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Mangrove and forested wetland ecosystems represent critical carbon reservoirs, yet uncertainties

in belowground carbon stock estimates hinder their inclusion in climate mitigation strategies. Here

we present soil carbon stock density data for mangrove and forested wetland ecosystems across
Panama’s Pacific and Caribbean regions. We established 45 permanent plots across marine and riparian
mangrove typologies and 14 permanent plots in forested wetlands, collecting 544 soil cores to quantify
soil carbon stocks. Soil samples were analyzed for bulk density, organic matter content, and organic
carbon concentration, enabling calculation of carbon stock density at 0.3 m and 0.5 m depth profiles.
Soil carbon stock density estimates differed among marine mangroves, riparian mangroves, and
forested wetlands, reflecting ecosystem heterogeneity including mineral versus peat soils. These data
provide essential ground-truth measurements contributing to Panama’s national carbon accounting
and climate commitments for the Land Use, Land-Use Change, and Forestry sector. The standardized
methodology facilitates integration with regional carbon monitoring efforts across Central America
and the Caribbean, supporting blue carbon database development and carbon mapping validation
initiatives.

Background & Summary

The conservation, restoration, and sustainable management of ecosystems represent important approaches for
addressing global warming!. Consequently, these actions, known as Nature-based Solutions (NbS), have become
major components of climate strategies worldwide!=. Ecosystems with substantial belowground carbon stocks
are particularly important because belowground carbon stocks exceed aboveground carbon stocks globally. For
example, peatlands hold 644 Gigatons of carbon (GtC) belowground®, equivalent to approximately twice the
carbon stock allocated in the living biomass of the world’s forests*>.

Mangroves contain substantial above- and belowground carbon stocks in tropical regions®, covering 14.7
Mha” and holding between 5.2 and 8.6 GtC®. Among mangroves, those growing on peat have the largest car-
bon stocks®. These ecosystems play central roles in conserving biodiversity in the tropics while simultaneously
protecting coastlines®. Despite their importance as carbon reservoirs and biodiversity habitats, mangroves face
threats from land use change (e.g., urban, agriculture, aquaculture) and climate change (e.g., severe droughts,
sea level rise) worldwide!®. Forested wetlands, without including mangroves, also represent major carbon sinks
in the tropics as they cover 58.7 Mha and hold 119.2 GtC*!!. These ecosystems, like mangroves, are subjected to
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Fig. 1 Study site locations showing plots in marine (blue) and riparian (purple) mangroves and forested
wetlands (green).

various threats that compromise their carbon stocks and sink capacity (e.g., drainage for agriculture and affores-
tation, land use change for road construction, urban development, and mining)'2

In Panama, the Land Use, Land-Use Change, and Forestry (LULUCEF) sector is the main net carbon sink sup-
porting the country’s climate commitments'®. Consequently, Panama has elevated the role of forests, including
mangroves and peatlands, in its Nationally Determined Contributions'*. Mangroves in Panama cover approx-
imately 0.187 Mha of the national territory'®; however, their carbon stock remains uncertain, ranging between
25 and 71 MtC">~18, The extent and carbon stock of forested wetlands, particularly forested peatlands, remains
unknown, contributing to uncertainty in national carbon stock estimates and hindering the inclusion of quanti-
tative conservation and restoration pledges in Panama’s climate strategy'*. This uncertainty derives mainly from:
i) limited ground data (above- and belowground) and ii) different methodological approaches for calculating
carbon stock densities (tC ha™!). For example, specific sampling methodology (e.g., site selection, plot design,
and stratification) defines the representativeness of data collection. Furthermore, as the main carbon pool in
these ecosystems lies belowground, the selection of the protocols for sampling and estimating belowground
carbon stocks (e.g., using percentage of loss on ignition versus percentage of carbon content) contributes signif-
icantly to increased uncertainty in carbon reservoir estimates at the landscape level, hampering comparison of
results across different studies. However, access to raw ground data enables assessment, recalculation, and com-
parison of national and regional databases and their carbon stock estimates. This is particularly important for
belowground carbon pool components, as existing data are limited due to the logistical and financial challenges
involved in sample collection, preparation, and analysis'.

This manuscript presents raw data for estimating belowground soil carbon stock density in mangrove and
forested wetland ecosystems from Panama’s Pacific and Caribbean regions. The dataset includes information,
collected following standard guidelines®*-??, from 45 permanent plots across marine and riparian mangrove
typologies and 14 permanent plots in forested wetlands (Fig. 1). In addition, we have included existing published
data to improve the spatial representativeness of the dataset and to contrast and contextualize our estimates;
specifically, data from 21 mangrove plots* and 1 forested peatland plot** (Dataset: n =81 plots) (Fig. 1). This
information can serve as the basis for developing a regional soil carbon database based on the ongoing national
mangrove inventories across Central America and the Caribbean (e.g., the Regional Blue Carbon Monitoring,
Reporting, and Verification Mechanism (MRV) funded by the UK-Blue Carbon Fund in Jamaica, Trinidad and
Tobago, Suriname, Colombia, and Panama). Furthermore, the information included in this manuscript will sup-
port ground validation efforts focused on mapping national and regional peatlands'®?. For Panama, the infor-
mation included in this data descriptor will directly contribute to harmonizing existing soil data for mangrove
ecosystems and fulfilling its peatland NDC commitments: i) creating the first national peatland distribution map
and ii) assessing carbon stocks in peatlands and forested wetlands'*.

Methods

The primary data included in this manuscript were collected during the execution of: i) the “Valuing, Protecting
and Enhancing Coastal Natural Capital in Panama (PN-T1233)/Blue Natural Heritage” project, executed by
Audubon Americas and funded by the UK Blue Carbon Fund through the Department for Environment, Food
and Rural Affairs (DEFRA) via the Inter-American Development Bank (IDB) and ii) the PFID-FID-2021-114
Project “Hidrologia, Reservas de Carbono, Plantas y Peces de Matusagarati” funded by SENACYT. Fieldwork
and laboratory analyses were conducted between 2010 and 2024, following standardized protocols for mangrove
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Fig. 2 Schematic plot layout for soil sampling in (a) mangroves and (b) forested wetlands. Mangroves layout
was adapted from Kauffman and Donato (2012).

and peatland ecosystems, including plot allocation and design, as well as sample collection, processing, and
analysis?*~22. Detailed field and laboratory protocols adhered to established carbon stock estimation guidelines
for mangrove and peatland ecosystems!*?"-**-2, Data from literature sources were selected based on their use
of standardized protocols equivalent to those used for both sampling and sample analyses for the primary data.

Plot design. For the PN-T1233 project, we established 45 mangrove plots (24 marine and 21 riparian)®. Each
plot comprised a linear transect with six circular subplots arranged perpendicular to the sea or river shore. Each
subplot had a 7 m radius and was separated by a 25 m distance between the center of each subplot (Fig. 2a)?*?2.,
Within each subplot, we established a nested 2 m radius subplot. The published data for mangroves included in
this data descriptor were also developed using standardized protocols®*?! and followed an equivalent plot and
sampling design to those we used to generate the primary data®.

For forested wetlands, we established 14 plots (20 x 50 m)*. We collected soil cores at the center of the plot
and, when possible, given the logistical capabilities, in two opposite corners of each plot (Fig. 2b).

Soil collection.  We collected 544 soil cores using a Russian peat borer (04.09, Eijkelkamp, Netherlands)
for physicochemical characterization and belowground carbon stock density estimation. The borer extracted
semi-cylindrical soil samples (0.5 m length, 52 mm diameter) in 0.5 m increments. For both mangroves and for-
ested wetlands, we took samples in areas where roots > 5 cm diameter did not interfere with the borer operation,
until mineral soil was reached (Fig. 2). To improve bulk density estimates, where coarse roots (0.2-5 cm diameter)
interfered with soil collection in the upper 0.2 m, we collected one additional surface sample (0.1 x 0.1 x 0.1 m)
adjacent to each core site. We wrapped all samples in cling film to minimize water loss and stored them in dark
conditions at 2 °C to prevent photo- and biodegradation until analysis at the Smithsonian Tropical Research
Institute’s Analytical Biogeochemistry Laboratory.

Soil characterization. We characterized the 50 cm soil cores using two approaches: i) 0.1 m resolution (i.e, 0
to 10, 10 to 20, 20 to 30, 30 to 40, and 40 to 50 cm segments) or ii) 0 to 15, 15 to 30, and 30 to 50 cm segments. For
each segment, we measured bulk density, loss on ignition (LOI), pH, total carbon (0-0.1, 0.2-0.3, and 0.4-0.5m
depth segments), and soil texture on selected samples (Fig. 2).

Bulk density was determined gravimetrically from water mass loss (70 °C, 72h) using 5 cm semicylindrical
core sections?”. LOI serves as a proxy for soil organic matter (SOM) and was determined by measuring mass
loss at 550 °C for 1 hour. LOI values increase with soil organic matter content. We measured pH,, in 1:2 soil fresh
weight-deionized water solution. Total organic carbon (C,,) was analyzed from homogenized, < 2mm sieved,
soil samples (0.5 g) using a total elemental analyzer (Thermo Flash EA 1112; CE Instruments, Wigan, UK).
Before measuring total organic carbon, we tested samples for inorganic carbon presence using 1N HCI?**!. If
carbonates were present, we measured total organic carbon on samples pre-treated with HCI to remove inor-
ganic carbon-carbonates. We analyzed soil texture in triplicate using H,O, pre-digested samples on a Horiba
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Fig. 3 Total organic carbon (%) versus loss on ignition (%) in (a) marine (blue) and riparian (purple)
mangroves and (b) forested wetlands (green). Linear regression models are shown as black lines. The size of
each marker corresponds to the relative value of its apparent dry bulk density; larger markers correspond to
higher apparent dry bulk density.
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Fig. 4 Subplot-level belowground soil carbon stock density (BGCds) for marine (blue) and riparian
(purple) mangroves and forested wetlands (green) at: (a) 0.3 and (b) 0.5m soil depth profiles. Mean
BGCd, values are presented as yellow circles. Kruskal-Wallis test results: (a) 0.3 m depth stratigraphic
profiles — Ecosystem|Typology (x*.=171.62, p < 0.0001), and (b) 0.5 m depth stratigraphic profiles -
Ecosystem|Typology: (x>, =186.74, p < 0.0001).

LA-960 Laser scattering particle size distribution analyzer, following USDA classifications. We defined peat as a
>30cm layer containing >30% dry weight organic matter®'.

Belowground soil carbon stock density.  We measured total organic carbon content (% C,,) in subsam-
ples of the 10 cm segments. Specifically, in the 0-10, 20-30, and 40-50 cm segments in each core profile (total seg-
ments analyzed: 1,587). For sections where carbon content was not measured, we estimated % C,,, by developing
linear regression models for % C,,, vs LOL. We developed models for marine mangroves (% C,,, =0.38 x % LOI
— 1.41; R*=10.65, p < 0.0001, RMSE = 1.13) (Fig. 3a), riparian mangroves (% Corg=0.36 x % LOI — I; R2=0.6,
p <0.0001, RMSE = 1.27) (Fig. 3a), and forested wetlands (% C,,, = 0.54 x % LOI — 3.4; R?=0.86, p < 0.0001,
RMSE =7.36) (Fig. 3b). We calculated belowground soil carbon stock density (BGCds, tC ha™!) by multiplying
the bulk density of each section by the volume of each layer and by its carbon content (i.e., C,,, from linear regres-
sion model) and summing the carbon content in adjacent layers through the 0.5 m stratigraphic profiles®? (Fig. 2).
We calculated BGCd; for 0.3 and 0.5 m soil depth profiles. The 0.3 m soil depth profile complies with Panama’s
REDD™ guidelines®, while the 0.5 m soil depth provides additional information on site characteristics (e.g., peat
validation).

Data Records
The datasets are available at the Figshare repository**: https://doi.org/10.6084/m9.figshare.28587746.

The data records comprise: i) raw data for calculating subplot- and plot-level mangrove and forested wetlands
belowground soil carbon stock density, ii) belowground soil carbon stock density estimates for the 392 subplots,
and iii) belowground soil carbon stock density estimates for the 81 plots (Fig. 4, Table 1).

Specifically, the datasets include:

(i) Raw data file: CSV (comma separated values) file including the raw data for calculating subplot- and
plot-level belowground soil carbon stock density with columns representing: Data source = This data
descriptor or literature data?***; Coast = Pacific or Caribbean; Ecosystem = Mangrove or Forested wetland;
Study area = overall study area; Sub-study area = specific study area within Panama; Province = province
within Panama; Latitude; Longitude; Typology = Marine and Riparian mangroves or Domed peatland;
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Ecosystem Soil depth (m) Bulk density (g cm—3) Corg (%) BGCdg
Marine mangrove 0.5740.007 3.03£0.15 39.80£0.94
Riparian mangrove 0.3 0.48 £0.006 5.4440.14 72.96 £2.45
Forested wetland 0.14+0.022 33.83+2.29 78.9546.00
Marine mangrove 0.5740.005 2.9340.12 66.05+1.46
Riparian mangrove 0.5 0.49+0.004 5.34+0.11 121.0543.91
Forested wetland 0.1640.021 31.79+1.82 119.71£8.91

Table 1. Bulk density, organic carbon, and belowground soil carbon stock density (BGCds) for mangrove and
forested wetland ecosystems at 0.3 and 0.5 m soil depth profiles (mean =+ SE)*. *Total number of cores: marine
mangroves = 280; riparian mangroves = 355; forested wetlands = 23.

Plot = each of the 81 plots; Subplot =up to 6 on each plot; plotld = Plot 4 Subplot; Soil core # in plot or
subplot = Core 1 (Cl1), Core 2 (C2) or Core 3 (C3) collected in each plot or subplot; Soil depth section
range (m) = the segment length within the stratigraphic profile from surface (0 m) to bottom (0.5 m);
Water content (%) = water amount per dry soil amount expressed as percentage; Bulk density (gsmpleas.
cm~®) =amount of dry soil per cm ™3 (i.e., apparent dry bulk density); LOI (%) =loss on ignition presented
as percentage; pH,, = hydrogen potential measured in a soil:water solution; Total C,,, (%) = carbon content
in dry soil presented as percentage; Total C,, (%, LOI Regression model) = carbon content estimated from
the linear regression model % C,,, vs % LOI; Sand (%) = soil texture analysis, percentage of sand in dry
soil; Silt (%) = soil texture analysis, percentage of silt in dry soil; Clay (%) = soil texture analysis, percentage
of clay in dry soil; Soil texture class = soil classification following USDA guidelines.

(ii) Subplot-level estimates file: CSV file containing subplot-level belowground soil carbon density estimates
with columns representing: Data source = This data descriptor or literature data?*?%; Soil core identifi-
er =unique sequential identifier assigned to each core (1 to 658); Coast = Pacific or Caribbean; Ecosys-
tem = Mangrove or Forested wetland; Study area = overall study area; Sub-study area = specific study
area within Panama; Province = province within Panama; Latitude; Longitude; Typology = Marine and
Riparian mangroves or Domed peatland; Plot = each of the 81 plots; Subplot =up to 6 per plot; plot-

Id = Plot + Subplot; Soil core # in plot or subplot = Core 1 (C1), Core 2 (C2) or Core 3 (C3) collected in
each plot or subplot; belowground soil carbon density considering a 0.3 m depth profile (BGCdg 0.3 m
depth, tC ha™!); belowground soil carbon density considering a 0.5 m depth profile (BGCdg 0.5 m depth, tC
ha™!); Peat presence: Yes (Y) or No (N) according to the criteria defined in the Methods section; Max peat
depth (m) = maximum peat depth per core.

(iii) Plot-level estimates file: CSV file containing plot-level belowground soil carbon density estimates with
columns representing: Data source = This data descriptor or literature data?***; Coast = Pacific or Caribbe-
an; Ecosystem = Mangrove or Forested wetland; Study area = overall study area; Sub-study area = specific
study area within Panama; Province = province within Panama; Latitude; Longitude; Typology = Marine
and Riparian mangroves or Domed peatland; Plot = each of the 81 plots; average plot-level belowground
soil carbon density considering a 0.3 m depth profile (BGCdg 0.3 m depth, tC ha™!); standard error of the
mean for plot-level belowground soil carbon density considering a 0.3 m depth profile (SE BGCds 0.3 m
depth (tC ha™")); plot-level belowground soil carbon density considering a 0.5m depth profile (BGCdg
0.5m depth, tC ha™!); standard error of the mean for plot-level belowground soil carbon density consider-
ing a 0.5m depth profile (SE BGCdg 0.5m depth (tC ha™!)); Peat presence: Yes (Y) or No (N) according to
the criteria defined in the Methods section; Max peat depth (m) = maximum peat depth per plot.

Technical Validation

Technical validation focused on evaluating the linear regression models relating % C,,, to % LOI (Fig. 3). To
assess model robustness and predictive performance, we conducted comprehensive cross-validation analyses
using K-fold cross-validation (5 folds). Cross-validation results demonstrate consistent model performance
across all validation methods. For marine mangroves, the models achieved mean R? values of 0.65+0.019,
RMSE values of 1.14 £ 0.003 (hold-out), and MSE values of 1.29 £ 0.007. For riparian mangroves, the models
achieved mean R? values of 0.59 +0.01, RMSE values of 1.29 +0.001 (hold-out), and MSE values of 1.68 £ 0.004.
Forested wetland models demonstrated the strongest predictive performance with R? values of 0.86 +0.019,
though with higher RMSE values, 7.446 4-0.050, and MSE values of 55.44 & 0.748 due to the broader range of
carbon content values in peat environments. The cross-validation analyses confirm model stability, with stand-
ard deviations typically below 10% of mean values. Residual analysis revealed no systematic patterns, supporting
the appropriateness of linear regression for these ecosystem-specific relationships. The strong predictive capa-
bility of the forested wetland model is likely due to the more homogeneous organic matter composition in peat
environments compared to the mineral-organic soil matrices characteristic of mangrove ecosystems.

The linear regression models are consistent with data published for mangrove ecosystems from
Micronesia®®®, Access to raw data (e. g, % Corg, % LOI, pH,,) enables development of multivariable models for
predicting % C,,. In addition, the raw data allow, if necessary, correcting estimates by structural water content
in clay-rich samples®*’.

For mangrove ecosystems, our BGCds estimates align with Global Mangrove Watch values for Panama (458
tC ha~!at 1 m soil depth)? and global average BGCdg values (350 tC ha™! at 1 m soil depth)®. It is important
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considering that the estimation of BGCd is subject to diverse potential sources of error as its calculation requires
combining different parameters (e.g., apparent dry bulk density, LOL soil total organic carbon). For example,
the selection of equipment for soil core collection could represent a potential source of error as bulk density
estimates can be significantly increased by vertical compression of soil samples. For this reason, we selected a
Russian peat borer and, when necessary, collected additional soil samples (See Methods section). Omitting the
removal of calcium carbonate (CaCO;) for determining total organic carbon in soils and sediments represents
another potential source of error as it can lead to overestimation of carbon content?!. This is particularly relevant
when collecting soil samples from mangroves located in karstic regions and mangroves and peatlands associated
with or adjacent to coral reefs, such as those in the Caribbean region.

Usage Notes

We calculated % C,,, values for subplot- and plot-level soil carbon density estimates using linear regression mod-
els described in the Methods section: marine mangroves (% C,,, = 0.38 x % LOI — 1.41; R*=0.65, p < 0.0001,
RMSE = 1.13) (Fig. 3a), riparian mangroves (% C,,;=0.36 x % LOI — 1; R*=0.6, p <0.0001, RMSE = 1.27)
(Fig. 3a), and forested wetlands (% C,,,=0.54 x % LOI — 3.4; R?>=10.86, p < 0.0001, RMSE =7.36) (Fig. 3b).
The mangrove models are adequate for mangroves growing on mineral soil rich in clay and silt but inadequate
for mangroves growing on peat, such as those reported in the Caribbean and Southeast Asia®***. The forested
wetland models are adequate for forested peatlands.

Similar BGCdg values between mangroves and forested wetlands suggest that peat’s higher carbon con-
tent but lower bulk density compensates for mangroves’ lower carbon content but higher bulk density (Fig. 3,
Table 1). Therefore, similar BGCd, values are observed when comparing stratigraphic profiles of the same depth.
However, it is important to consider that peat deposits in Panama can reach depths of up to 9.45 m*!.

The raw data provided in this data descriptor enable users to: i) develop alternative models for estimating
% C,rg using multivariable approaches that incorporate additional soil properties (e.g., pH,, soil texture), ii)
recalculate BGCd, estimates using different depth intervals or correction factors, and iii) compare carbon stock
estimates across different methodological approaches. These capabilities are particularly valuable for regional
carbon accounting and validation of remote sensing products for wetland carbon mapping.

Users should note that the linear regression models presented here were developed specifically for Panama’s
mangrove and forested wetland conditions. Application to other geographic regions should be validated with
local calibration data.

Code availability

No code was developed or used for this manuscript.
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