.2). 323 



14 
 

 324 

3.5 Principal Component Analysis (PCA) 325 

 326 

The significant components (ie., eigenvalue >1) loading matrix of PCA are listed in Table 3. 327 

The PCA (Fig. 4) showed that the first two components together explained 74.5% of the data 328 

variation. The first component (PC1) accounted for the largest proportion with 61.7% of the total 329 

variance. It showed significant positive loading (> 0.5) for TN, TOC, TP, silt and clay, and negative 330 

loading of sand and δ13C. The first component explained the variations between the sites, separating 331 

the site P1 from P2 and P3 due to its high sand content (Fig. 4a). This component also gives strong 332 

evidence of TOC, TN and TP increase with increase of silt and clay, with the highest TOC, TN and 333 

TP contents for P2 and P3 (Fig 4b). The second component (PC2) explained 12.9 % of the total 334 

variance and showed significant loading only for δ15N. 335 

 336 

3.6. Proportions of organic matter sources 337 

 338 

The proportions of terrestrial (OMterr) and marine (OMmar) OM sources were derived from the 339 

δ13C data and Eq. (1). Downcore profiles of OMmar and OMterr remained relatively constant 340 

throughout the sediment columns during the wet season, but during the dry season an increase in 341 

marine input in the upper layers (< 18 cm) was observed at sites P2 and P3 (Fig. 3). Relatively high 342 

proportions of OMmar were observed at all sites in both wet and dry seasons. Overall, OMmar varied 343 

from 49.1 to 95.2% and OMterr from 4.8 to 50.9% (Table 1). In the wet season, OMmar contribution 344 

was highest in the site P1 (76.4 %) compared to sites P2 (54.5 %) and P3 (60 %). During dry season, 345 

OMmar increased to 79.6, 69 and 78 % at sites P1, P2 and P3, respectively. 346 

 347 

3.7. Stocks and accumulation rates 348 
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 349 

The TOC, TN and TP accumulation rates and stocks are shown in Fig. 5 and Table 4. The 350 

TOC, TN, and TP accumulation rates were estimated from SAR, DBD and TOC, TN and TP content 351 

results (Eq. (2)). The downcore sediment densities along with the TOC, TN and TP contents were 352 

used to determine stocks (Eq. (3)), the stocks were calculated to 30 cm sediment depth for the three 353 

sampling sites. The TOC, TN and TP accumulation rates showed significant site-difference (p<0.05), 354 

with a regional mean of 192.5 ± 50.6 g m-2 y-1 for TOC,  15.3 ± 4.3 g m-2 y-1 for TP and 3.2 ± 1.0 for 355 

TP. The highest TOC, TN, and TP accumulation rates were measured at sites P2 (C: 218.7, N: 16.4, 356 

and P: 3.1 g m-2 yr-1) and P3 (C: 215.8, N: 18.4, and P: 3.9 g m-2 yr-1) and the lowest were measured 357 

at site P1 (C: 143.2, N: 11.0, and P: 2.7 g m-2 yr-1). The TOC, TN and TP stocks also differed 358 

significantly among the three sites (p<0.05), with a regional mean of 3811 ± 1389 g m-2 for TOC, 296 359 

± 109 g m-2 for TN and 58 ± 15 g m-2 for TP. Similarly, the TOC, TN and TP stocks were higher at 360 

sites P2 (C: 5217.8, N: 386.3, P: 64.9 g m-2) and P3 (C: 3878.6, N: 325.8, P: 55.4 g m-2) than P1 (C: 361 

2337.5, N: 177.1, P: 17.1 g m-2).  362 

 363 

4. Discussion 364 

 365 

4.1. Sedimentary composition 366 

 367 

The mudflat sediments were found to be mainly composed of a mixture containing silt and 368 

sand, reflecting a moderately high energetic environment, influenced by tide and fluvial process. The 369 

low hydrodynamics flow in the mangrove creeks (P2 and P3) likely caused an increase in the 370 

deposition of fine sediments. However, the MRE margin, where P1 was collected, appears to be more 371 

affected by tidal currents. In addition, the P1 site is located closer to the sand bar that likely 372 

contributed to the increase of fine sand in the sedimentary profile at this study site. 373 
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The spatial variations in the grain size distribution of the mudflat sediments play an important 374 

role in controlling the OM content. Silt and clay had positive strong to moderate correlation with 375 

TOC, TN and TP contents (r varied from 0.52 to 0.81). The first component of the PCA also indicated 376 

strong evidence that TOC, TN and TP increase as the silt and clay increase, with the highest TOC, 377 

TN and TP contents for P2 and P3 (Fig 4a-b). Generally, fine-grained (silt + clay) sediments have 378 

higher %TOC than coarse sediments (Canfield, 1994), such relationships may be attributed to the 379 

fine-grained sediments which have large specific surface areas that provide higher capacity to adsorb 380 

OM (Loring and Rantala, 1992; Mayer, 1994). 381 

The TOC and TN contents measured in the sediments during the present study are comparable 382 

to those reported in the adjacent coastal areas (Kauffman et al. 2018; Vilhena et al., 2018) and the TP 383 

contents are within the global average for mangrove (0.01–0.16%; Alongi et al., 1992). The gradual 384 

decrease of TOC, TN and TP content with depth in all cores likely reflect the decomposition of OM 385 

by microorganisms as noted in other systems (Kristensen et al., 2008) or a general increase in the OM 386 

content with time. The significant positive correlation between TOC and TN (r= 0.96) and TP (r= 387 

0.83) in the sediments indicate that the nitrogen and phosphorous in the samples are predominantly 388 

associated with the organic fraction. 389 

The TOC/TN/TP molar ratios in sediments were not significantly different in terms of spatial 390 

variability, but were significantly different seasonally: 171:11:1 in the wet season and 71:5:1 in the 391 

dry season. In both cases the TOC/TN/TP was different from the phytoplankton sources (Redfield: 392 

106:16:1), with TN/TP ratios below 16 that suggest nitrogen to be the limiting factor for 393 

phytoplankton growth in these systems. This seasonal variation may be related to the diagenesis of 394 

OM. Higher TOC/TN molar ratios in wet than dry season indicate a greater contribution from OM of 395 

terrestrial origin, which is more refractory, during the wet season.  396 

 397 

4.2. Sources of sedimentary organic matter  398 
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 399 

Diff erent sources of OM often exhibit distinct elemental (carbon and nitrogen) and/or isotopic 400 

signatures (δ13C and δ15N), representing useful indicators to quantify their relative contribution to the 401 

sedimentary OM. For example, C3 plants are assumed to have TOC/TN > 12 (Meyers, 1997), δ13C 402 

between −32‰ and −21‰ (Deines, 1980) and δ15N around 0.4 ± 0.9‰ (Peterson and Howard, 1987), 403 

while marine-derived OM is characterized by TOC/TN between 5 and 7 (Redfield et al., 1963), δ13C 404 

from −16‰ to −23‰ (Meyers, 1994) and δ15N around 8.6 ±1.0‰ (Peterson and Howard, 1987).  405 

The potential sources to the sedimentary OM pool in mangrove-estuarine ecosystems can be 406 

upland forest and mangrove tissues (fresh leaf, stem, root, and litter), soils from river flow, aquatic 407 

macrophytes, microphytobenthos, and phytoplankton (Bouillon et al. 2008; Sasmito et al., 2020). 408 

Some studies have also identified the presence of microphytobenthos as a potential source of OM in 409 

mudflats (Gontharet et al., 2014; Gorman et al., 2020), when microphytobenthos layers are visually 410 

detectable and thick enough to be sampled and separated from the sediments. However, the presence 411 

of microphytobenthos was not visually detectable in our sampling sites, therefore prohibiting the 412 

separation and analyses of a potential benthic microalgae endmember. Saltmarsh vegetation (Spartina 413 

spp.), dominated by C4 plants, can be found at the mudflats along MRE. However, given that Spartina 414 

spp. and their sediments have enriched 13C signature, ranging from -14 to -12 ‰ and -18 to -14 ‰, 415 

respectively (Currin et al., 1995; Kemp et al., 2020, and references therein), the depleted 13C values 416 

found in sediment samples suggests that Spartina spp. is not a major contributor of OM to the studied 417 

mudflat sediments. Therefore, we assumed mangrove plants and phytoplankton as the principal OM 418 

sources to the mudflats along MRE. 419 

The 13C values of mangrove leaves (-31.8 to -28.2‰) are consistent with previously 420 

published results from other mangrove-estuarine ecosystems (Bouillon et al., 2008; Prasad and 421 

Ramanathan 2009; Ranjan et al., 2011; Vilhena et al., 2018). The 13C and15N values and TOC/TN 422 

molar ratio of phytoplankton (average of -23.9 ± 0.7‰, 3.4 ± 0.4‰ and 7.1 ± 0.2, respectively), which 423 
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we extracted along the studied tidal creek, are close to the marine phytoplankton values.  The 13C 424 

values are also similar to the reported value for marine DOC (average -23.7‰) extracted from 425 

Atlantic deep water in the adjacent study area (Dittmar et al., 2006).  426 

The δ13C (-26.9 to 24.2‰) versus TOC/TN (12.0 to 18.5) (Fig. 6) of the sedimentary OM 427 

suggests a mixture of sources contributing to the sedimentary OM pool, with a higher contribution of 428 

marine phytoplankton (δ13C: -23.9 ± 0.7 ‰, TOC/TN: 7.1 ± 0.2) than mangrove-derived OM (δ13C: 429 

-29.8 ± 1.0‰, TOC/TN: 34 ± 3.1). The δ15N values of sediments (5.2 – 8.4‰, average of 6.2‰) are 430 

within a typical range of aquatic OM produced from assimilation of the nitrate pool. The slight 431 

increase of δ15N values and TOC/TN molar ratios with depth, with exception to site P1 in the wet 432 

season, suggests anaerobic microbial degradation of OM in the deep reducing sediments (Meyers, 433 

2003; Routh et al., 2009; Jennerjahn, 2012; Prasad et al., 2017). The peak of 15N at 14 cm in the site 434 

P1 during wet season could reflect an event provoked by input from a phytoplankton bloom or 435 

accumulation of allochthonous material deposited during and after a rainfall. 436 

The consistently similar values of the δ13C throughout the sediment column suggest that the 437 

source of the depositional OM has been invariable during the past ~25 years at site P1. However, at 438 

sites P2 and P3, the enrichment of δ13C, during the dry season compared to wet season, indicated a 439 

shift in OM source, because the decomposition of OM usually does not cause a significant enrichment 440 

of δ13C (Saintilan et al., 2013), and isotopic fractionation during the decomposition is <3‰. This shift 441 

in OM accumulation may be due to an increase in marine input in the upper layer (< 18 cm), likely 442 

associated with a larger sediment mixing provoked by bioturbation in the surface sediments, as the 443 

δ13C values were relatively similar along the bottom layers. 444 

The difference in OM source for terrestrial/mangrove C3 plants (δ13C: -29.8 ± 1.0 ‰) vs. 445 

marine phytoplankton (δ13C: -23.9 ± 0.7 ‰) is distinct and hence, suitable for indicating the OM 446 

sources in the study area. However, δ15N values and TOC/TN molar ratios can be unreliable because 447 

these are influenced by diagenetic alterations (Prahl et al., 1997). Additionally, δ13C did not show 448 
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significant positive correlations with δ15N (r < 0.08) and TOC/TN molar ratios (r < 0.05) in either the 449 

wet or dry season. Therefore, only δ13C was used for the quantification analysis of OM. Based on the 450 

assumption of differing OM source input to the mudflat sediments, the end-member mixing model of 451 

terrestrial and marine OM showed that the contribution of OM sources varied between sites and 452 

seasons (Fig 3, Table 1).  453 

The OMmar predominated in the studied sites likely due to the positioning of the sampling 454 

sites, which are situated near the mouth of the MRE (Atlantic Ocean). During the wet season (pore 455 

water salinity: 4-20), the OMmar contribution was highest in the mudflat sediment from MRE margin 456 

(P1: 76.4 %) compared to the mangrove tidal creeks (P2: 54.5, P3: 60 %). During the dry season (pore 457 

water salinity: 18-25), due to less dilution from Marapanim River discharge, the influence of salt 458 

water is greater, thereby increasing the contribution of OMmar by up to 18 % (P1: 79.6, P2: 69 and 459 

P3: 78 %). Overall, the downcore profiles of OMmar and OMterr remained relatively constant 460 

throughout the sediment columns during the wet season, but during the dry season an increase in 461 

marine input in the upper layers (< 18 cm) is noted at sites P2 and P3 (Fig. 3). 462 

 463 

4.3. Carbon and nutrients accumulation rates and stocks 464 

 465 

The TOC, TN and TP accumulation rates and stocks showed differences between the sites 466 

(Table 2, Fig. 5). The highest stocks and accumulation rates were found in the mudflat sediment from 467 

mangrove tidal creek (P2 and P3) compared to the MRE margin (P1). Two factors may cause these 468 

differences. Firstly, although site P1 presented the highest sedimentation rate (Fig. 2) and highest 469 

density (Fig. 3), it is composed of >50% sand content with lower TOC, TN and TP contents compared 470 

to the sites P2 and P3. Previous studies indicated that OM preservation is often enhanced by the large 471 

surface area of fine-grained sediments, and the low energy associated with slack water deposits 472 
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(Mayer, 1994; Keil et al. 1994). Sites P2 and P3 are protected from the direct impact of tidal energy 473 

and waves, as compared to site P1 that is located in the MRE margin and close to a sand bar.  474 

The other factor is that the efficiency of OM storage in the mudflat sediments is also dependent 475 

on the origin of OM (Saintilan et al., 2013; Watanabe and Kuwae, 2015; Kusumaningtyas et al., 476 

2019). OM proportions in our simple end-member mixing model indicated that 49-95% of OM 477 

contribution is from marine OM. The slight increase in fluxes of terrestrial OM along the mangrove 478 

tidal creek sites (P2 and P3, Table 1) contributed to higher TOC, TN and TP accumulation rates and 479 

stocks than those seen along the MRE margin (P1). These results were corroborated with previous 480 

studies, which indicated the terrestrial OM is preserved more efficiently than phytoplankton-derived 481 

OM in estuarine sediments (Hedges et al., 1997).  482 

The average TOC accumulation rate (TOC AR) calculated in the studied mudflats was slightly 483 

higher (192.5 ± 43.5 g C m-2 yr-1) than the global average in conserved mangrove (170 g C m−2 yr−1, 484 

Perez et al., 2018) and the current global average for mangrove ecosystems (179.6 g C m−2 yr−1, 485 

Alongi, 2020). Higher rates of 555 g C m−2 yr−1 were measured in other tropical mudflat in Piraquê-486 

Açu estuary, Brazil, supported by high SAR (1.8 cm yr-1, Bernadino et al., 2020). In contrast, lower 487 

carbon accumulation rates were reported in subtropical microtidal creeks systems. For example, 488 

Marchio et al. (2016) evidenced TOC AR of 162 g C m−2 yr−1 in Southwest Florida, and Santos et al. 489 

(2019) observed TOC AR of 63 g C m−2 yr−1 in a tidal creek in Evans Head, Australia. However, 490 

according Perez et al. (2018), the distribution of TOC AR within the forests and adjacent sites (margin 491 

and mudflat environments) of mangrove ecosystems exhibited non-significant differences among 492 

regions, as variations are influenced by a combination of many local factors (e.g. geomorphology, 493 

vegetation cover, flooding frequency, hydrological regime and anthropogenic influence). 494 

 The average TN and TP accumulation rates were also high (TN: 15.3 g m-2 yr-1 and TP: 3.2 g 495 

m-2 yr-1; Table 4) when compared to the global average of anthropogenically non-impacted 496 

mangroves (TN: 8.9 g m-2 yr-1 and TP: 0.5 g m-2 yr-1, Breithaupt et al., 2014). Similar to our study, 497 
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Bernadino et al. (2020) measured high TN accumulation rates of 27.9 g m-2 yr-1 in a conserved mudflat 498 

in Piraquê-Açu estuary. OM enriched in nutrients may be expected to decompose faster and to a larger 499 

extent than nutrient-depleted OM (Kristensen and Hansen, 1995; McGlathery et al., 2007). Thereby, 500 

the capacity to sequester OC may decrease with the increase of TN and TP burial rates (Breithaupt et 501 

al., 2014). However, in our study area TOC AR were higher in the sites with higher TN and TP AR. 502 

Similarly, TOC stocks were higher in the sites with higher TN and TP stocks (Table 4).  503 

Due to the relatively shallow sediment depth (30 cm) used in our study, it is difficult to directly 504 

compare our results with those from other studies which usually assess sediment stocks based on 505 

deeper cores (e.g., ≥100 cm, Howard et al., 2014). However, we found some studies similar to ours 506 

with more superficial sampling. Our TOC stocks ranged from 2333 to 5218 g C m-2 (average of 3811 507 

g C m-2), which is similar those mudflat of West Papua, Indonesia (in the top 50 cm, 6200 g C m-2; 508 

Sasmito et al., 2020), Araçá Bay, Brazil (in the top 20 cm, range from 1700 to 2200 g C m-2; Gorman 509 

et al., 2020), and for unvegetated mudflats of China (in the top 50 cm,  4808 g C m-2; Feng et al., 510 

2019). Comparing our stocks results with the values found in other Amazon mangroves sediments (in 511 

the top 30 cm) (supplementary information in Kauffman et al., 2018), our values are within the range 512 

of 3430 – 6230 g C m-2, except at site P1 that was relatively lower (2337 ± 279 g C m-2), which can 513 

be attributed to coarse textured sediments. These results suggest that mudflat along tidal creeks also 514 

have a high potential for organic carbon storage compared to vegetated habitats such as mangrove 515 

forests.  516 

Few studies have assessed nitrogen and phosphorus stocks in mangrove and mudflat 517 

sediments. Feng et al. (2017) measured TN and TP stocks in an unvegetated mudflat of China (in the 518 

top 40 cm). Their average of TN stock of ~290 g N m-2 is comparable to 296 ± 109 g N m-2 (Table 4) 519 

in our study, but TP stock of ~150 g P m-2 is higher than what we found of 58 ± 15 g P m-2 (Table 4). 520 

Saderne et al. (2020) measured TN and TP stocks in mangrove sediments (in the top 20 cm) in the 521 

central Red Sea (99 g N m-2 and 70 g P m-2) and along the Gulf coast of Saudi Arabia (223 g N m-2 522 
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and 32.8 g P m-2), where TN and TP stocks in the Gulf were quite comparable to what is presented 523 

here, but TN stocks were at least twofold higher in the Gulf compared to the Red Sea, while TP stocks 524 

were a maximum of 1.2 times higher in Red Sea. Perez et al. (2017) observed in a conserved 525 

mangrove forest in New Zealand estuary TN stock between 400 and 500 g N m-2, in the top 40 cm, 526 

which is slightly higher than our values. In contrast, Ray et al. (2014) and Ray et al. (2017) measured 527 

the TN and TP stocks, respectively, in the top 60 cm sediment in the Indian Sundarban mangrove and 528 

found an average of 4.2 g N m-2 and 0.4 g P m-2, which are lower than we found (58 ± 15 g P m-2, 529 

Table 4), like as a result of the TN and TP conserved in the living biomass. 530 

The capacity to sequester and store OM in the studied creek mudflats likely reflects the SAR 531 

(1.5 ± 0.3 cm yr-1), which is higher than the global average in conserved mangrove (0.36 ± cm yr-1; 532 

Perez et al., 2018) and the current global average (0.77 cm yr-1; Breithaupt et al., 2012). This high 533 

SAR is supported by strong interaction between the river stream and the tides that characterize this 534 

environment, being close to the highest global accumulation rates in the mangrove forest (Breithaupt 535 

et al. 2012; Kusumaningtyas et al., 2019) and mudflat (Bernadino et al., 2020). In general, the 536 

sedimentation rate is considered as a driving factor controlling the OM burial efficiency (Canfield, 537 

1994). Although the sedimentary OM with a high proportion of marine origin tends to be more 538 

susceptible to decomposition, sites with high sedimentation rates contribute significantly to preserve 539 

OM (Hedges and Keil, 1995; Canfield et al., 2005). In addition, it should be noted that the studied 540 

mangrove area is densely inhabited by Rhizophora, Avicennia and Laguncularia trees, with heights 541 

up to 33 m. This probably reflects a high productivity that provided a large supply of mangrove litter 542 

and dead roots to the mangrove creeks through tidal exchange.  543 

Recently, Call et al. (2019) demonstrated that a mangrove tidal creek in Amazon presented 544 

large CO2 and CH4 fluxes from a nearby mangrove tidal creek. However, our results indicate that the 545 

Amazon mangrove creeks are also sites that accumulate considerable amounts of organic carbon (Fig. 546 

7). For example, the total mudflat area in the tidal creek catchment of this study was near 0.5 km² 547 
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(Fig. 1c), and considering an average of the TOC accumulation rates between the three study sites, 548 

we estimate that a total of 96 kg TOC yr-1 is sequestered in these creeks catchment. This suggests a 549 

previously unaccounted carbon sink in creek environments that are relevant to the carbon budgets 550 

along mangrove-colonized coastal zones. Therefore, mangrove tidal creeks can play an important role 551 

in the carbon cycling in tropical land-sea interfaces more than just acting as a conduit for exchanges 552 

between mangrove forests and coastal waters.  553 

Considering global average in conserved mangrove of 170 g C m−2 yr−1 (Perez et al., 2018) 554 

and the mangrove forest area within the catchment of this study was 7,638,368 m2, we estimate that 555 

a total of 1299 t TOC yr-1 is sequestered in these mangrove soils. Thus, the creek mudflat area 556 

accumulates around 0.007% of what would be estimated for the mangrove forest soils. Carbon 557 

dioxide emissions at the water–air interface were 2794 ± 2072 g m−2 yr−1 (174 ± 129 mmol m-2 d-1) 558 

from a nearby mangrove tidal creek (Call et al., 2019). Using our creek mudflat area (0.5 km²), CO2 559 

emissions would be 1397 kg C-CO2 yr-1, while total mudflat sediment carbon burial would be 96.3 560 

kg yr-1. Therefore, sediment carbon sequestration in this system may offset < 7.0 % of the aquatic 561 

CO2 emissions. 562 

 563 

5. Conclusion 564 

 565 

This study investigated the recent (24 ± 4 years) carbon and nutrient accumulation rates and 566 

stocks in intertidal mudflats situated along mangrove creeks within the Brazilian Amazon coast. Even 567 

though marine OM was predominant along our study sites (49% to 95%), fine-grained sediments and 568 

higher terrestrial OM input, a product of a dense and tall mangroves trees, contributed to higher rates 569 

of TOC, TN, and TP accumulation and stocks in the mangrove tidal creeks (P2 and P3) compared to 570 

the Marapanim River estuary margin (P1). The capacity to sequester and store TOC also increased 571 

with increases in TN and TP burial rates and stocks. Due to the high sedimentation rates (1.5 ± 0.3 572 
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cm yr-1), the TOC (192.5 ± 43.5), TN (15.3 ± 4.1), and TP (3.2 ± 0.8) accumulation rates found here 573 

were slightly higher than the global averages estimated for mangrove forest sediments. The potential 574 

of intertidal mudflats to sequester OC suggests that the creek environments are unaccounted carbon 575 

sinks and are relevant in terms of carbon budgets in mangrove-colonized coastal zones. 576 
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Figure Captions 926 

Fig. 1. (A) and (B) Map of the study area in Marapanim estuarine mangrove, Brazil. (B) Sampling 927 

location (P1, P2 and P3). (C) Catchment and mudflat areas related to the sampling sites. (D) Digital 928 

vegetation height model. (E) The diagrammatic mangrove forest distribution and positioning of the 929 

sampled cores in the mud tidal flat mangrove sediments. Black dashed lines represent the height of 930 

the mangrove. 931 
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Fig. 2. ln210Pbex (Bq kg-1) activities versus depth in the sediment cores (P1, P2 and P3), sedimentation 932 

rates were calculated using selected points of 210Pbex profiles (filled symbols). Open symbols 933 

correspond to result interpreted as biologically and physically disturbed. 934 

Fig. 3. Depth profiles of grain size, DBD, TOC, TN, TP, 15N, δ13C and TOC/TN (molar ratio) for 935 

the sediment cores (P1, P2 and P3). Including proportions of terrestrial (OMterr) and marine (OMmar) 936 

sedimentary OM, during wet (filled circles) and dry (open circles) seasons.  937 

Fig. 4. (a) Principal Component Analysis (PCA) plot showing the multivariate variation among three 938 

sites in terms of environmental variables. (b) Vectors indicate the direction and strength of each 939 

environmental variable to the overall distribution. The first two principal axes explained 74.5 % of 940 

the variance. 941 

Fig. 5. TOC, TN and TP stocks (solid bars, g m-2) and accumulation rates (striped bars, g m-2 yr-1) in 942 

the sediment cores (P1, P2 and P3). The error bars are based on the standard deviation from the 943 

average between the wet and dry season dataset. 944 

Fig. 6. Origin of sedimentary OM as indicated by δ13C against TOC/TN (molar ratio). Fields are 945 

defined from the compilation of coastal sediments by Lamb et al. (2006). The phytoplankton (white 946 

diamond symbol) and Mangrove plants (black diamond symbol) endmember data are taken from the 947 

original data in this study. 948 

Fig. 7. Schematic comparing the global carbon (Perez et al., 2018) and nitrogen and phosphorus burial 949 

rates (Breithaupt et al. 2014) for conserved mangrove forest with Marapanim mangrove creek (this 950 

study) and the global mangrove water-atmosphere CO2 and CH4 flux rates (Rosentreter et al., 2018) 951 

with ‘‘Furo do Meio” mangrove creek (Call et al. 2019). All rates are in g m−2 yr−1. 952 
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Nearby creek
emissions :
CO2: 2794 ± 2072 
CH4: 5.0 ± 2.4

Global creek
emissions :
CO2: 915 ± 144
CH4: 1.7 ± 2.4

Burial in mangrove 
creeks (this study ): 
C: 192 ± 43.5 
N: 15.3 ± 4.1
P: 3.2 ± 0.8

Global burial
within mangrove 
forests : 
C: 170 
N: 8.9 4.6
P: 0.5 0.5

±
±
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