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Abstract

This study develops an integrated framework for species specific mangrove habitat suitability and scenario
dependent blue carbon planning in Soc Trang Province, Vietnam. The spatial model translates ecological
zonation evidence for 11 mangrove taxa into local rules based on coastal distance and elevation, then tests those
rules across 19 spatial scenarios. The carbon model carries the resulting group level suitable areas into a
simplified Tier 2 assessment with conservative, central, and high parameter settings for sequestration and stock
terms. Under the RF1 baseline, cumulative group level suitable area reached 47,997.312 ha. Avicennia spp.
represented 15,752.821 ha, or 32.8% of the RF1 opportunity space, while Sonneratia spp., the Rhizophora group,
the Interior upper complex, and the Brackish freshwater complex contributed 19.3%, 14.1%, 16.7%, and 17.0%,
respectively. The RF1 central carbon outcome was 22.09 million t COze over 30 years, with a conservative to
high range of 18.83 to 25.27 million t COze. Across all scenarios, central carbon outcomes ranged from 16.40
million t COze in RF4 to 23.38 million t COze in SC1. These results show that the framework is not merely a
mapping exercise. It identifies where ecological opportunity is robust, where carbon outcomes are sensitive to
spatial assumptions, and why credit style interpretation must remain separate from planning level blue carbon
screening.

Keywords: mangrove, habitat suitability, blue carbon, uncertainty analysis, Soc Trang, Mekong Delta, species
richness, restoration planning

1. Introduction

Intertidal mangroves are often introduced as blue carbon assets. That is true, but it is incomplete. Their scientific
importance comes from the way carbon storage, shoreline protection, sediment trapping, fisheries support, and
habitat provision are produced by the same living coastal structure, a framing increasingly emphasized in recent
global mangrove assessments [49]. In low-lying tropical deltas, this structure is exposed to several pressures at
once: erosion, subsidence, aquaculture expansion, altered hydrology, salinity change, and sea-level rise [1,3-
5,42]. In the Mekong Delta, these pressures are no longer peripheral background conditions. They are already
reshaping the geomorphic and hydrological setting in which mangroves establish, persist, or fail. Global
mangrove extent products have made the distribution and recent change of mangroves increasingly visible at
large spatial scales [2]. Yet such products do not by themselves answer the restoration question addressed here:
which taxa are ecologically plausible within a particular deltaic landscape?
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Vietnam's restoration experience makes the problem more concrete. Planting has often been treated as the visible
sign of recovery, yet survival can remain poor when species are placed at the wrong elevation or in the wrong
hydro-sedimentary setting [50,53]. Recent modeling work reaches the same conclusion from a different direction:
restoration success depends on where mangroves are placed within the intertidal profile, not only on how many
seedlings are planted [51]. For Soc Trang, the question is therefore not simply how much mangrove area might be
restored. The more difficult question is which species are plausible in which part of the coastal landscape.

The first gap addressed here is ecological. Much applied mangrove mapping still treats mangroves as a single
cover class, or at most as a condition class, even though restoration success depends on species fit. A binary map
can say that a pixel is mangrove or non mangrove. It cannot tell a practitioner whether a seaward pioneer, a
muddy estuarine Rhizophora stand, or a freshwater associated Nypa system is the more defensible restoration
choice. This matters because species mismatch is not a cosmetic error. Recent eco-morphodynamic work shows
that planting at the wrong elevation can alter sediment behaviour and reduce carbon storage potential, with poorly
placed mangroves near mean sea level causing erosion that undermines the intended benefit [51].

The second gap is carbon interpretation. Blue carbon assessments often begin after the spatial ecology has
already been simplified. In that sequence, carbon calculations may appear precise while resting on weak
assumptions about where mangroves can actually establish or persist. The finance literature now warns against
this separation. In Southeast Asia, Kwan et al. found that 85% of mangroves likely face some form of
permanence risk from socioeconomic or climate pressures, which means that carbon value cannot be separated
from location, exposure, and long term viability [52]. A planning framework for Soc Trang must therefore treat
suitability as a condition of carbon interpretation, not as a decorative map placed before it.

Zonation provides the ecological language for doing this. Mangrove species sort along gradients of inundation,
salinity, freshwater influence, substrate condition, and geomorphic position, although the local sequence is never
perfectly fixed [21,27-30]. The point is not to impose a universal numeric niche template on Soc Trang. The point
is to translate the best available ecological knowledge into local, inspectable rules that can be tested. In this study,
coastal distance and elevation are used as practical proxies for that translation. They do not replace field salinity
or hydroperiod measurements, but they make the assumptions visible enough to be challenged.

The study develops a species specific habitat suitability framework for 11 mangrove taxa in Soc Trang Province
and links the resulting group level suitable areas to a simplified Tier 2 blue carbon model. The workflow uses
five ecological groups, 19 spatial scenarios, and three carbon parameter settings. Its purpose is deliberately
modest but useful: to show where ecological opportunity is strongest, how stable that opportunity remains when
spatial assumptions change, and how carbon outcomes respond when suitable area is passed through group
specific carbon parameters. The framework is not designed to issue credits. It is designed to make early stage
restoration and conservation planning more honest about ecological fit, spatial uncertainty, and carbon value.

2. Materials and Methods

2.1 Study area

Soc Trang Province lies on the coastal margin of the Mekong Delta in southern Vietnam, where estuarine
channels, tidal flats, aquaculture dominated backshore areas, and remnant or restored mangrove belts occur in
close proximity. Recent satellite-based assessment of Soc Trang between 2000 and 2020 further shows that the
province is not a static mangrove setting, but a landscape where forest extent and coastal land use have changed
substantially [7]. This geography is suitable for a scenario based study because the province contains both
seaward and landward habitat transitions, not a single uniform mangrove belt. Figure 1 defines the analytical
boundary and proxy coastline used to calculate coastal distance. That boundary choice is methodologically
important: every hectare later reported in Tables 4, 6, and 7 depends on this spatial frame.



Study area in Soc Trang Province, Vietham
Analytical boundary and proxy coastline over Sentinel-2 RGB composite (2023)
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Figure 1. Study area and analytical boundary in Soc Trang Province, Vietnam

Source: Authors’ own work

The spatial domain is not a neutral backdrop. It is the boundary within which the later RF1 estimate of
47,997.312 ha is allowed to exist. For that reason, the proxy coastline deserves as much attention as any
parameter in the carbon model. It defines the coastDist surface used in the species rules, and a small displacement
of that line can move a pixel from a seaward pioneer setting into an intermediate or landward class. This is why
the coastline scenarios were retained as a separate uncertainty family rather than hidden inside preprocessing.

2.2 Overall analytical framework

The workflow begins with species ecology and ends with planning level carbon interpretation. Eleven taxa were
first assigned to ecological positions using regional mangrove literature. Those positions were then converted into
local rules based on coastal distance and DEM thresholds. The resulting suitability areas were summarized for 19
scenarios and passed into a simplified Tier 2 blue carbon model. This structure matters because it keeps the chain
of inference visible. A reader can trace a carbon number back to a group area, a group area back to species rules,
and a species rule back to ecological reasoning.

Table 1. Ecological grouping of mangrove taxa used in the habitat suitability framework

Key supporting

Species Habitat gro Expected ecological position Grouping rationale
p 1 1 g llp Xp gl p 1T llpl g 1 references




Key supporting

Species Habitat grou Expected ecological position Grouping rationale
P group P g p ping references
Seaward pioneer on sheltered shores, in Assigned to the Avicennia group as a
Avicennia alba Avicennia spp. relatively saline coastal settings, along tidal  pioneer coastal taxon with strong saline [21,22]
river banks and seashore. tolerance and clear seaward affinity.
. Grouped with A. alba because both
Pioneer on sheltered shores and lower P . .
. . . . . represent pioneer establishment, broad
. . . . . intertidal settings, able to colonize a wide . . .
Avicennia marina Avicennia spp. . . . . . tidal tolerance, and strong affinity with [21,22]
range of tidal habitats including very saline . . .
> seaward to lower intertidal saline
environments. :
habitats.
Retained as a distinct Sonneratia group
Pioneer in low intertidal, sheltered coastal because it represents a seaward to
Sonneratia alba Sonneratia spp. and estuarine settings, with limited estuarine pioneer niche that is [21,25]
tolerance of prolonged freshwater exposure. ecologically coherent but not fully
equivalent to the Avicennia niche.
. . . Retained as a distinct Rhizophora grou
Core mangrove species of muddy intertidal . p group
. . . because it represents a central muddy
Rhizophora . estuarine environments, commonly . . .
. Rhizophora group . N estuarine mangrove niche with [21,25]
apiculata associated with tidal waterways and regular . .
. . characteristic flooding and substrate
tidal flooding. ..
conditions.
Assigned to the interior upper complex
. . Interior to intermediate mangrove species because it reflects less frequently
Bruguiera Interior upper . . . .
f on consolidated mud and relatively less inundated, more interior mangrove [21,24]
parviflora complex . . . . .
frequently inundated sites. conditions than pioneer or core estuarine
taxa.
Dense shrub forming species on the e
. ng sp Grouped with interior upper taxa because
. Interior upper landward edge of tidal forests, usually on .. . .
Ceriops tagal . . . . it is typical of landward, better drained, [21,25]
complex better drained soils and inundated mainly by . . . .
. higher intertidal positions.
spring tides.
Landward fringe to high intertidal species,  Assigned to the interior upper complex
Lumnitzera Interior upper often occurring on consolidated mud or because of its strong landward fringe [21.22.27]
racemosa complex sandy portions, commonly with freshwater  affinity and association with high ”
influence. intertidal settings.
. . . . . Grouped in the brackish freshwater
. . Low intertidal estuarine species, often in . . ..
Aegiceras Brackish freshwater . o complex because it occupies transitional
: creek edge or low tidal positions, but not a . . [21,27]
corniculatum complex . estuarine settings and does not fit the
core seaward pioneer. . . .
core pioneer or interior upper categories.
Assigned to the brackish freshwater
. . . . complex because it is characteristic of
Sonneratia Brackish freshwater ~Landward mangrove associated with less P . .
. L landward tidal creek environments [21,25]
caseolaris complex saline tidal creeks and upstream reaches. . ..
influenced by reduced salinity and
stronger freshwater input.
Upper tidal waterway species on soft fine Grouped in the brackish freshwater
. Brackish freshwater  grained substrates, strongly dependent on complex because it represents the
Nypa fruticans g . ong'y dep P prese . [21,26]
complex perennial freshwater input and often strongest freshwater associated tidal
forming pure stands. habitat within the study system.
. . Assigned to the brackish freshwater
. . Landward margin species commonly . .
Excoecaria Brackish freshwater . complex because of its landward margin
occurring near beach swales or above the [21,23]
agallocha complex ecology and marked dependence on

high tide mark.

freshwater influence.

Source: Authors’ own work

The first reduction in ecological complexity is deliberate rather than mechanical. Eleven taxa are condensed into
five carbon-relevant ecological groups, but the grouping preserves the gradient that matters for restoration:
seaward pioneers, a muddy estuarine Rhizophora niche, interior upper taxa, and the brackish-freshwater
assemblage. The largest group, the brackish-freshwater complex, contains four species because upstream tidal



creeks and landward margins are ecologically heterogeneous in Soc Trang. By contrast, Sonneratia alba remains
alone because its low-intertidal pioneer role would be blurred if it were merged with the less saline Sonneratia
caseolaris niche.
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Figure 2. Habitat suitability workflow and scenario design

Source: Authors’ own work

The analytical workflow makes the spatial logic of the study explicit before any carbon interpretation is
introduced. The process begins with three kinds of evidence: ecological knowledge on species positioning,
remote sensing inputs for mangrove-base mapping, and geomorphic proxies derived from DEM and the
analytical coastline. These inputs are not treated as independent products. They are brought together to answer a
narrower planning question: where can each mangrove taxon be considered ecologically plausible under the local
conditions of Soc Trang?

The workflow therefore separates two tasks that are often mixed in mangrove mapping. The first task is to
delineate a defensible mangrove base map using Sentinel-2 SR Harmonized imagery, spectral indices, SNIC
segmentation, Random Forest classification, and inland exclusion filtering. The second task is to impose species-
level ecological rules on that base, using coastal distance and relative elevation as local proxies for salinity
exposure and inundation setting. This separation matters because a pixel classified as mangrove-like in spectral
space is not automatically suitable for every species. Conversely, an ecologically plausible species zone should
still be constrained by the mapped coastal landscape.

The final products are therefore not simple land-cover classes. They are overlapping suitability layers, species-
group summaries, richness maps, and area statistics that preserve the possibility that one pixel may be suitable for
more than one taxon. The robustness checks then ask whether these spatial conclusions survive changes in rule
family, coastline representation, mangrove-base definition, and analytical scale. In this sense, the workflow is
designed less as a one-off mapping exercise than as a transparent test of how strongly the inferred habitat
opportunities depend on the assumptions used to construct them.



2.3 Species specific ecological rules

The analysis considered 11 taxa: Avicennia alba, Avicennia marina, Sonneratia alba, Rhizophora apiculata,
Bruguiera parviflora, Ceriops tagal, Lumnitzera racemosa, Aegiceras corniculatum, Sonneratia caseolaris, Nypa
fruticans, and Excoecaria agallocha. For carbon interpretation, these taxa were aggregated into five ecological
groups. This aggregation is a modeling step, not a taxonomic claim. It reduces the number of carbon parameter
sets while retaining the main ecological separation between seaward, intermediate, interior, and freshwater-

influenced mangrove niches [21-28].

The rules were built from expected ecological position rather than imported as universal thresholds. This
distinction is central to the study. Zonation is a relational pattern, shaped by tidal elevation, propagule movement,
freshwater influence, and local geomorphology; it is not a fixed numeric staircase that can be copied from one
delta to another [27-30]. Accordingly, coastDist and DEM thresholds are treated as Soc Trang operational rules.
They state the assumptions clearly enough that future field salinity, inundation, or survival data can sharpen

them.

Table 2. Species specific operational habitat suitability rules used in the study.

Key
Species Expected ecological position from literature Final local operational rule Confidence supporting
references
Avicenniaalba  Scaward pioneer on sheltered shores, inmore saline iyt 7 5 o and DEM < 4.0 m High [21,22]
settings, along tidal river banks and seashore
Pioneer in low intertidal, sheltered coastal and Moderate to
Sonneratia alba estuarine settings; intolerant of long freshwater coastDist < 7.0 km and DEM < 4.0 m . [21,25]
High
exposure
. ' ) ?1oneer gn she.ltered.shores, ablf: to colonize many. coastDist < 8.0 km and 2.0 m < DEM .
Avicennia marina tidal habitats, including very saline ones; common in <120m High [21,22]
intertidal flora '
Core mangrove species on deep soft muddy soils .
< <
Rhizophora apiculata flooded by normal high tides; often associated with i;o<kglEiACZaft2DolS;1 15.0km and 4.0 High [21,25]
tidal waterways with permanent freshwater input - :
Landward fringe to high intertidal species; prefers
Lumnitzera racemosa consolidated mud or sandy portions and often occurs ~ coastDist > 8.0 km and DEM > 8.0 m High [21,22,27]
with distinct freshwater influence
Ceriops tagal E)i::fs Szgltllzll?milrsnﬁ?d::eedlind:v:s efi%liso fotsldliltter 3.5 km < coastDist < 14.0 km and 3.0 Moderate to [21,25]
ps tag osts, usuatly Y spring tdes, m<DEM < 8.0 m High "
drained soils
. . Inten9r to mt'erme(%]ate mangrove speetes, often 4.0 km < coastDist < 14.0 km and 6 m Moderate to
Bruguiera parviflora associated with Rhizophora on consolidated mud and . [21,24]
. . . <DEM<12.0 m High
relatively less frequently inundated sites
. Low intertidal estuarine species; typically lower or .
< <
Aegmeras middle low tidal rather than strictly inland; often 3.0 km < coastDist < 12.0 km and Moderate [21,27,31,34]
corniculatum . . o DEM <3.5m
associated with seaward or creek edge low positions
i : i ist > < <
Sonneratia cascolaris Landw.ard, less saline mangrove greas, muddy soils coastDist > 9.0 km and 3 m < DEM High [21,25]
along tidal creeks and upstream tidal reaches 10.0 m
Upper limits of tidal waterways on soft fine grained
Nypa fruticans substrates; requires high perennial freshwater input coastDist > 12.0 km and DEM < 4.0 m High [21,26]
and often forms pure stands
Landward margin species; commonly on beach swales
Excoecaria agallocha or above the high tide mark; requires freshwater input  coastDist > 10.0 km and DEM > 9.0 m High [21,23]

for a large part of the year




Note: coastDist was calculated in meters in the spatial model but is reported in kilometers in this table for
readability. DEM is reported in meters.

Source: Authors’ own work

The operational rules define the ecological logic of the spatial analysis. They translate species-level ecological
positioning into explicit local thresholds of coastal distance and elevation. Seaward pioneer taxa were
intentionally constrained to low-elevation coastal settings. Avicennia alba was limited to areas within 7.5 km of
the coast and below 4 m elevation, while Sonneratia alba was limited to areas within 7.0 km of the coast and
below 4 m elevation. Intermediate and channel-associated taxa were assigned broader spatial windows.
Rhizophora apiculata, for example, was allowed to occupy the 3—15 km coastal-distance band and the 4-12 m
elevation range, reflecting its association with muddy estuarine settings and regular tidal influence. Landward and
freshwater-associated taxa shifted the model toward more inland or higher positions. Nypa fruticans was
restricted to areas at least 12 km from the coast but still below 4 m elevation, consistent with its affinity for upper
tidal waterways with freshwater influence, whereas Excoecaria agallocha was assigned to more elevated
landward margins, with coastDist > 10 km and DEM > 9 m. These rules therefore encode zonation as a local,
testable spatial hypothesis for Soc Trang, not as a universal formula for mangrove distribution.

2.4 Sensitivity scenarios and mapping workflow

Coastal distance was used as a proxy for marine influence and relative estuarine position. Elevation was used as a
proxy for inundation regime. Neither variable directly measures porewater salinity, hydroperiod, or sediment
texture. That limitation is accepted rather than hidden. The strength of the design is that each proxy can be
interpreted ecologically and stress tested spatially, which is more useful for planning than a black box surface
whose errors are difficult to diagnose.

The scenario design was built to disturb the assumptions that matter. Eight rule family scenarios test ecological
threshold sensitivity. Three coastline scenarios test the reference line used by coastDist. Six mangrove base
scenarios test the support mask. Two scale scenarios test resolution effects. Together, the 19 scenarios ask a
practical question: does the ecological interpretation survive when the mapping choices change? This question is
central to uncertainty-aware suitability modelling because threshold choice, input representation, and model
structure can all shift inferred habitat area [32,33].

Remote sensing is used here as support for ecological reasoning, not as a substitute for it. Random forest, object-
based image analysis, and deep learning can map mangrove cover with strong performance in complex coastal
landscapes [6,36-40]. Restoration planning, however, needs assumptions that practitioners can inspect. A rule-
based structure makes those assumptions visible. It can later be coupled with machine learning, but it should not
be hidden inside a black-box classifier when the main decision concerns species placement.

Table 3. Sensitivity scenario design across the 19 alternative settings

Scenario Scenario

. Configuration focus Short description
code family g P
. . . Main reference scenario used in spatial interpretation and blue
RF1 Rule family Baseline rule configuration . P P
carbon translation.
RF2 Rule family Alternative rule configuration  Tests sensitivity to a stricter or shifted species rule combination.
. . . Tests the robustness of group level outcomes to modified species
RF3 Rule family Alternative rule configuration . . group P
rule interactions.
RF4 Rule family Alternative rule configuration  Agsegges sensitivity to a more restrictive configuration affecting one



Scenario Scenario . s
! . ! Configuration focus Short description
code family
or more habitat groups.
. . . Assesses sensitivity to a more permissive configuration affectin;
RF5 Rule family Alternative rule configuration VLY p v g &
overlap and richness.
. . . Targets sensitivity of inland coastal discrimination under modified
RF6 Rule family Alternative rule configuration g i b
rule assumptions.
. . . Tests rule sensitivity in a setting with broader overlap amon
RF7 Rule family Alternative rule configuration . Vi Ew verap £
ecological groups.
. . . Final within family rule perturbation case for comparison against
RF8 Rule family Alternative rule configuration RF1 W Y P p &
Coastline . . Uses the main analytical coastline representation for coastal distance
PC1 . Baseline proxy coastline .
setting calculation.
Coastline . . Tests sensitivity to an alternative coastline representation for
PC2 . Alternative proxy coastline . Y P
setting coastDist.
Coastline . . Examines how suitability shifts when the coastline proxy is
PC3 . Modified proxy coastline .. ty proxy
setting broadened or repositioned.
Mangrove base . Uses the main mangrove base map before applying ecological
MBI & . Baseline mangrove base e & P pPiying £
setting suitability rules.
Mangrove base . . .
MB2 setting Alternative mangrove base Tests sensitivity to a narrower or modified mangrove support mask.
Mangrove base . Assesses robustness to a second modified mangrove base
MB3 £ros Alternative mangrove base . &
setting configuration.
Mangrove base . Evaluates how a broader mangrove base changes group level
MB4 £ros Alternative mangrove base . £ £¢8 group
setting suitable area.
Mangrove base . Provides another within family check against the baseline mangrove
MB5 £ros Alternative mangrove base Y & &
setting base.
Mangrove base . . . .
MB6 setting Alternative mangrove base Final mangrove base perturbation used in the robustness assessment.
sCl Scale 20 m analytical scale Tests spatial sensitivity when the analysis is conducted at finer
resolution.
SC2 Scale 30 m analytical scale Reference scale setting used for comparison and reproducibility.

Source: Authors’ own work

The uncertainty design has a clear hierarchy. The eight RF scenarios test the ecological rules themselves. The

three PC scenarios isolate coastline dependence. The six MB scenarios ask how much the support mask changes
the opportunity space, and the two SC scenarios expose scale sensitivity. This structure matters because the final

results show different magnitudes of sensitivity: the coastline family varies by about 4,816 ha, whereas the scale
contrast reaches almost 9,723 ha between SC1 and SC2. The scenario design therefore does more than list
alternatives; it identifies where methodological choices can materially change restoration priorities.



2.5 Species, groups, and richness products

Species maps were aggregated into group level area and an overlapping richness product. This separation is
deliberate. A group map asks where a particular ecological option is plausible. A richness map asks where several
options remain open at the same pixel. Those two products support different decisions. The first helps select taxa.
The second helps identify places where restoration design can remain flexible if field conditions or nursery
availability change.

Ecological proxy layers used for habitat suitability modeling

A. Sentinel-2 false-color composite B. Elevation C. Distance from proxy coastline
NIR-Red-Green composite (2023) Copernicus DEM GLO30 Spatial proxy for the seaward-to-inland gradient

Distance to proxy

Elevation (m) coastiine (km)

105.7 1059 106.1 106.3 105.7 1059 106.1 106.3 105.7 1059 106.1 106.3

Interpretive guide for panel A
Red to bright crimson: vegetation-dominated surfaces

[ ] Dark blue to black: open water or water-dominated surfaces

Cyan, grey, or pale tones: built-up, bare, or mixed surfaces

Figure 3. Ecological proxy layers used for habitat suitability modeling

Source: Authors’ own work

The physical proxy layers supply the grammar for the species rules. The coastal-distance thresholds recur around
three meaningful bands: below about 7-8 km for pioneer settings, up to roughly 15 km for intermediate/channel
taxa, and beyond 8-12 km for more landward or freshwater-associated taxa. The DEM thresholds separate low
intertidal positions below 4 m from intermediate surfaces around 4-12 m and higher landward positions above
about 8-9 m. These numbers should not be read as physiological limits. They are operational translations of
zonation evidence into a reproducible Soc Trang rule set.



Mangrove-base classification in Soc Trang Province
Object-based Random Forest classification after inland exclusion and MMU filtering
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Figure 4. Mangrove base classification in Soc Trang Province

Source: Authors’ own work

The support mask is one of the strongest spatial controls in the study. Within the mangrove base family, total
cumulative suitable area ranges from 38,085.345 ha in MB3 to 45,033.373 ha in MB4, a difference of 6,948.028
ha. That spread is too large to be treated as a cartographic detail. It means that the base layer can alter the
apparent restoration opportunity by an area comparable to the entire RF1 Rhizophora group. For a planning
application, the map boundary and mask are therefore not housekeeping steps; they are part of the uncertainty
analysis.



Group-level potential habitat suitability patterns in Soc Trang Province

A. Avicennia spp. B. Sonneratia spp. C. Rhizophora group

D. Interior-upper complex E. Brackish-freshwater

Habitat suitability groups

. Avicennia spp.

. Sonneratia spp.

@ Rhizophora group

@  interior-upper complex

@  Brackish-freshwater

Figure 5. Group level potential habitat suitability patterns in Soc Trang Province

Source: Authors’ own work

The mapped group pattern gives the first substantive ecological result. Under RF1, Avicennia spp. has the largest
opportunity space, 15,752.821 ha, equal to 32.8% of cumulative RF1 suitability. Sonneratia spp. follows with
9,276.192 ha, while the Brackish freshwater complex and Interior upper complex contribute 8,172.456 and
8,005.188 ha, respectively. Rhizophora is smaller in area, 6,790.655 ha, but later becomes much more important
in the carbon results because its group parameters are not proportional to area alone. The ecological lesson is
therefore already visible at the mapping stage: the largest habitat opportunity is not automatically the largest
carbon opportunity.



Species richness under the overlapping habitat suitability framework
Number of potentially suitable mangrove taxa per pixel in Soc Trang Province
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Figure 6. Species richness under the overlapping habitat suitability framework

Source: Authors’ own work

The richness layer changes the question from area to choice. A pixel with several plausible taxa is not more forest
in a land-cover sense; it is a place where restoration design has more ecological flexibility after field validation.
A pixel with only one plausible taxon is more constrained. Such areas may still be valuable, but they leave less
room for correcting species choice if salinity, substrate, or seedling survival differ from the proxy-based
expectation. This makes richness a practical risk layer, not simply a biodiversity-looking visualization.

2.6 Blue carbon parameterization and scenario analysis

The blue carbon module is a Tier 2 style decision-support model rather than a crediting methodology. This
framing is consistent with the broader blue carbon literature, which recognizes the climate significance of
mangroves while also emphasizing the need for careful accounting of sequestration, stocks, and site conditions
[43]. It receives group-level suitable area from the spatial analysis and applies literature-based parameters for
sequestration rate, aboveground biomass stock, and soil organic carbon stock. Sequestration is allowed to vary
across conservative, central, and high settings because this is where the planning uncertainty is expected to be
largest. Stock terms are held at central values in the main run so that the experiment remains interpretable [9-17].

Table 4. Group level suitable area outcomes across the 19 scenarios

Sonneratia spp. Rhizophora Interior upper Brackish freshwater Total suitable

Scenario Family Avicennia spp. (ha) (ha) group (ha) complex (ha) complex (ha) area (ha)




Sonneratia spp. Rhizophora Interior upper Brackish freshwater Total suitable

Scenario Family Avicennia spp. (ha) (ha) group (ha) complex (ha) complex (ha) area (ha)
RF1 Rule family 15,752.821 9,276.192 6,790.655 8,005.188 8,172.456 47,997.312
RF2 Rule family 10,220.414 5,220.532 6,893.633 8,173.594 8,177.116 38,685.288
RF3 Rule family 13,238.150 7,387.991 9,639.873 8,173.594 8,177.116 46,616.724
RF4 Rule family 12,990.217 7,273.875 3,294.901 8,005.188 8,172.456 39,736.637
RFS Rule family 12,990.217 7,273.875 6,790.655 14,388.659 8,172.456 49,615.862
RF6 Rule family 13,238.150 7,387.991 6,893.633 3,495.476 8,177.116 39,192,366
RF7 Rule family 13,238.150 9,616.867 6,893.633 8,173.594 11,474.631 49,396.876
RF8 Rule family 12,990.217 6,677.466 6,790.655 8,005.188 4,672.004 39,135.530
PCl Coastline setting 13,238.150 7,387.991 6,893.633 8,173.594 8,177.116 43,870.484
PC2 Coastline setting 11,595.526 6,419.367 6,606.589 8,312.125 7,297.355 40,230.962
PC3 Coastline setting 13,730.984 7,072.573 5,569.288 6,085.513 6,596.010 39,054.368
MBI Mansgert‘t’i‘fgbase 13,440.434 6,155.431 5,788.641 7,570.744 6,367.464 39,322,714
MB2 Mansgergiv:gbase 13,238.150 5,938.336 5,640.518 7,324.394 6,160.404 38,301.802
MB3 Mansgerg:gbase 13,222.246 5,852.441 5,625.350 7,302.517 6,082.791 38,085.345
MB4 Manirgiv:gbase 13,440.434 7,653.911 7,076.127 8,458.017 8,404.885 45,033.373
MB5 Mansgergiv:gbase 13,238.150 7,387.991 6,893.633 8,173.594 8,177.116 43,870.484
MB6 Manf;givfgbase 13,222.246 7,276.544 6,853.441 8,137.353 8,039.571 43,529.156
SC1 Scale 14,482.931 9,357.048 8,811.254 10,370.059 10,572.651 53,593.943
SC2 Scale 13,238.150 7,387.991 6,893.633 8,173.594 8,177.116 43,870.484

Source: Authors’ own work

The spatial outputs become quantitatively meaningful when read across all scenarios. Total cumulative suitable
area spans 38,085.345 ha in MB3 to 53,593.943 ha in SC1, while RF1 sits high in the distribution at 47,997.312
ha. The mean across scenarios is 43,112.616 ha, so RF1 is not an average case; it is a relatively expansive but still
plausible reference. This matters for interpretation because RF1 is used for the main carbon translation. Its value
should be read as a baseline for decision exploration, not as a uniquely correct spatial truth.

Table 5. Parameterization of the Tier 2 simplified blue carbon model

Key supporting

Symbol Parameter Value Unit Interpretation in the model
references

Group specific suitable area imported from the
Scenario specific ha habitat suitability analysis and summarized in Table [21,31,34]
4.

Suitable area of habitat

Ags .
group g under scenario s



Key supporting

Symbol Parameter Value Unit Interpretation in the model
references
Total suitable arca . . Sum of suitable area across the five habitat groups
As toral across groups under Scenario specific ha . [21,31,34]
. under scenario s.
scenario s
u Protejcted or treated 0.60 proportion Fractlon' of suitable area entering blue carbon 9.13,19]
fraction accounting.
i Loss risk fraction 001 proportion Fraﬁ:tlon of treated area interpreted as exposed to 9,12,19]
avoidable loss.
re Group spe.c1ﬁc Conservat'lve, central, {COse ha! yr! the'rature grounded sequestration rate assigned at [11,13,15,16,17,18]
sequestration rate high habitat group level.
B, Group specific Central {COze ha! Group spemﬁc aboveground biomass stock used in [10.11,16,17]
; aboveground stock the avoided loss term.
ific soil ific soil tock in th i
S, GrouP specific soi Central {COse ha'l Group specific soil carbon stock used in the avoided [10,11,17]
organic carbon stock loss term.
. SOC release horizon 9 vr Characteristic time scale governing decay of the soil 9,12,13]
carbon release term.
. . ti ti lied t
) Buffer fraction 020 proportion Conservative deduction applied to raw carbon [13,19]
outcomes.
k Seques.tratlon growth 032 yr! Controls the steepness of the logistic sequestration [11,13,15]
coefficient pathway.
Y Midpoint year of N 40 yr Inflection point of the logistic sequestration [11,13,15]
sequestration transition pathway.
T Simulation horizon 30 yr Total time horizon used to aggregate scenario [9,13,19]

outcomes.

Source: Authors’ own work

The parameter set makes the carbon calculation traceable. In RF1, o = 0.60 converts 47,997.312 ha of cumulative
opportunity into 28,798.387 ha of treated area. The loss-risk fraction A = 0.01 then places about 287.984 ha into
the avoided-loss component. The buffer f = 0.20 and the 30-year horizon keep the output conservative, while k =
0.32 yr! and to = 4 yr impose a delayed sequestration response. Those choices explain why the modeled outcome
is driven mainly by accumulated sequestration rather than by immediate avoided loss.

Within the model, suitable area is first converted to treated area and then to an at risk area. Annual carbon
outcome is then divided into avoided aboveground biomass loss, avoided soil organic carbon loss, and ongoing
sequestration. The logistic term is included because restoration benefits rarely appear as a straight line from year
1. Early establishment is slower, carbon accumulation increases as stands develop, and later years carry a larger
share of the cumulative benefit. This temporal structure is essential for interpreting the economic results in
Section 3.3.2.



A. Suitable area under alternative scenario settings
Group-level suitable area across the 19 sensitivity scenarios
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Figure 7. Blue carbon modeling workflow and uncertainty analysis

Source: Authors’ own work

The carbon workflow is best read as an accounting discipline rather than as a claim of credit issuance. Beginning
with RF1, 47,997.312 ha of cumulative group-level opportunity becomes 28,798.387 ha of treated area before
risk, buffer, and time-dependent accumulation are applied. Each step reduces or reshapes the raw spatial signal.

That is the reason the model can be useful for planning: the final number is not a direct multiplication of hectares
by a generic carbon coefficient.



A. Group-level suitable area B. Area by richness class
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Figure 8. Summary area statistics across scenarios.
Source: Authors’ own work

The area envelope is not symmetrical. SC1 produces 53,593.943 ha, about 11.7% above RF1, whereas MB3
produces 38,085.345 ha, about 20.7% below RF1. The lower tail is therefore steeper than the upper tail. In
practical terms, conservative choices about the mangrove base can remove more opportunity area than finer scale
analysis can add. This is an important warning for restoration planning because overly narrow masks may
prematurely exclude places that are ecologically plausible but not yet expressed as current mangrove cover.



Tier 2 Blue Carbon Model: 3D Dynamics & Sensitivity
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Figure 9. Tier 2 blue carbon model: integrated 3D dynamics and sensitivity manifold

Source: Authors’ own work

The carbon response surface has structure rather than noise. RF1 spans 18.83 to 25.27 million t CO,e from the
conservative to high parameter set, a spread of 6.44 million t COze around the 22.09 million t CO.e central value.
That spread is not random. It follows the group composition of the scenarios and the sequestration assumptions

assigned to each group. The figure therefore supports a central claim of the manuscript: uncertainty is not
something to hide after the model; it is part of the result.

3. Results

3.1 Baseline spatial patterns

Under the RF1 baseline, cumulative group level suitable area reached 47,997.312 ha. Avicennia spp. was the
largest contributor, with 15,752.821 ha, equivalent to 32.8% of the RF1 total. Sonneratia spp. contributed
9,276.192 ha, or 19.3%. The Brackish freshwater complex, Interior upper complex, and Rhizophora group
followed with 8,172.456 ha, 8,005.188 ha, and 6,790.655 ha, respectively. These values should not be read as
mutually exclusive land cover classes. They are cumulative ecological opportunity areas produced by overlapping
suitability rules.

The RF1 pattern has a clear ecological order. Avicennia and Sonneratia dominate the seaward opportunity space,
while Rhizophora occupies a narrower but carbon important intermediate band. The landward and freshwater
associated groups cover smaller or more fragmented zones, but their planning value is not minor. They mark the
places where a generic coastal planting strategy would be least defensible. In other words, the map does not



simply show where mangroves might be planted. It shows where the choice of taxon becomes ecologically
consequential.

The richness product adds a second layer of interpretation. Where several taxa overlap, the planner has room to
adjust species choice after field checking. Where only one taxon remains plausible, the margin for error is much
smaller. This is particularly important in Soc Trang because hydrology and salinity can change over short
distances. A richness map is therefore not a biodiversity census; it is a map of decision flexibility.

3.2 Scenario robustness

The 19 scenarios show a framework that is sensitive but not unstable. Total cumulative suitable area ranges from
38,085.345 ha to 53,593.943 ha. The lowest value occurs in MB3, which confirms the strong influence of the
mangrove base mask. The highest value occurs in SC1, showing that scale can open additional opportunity space.
Despite this range, the broad ecological ordering remains legible: seaward pioneers remain seaward, Rhizophora
remains intermediate, and the freshwater associated complex remains landward or creek oriented.

The robustness result is clearest when the scenario families are compared numerically. Within the RF family,
total suitable area ranges from 38,685.288 ha in RF2 to 49,615.862 ha in RF5. The coastline family is narrower,
from 39,054.368 to 43,870.484 ha. The mangrove-base family spans 38,085.345 to 45,033.373 ha, and the scale
family spans 43,870.484 to 53,593.943 ha. These contrasts show that threshold logic, support-mask choice, and
scale do not perturb the model in the same way. A credible planning framework has to expose those differences
rather than collapse them into a single uncertainty statement.

3.3 Blue carbon outcomes

3.3.1 Scenario based blue carbon outcomes

The blue carbon model translates those spatial differences into scenario dependent carbon outcomes. Under RF1,
the 30 year cumulative outcome is 18.83 million t CO:z¢ in the conservative run, 22.09 million t COse in the
central run, and 25.27 million t COze in the high run. The high and conservative estimates differ by 6.44 million t
COze, which is nearly 29% of the central estimate. This spread is not an error band around a field inventory. It is
a planning envelope showing how strongly the interpretation depends on carbon parameter choice.

Group composition explains why area alone is insufficient. In the RF1 central run, Avicennia spp. contributes
45.1% of the cumulative modeled carbon outcome, even though it represents 32.8% of the RF1 suitable area. The
Rhizophora group contributes 24.8% of the carbon outcome from only 14.1% of the area. Sonneratia spp.
contributes 23.7% from 19.3% of the area. The Interior upper complex and Brackish freshwater complex cover
33.7% of the RF1 opportunity area together, yet their carbon contribution is much smaller under the present
parameterization. This is the clearest evidence that ecological composition matters, not just hectares.

The RF1 decomposition also shows that the modeled outcome is dominated by sequestration rather than avoided
loss. That result is a property of the selected A, stock assumptions, and 30 year horizon. It should not be
generalized to every mangrove landscape. In a site facing imminent clearing or severe degradation, avoided loss
could dominate. In Soc Trang, under the assumptions used here, the planning value lies mainly in identifying
where restoration and protection could sustain future accumulation.

The uncertainty pattern is orderly. Conservative, central, and high runs separate through time without producing
erratic reversals. This is a useful diagnostic because it suggests that the model is responding to ecological group
area and sequestration parameters in a coherent way. The dominant sensitivity to Avicennia and Rhizophora
sequestration assumptions also points to a practical research priority: future fieldwork should measure growth and
sediment carbon accumulation by ecological position, not only produce a single province wide carbon density.

The strongest numerical signal in the carbon results is the gap between spatial area and carbon response. Central
outcomes range from 16.40 million t CO»e in RF4 to 23.38 million t COse in SC1, a 42.6% difference between
the lowest and highest central scenarios. RF2 and RF4 are both about 25.8% below RF1, whereas SC1 is 5.8%



above it. The important point is not only that the totals change. They change according to group composition,
which is why the carbon model cannot be replaced by a single hectare-based multiplier.

Table 6. Blue carbon outputs across the 19 scenarios under conservative, central, and high parameter settings

Scenario Family 30 year cumulatiye t COze, 30 year cumulative t COze, 30 year cuml.llative t COze, Relative change vs
conservative central high RF1 central (%)

RF1 Rule family 18,833,803.010 22,093,071.551 25,272,278.616 0.000

RF2 Rule family 13,496,460.336 16,406,488.359 19,241,281.502 -25.739
RF3 Rule family 17,896,289.491 21,749,454.174 25,521,341.144 -1.555

RF4 Rule family 14,268,429.223 16,400,932.933 18,460,136.656 -25.764
RF5 Rule family 16,653,598.099 19,841,050.819 22,950,904.498 -10.193
RF6 Rule family 16,049,246.031 19,079,861.047 22,032,575.657 -13.639
RF7 Rule family 17,821,064.475 21,053,175.703 24,180,313.903 -4.707
RF8 Rule family 15,639,740.080 18,604,558.768 21,518,340.866 -15.790
PC1 Coastline setting 16,420,622.279 19,537,534.052 22,576,545.419 -11.567
PC2 Coastline setting 14,758,099.465 17,665,193.386 20,502,422.657 -20.042
PC3 Coastline setting 15,570,326.767 18,276,148.837 20,917,753.669 -17.277
MBI Mangrove base setting 15,120,860.294 17,879,534.227 20,576,535.445 -19.072
MB2 Mangrove base setting 14,775,484.580 17,469,472.131 20,103,763.955 -20.928
MB3 Mangrove base setting 14,705,040.907 17,390,540.134 20,017,040.607 -21.285
MB4 Mangrove base setting 16,815,561.972 20,008,143.262 23,120,592.037 -9.437
MB5 Mangrove base setting 16,420,622.279 19,537,534.052 22,576,545.419 -11.567
MB6 Mangrove base setting 16,318,418.306 19,417,921.396 22,440,725.476 -12.109
SC1 Scale 19,547,739.803 23,382,945.626 27,117,795.159 5.838

SC2 Scale 16,420,622.279 19,537,534.052 22,576,545.419 -11.567

Source: Authors’ own work

Area and carbon ranking do not perfectly coincide. SC1 has the largest cumulative suitable area and the largest
central carbon outcome, but its carbon per hectare is lower than RF1. RF4 retains 39,736.637 ha of cumulative
suitable area, yet falls to 16.40 million t CO,e because its group composition is less carbon-intensive. The model
is therefore sensitive not only to how much area is classified as suitable, but also to which ecological group
carries that area. This is precisely the kind of distinction that a species-informed framework is meant to reveal.

3.3.2 Economic interpretation of RF1 blue carbon outcomes

The RF1 modeled outcome is large enough to ask a financing question. Under the central parameterization, the
model produces 22.09 million t CO,e over 30 years. The purpose of the following calculation is to test whether
that magnitude could matter for restoration finance. It is not a claim of issued credits. VMO0033 and the VCS
Program would require project specific validation, monitoring, additionality proof, leakage assessment,
verification, and non permanence risk analysis [45,46]. The number reported here should therefore be read as
VCU equivalent potential at pre-feasibility stage.



The modeled value already includes the protected fraction a = 0.60 and the internal buffer B = 0.20. The
screening conversion applies three further haircuts: additionality and policy-overlap risk, possible leakage, and
the gap between a Tier 2 literature-based estimate and field-verified MRV. This is intentionally cautious. It keeps
the calculation on the side of pre-feasibility finance screening rather than crediting-grade accounting.

VCUeq = Cmodetea X (1 = 8gaa) X (1 = Grear) X (1 = Syne) (1)

In this formulation, VCUeq is the screening-level VCU-equivalent volume and Cmodeled is the RF1 30-year
cumulative mitigation estimate from Table 6. The three deduction terms represent additionality and policy-
overlap risk, leakage risk, and model-to-field uncertainty/ MRV risk. They are not presented as VMO0033
equations. They are transparent screening assumptions used to avoid overstating the finance potential.

For the central case, the additionality and policy overlap haircut is 0.30, the leakage haircut is 0.05, and the
uncertainty/MRV haircut is 0.20. The first value reflects a real policy problem: some restoration benefits may
overlap with existing coastal protection forest mandates or public restoration programs in Vietnam [8,41,50]. The
leakage deduction is deliberately modest because it is only a screening assumption, not a VMO0033 leakage
calculation. In VMO0033, leakage depends on project specific activity shifting, market effects, and ecological
conditions, and may be zero if the relevant requirements are met [45]. The uncertainty deduction is the most
methodological of the three. It acknowledges that a Tier 2 estimate built from literature parameters will not
behave like a field verified project inventory.

Under the central setting, the retention factor is 0.70 x 0.95 x 0.80 = 0.53. The resulting VCU equivalent volume
is 11.75 million t COze over 30 years. The internal B = 0.20 buffer is treated only as a screening level reserve. It
should not be described as replacing the formal VCS non permanence buffer, which requires project specific
assessment using the applicable AFOLU risk tool [46].

The economic translation uses three price scenarios: 15, 25, and 35 USD t CO»e™". These values are not forecasts.
They define a plausible financing envelope for a market where price depends on project quality, co-benefits,
buyer demand, permanence risk, and verification status [47,48,54]. The useful question is therefore not whether
one price is correct. The useful question is whether the RF1 outcome remains financially meaningful across a
reasonable price range.

Table 7. Screening level VCU equivalent volume and gross revenue for the RF1 central parameterization

30 year VCU 30 year gross

Scenario 5 5 5 Combined equivalent revenue at 15 /25
add leak une retention volume (million t /35 USD t COze™!
COze) (million USD)
Conservative 0.40 0.08 0.30 039 8.54 128/213 /299
Central 0.30 0.05 0.20 0.53 11.75 176 /294 / 411
Optimistic 0.20 0.03 0.10 0.70 15.43 231/386/540

Notes: All values use Cmodeled = 22.09 million t COxe, corresponding to the RF1 central estimate reported in Table
6. The central row is used as the reference case. The full envelope across the nine price and deduction
combinations ranges from 128 to 540 million USD, equivalent to a factor of approximately 4.2 between the
lowest and highest outcomes.

Source: Authors’ calculations based on Table 6 and the screening assumptions described in the text.

The reference case combines the central deductions with the central price of 25 USD t COse™. It yields 294
million USD over 30 years, or 9.8 million USD yr'. Spread across the full RF1 suitable area of 47,997 ha, this
equals about 204 USD ha™! yr'. If the denominator is restricted to the o treated area of 28,798 ha, the value rises
to about 340 USD ha™ yr'. The second denominator is more relevant for implementation because only the
treated area is assumed to enter the accounting boundary.



The margin calculation is deliberately simple. With a central price of 25 USD t COe™, illustrative MRV costs of
8-15 USD t COxe™! leave 10-17 USD t CO,e™! before establishment, maintenance, transaction, financing, tenure,
and governance costs [47,50]. Applied to the reference case, that range corresponds to about 3.9-6.7 million USD
yr ', The result is not a profitability claim, but it does show that the carbon signal is large enough to justify a
more detailed project-finance assessment.

The timing of revenue is also uneven. The logistic sequestration term uses k = 0.32 yr! and to =4 yr. As a result,
years 1-3 contribute only about 4% of the 30 year cumulative total, years 4-20 contribute about 57%, and years
21-30 contribute about 39%. This pattern is financially important. A project would need upfront capital during
establishment, while a substantial part of the carbon benefit arrives only after the stand has survived and
developed.

Actual VCU issuance would require a different level of evidence. A project would need a defensible boundary,
baseline scenario, proof of additionality, field allometry, survival monitoring, relevant soil measurements,
leakage accounting, uncertainty quantification, non-permanence risk assessment, independent validation, and
periodic verification under VCS and VMO0033 requirements [45,46]. The screening result should therefore be read
as a financing hypothesis, not as a claim of immediately issuable credits.

4. Discussion

The main contribution of this study is the way it joins ecological suitability with blue carbon interpretation. The
framework does not begin with carbon. It begins with the question of whether each taxon is plausible in a
particular part of Soc Trang. Only after that ecological question is answered does the model translate area into
carbon outcomes. This order matters because carbon estimates are only meaningful if the underlying restoration
or conservation area is ecologically defensible.

The rule based strategy is also a methodological choice. It sits between generic global thresholds and purely
statistical niche models. Generic thresholds risk ignoring the geomorphic and hydrological character of the
Mekong Delta. Purely statistical models can be powerful, but their ecological meaning may be difficult to inspect
when field occurrence data are sparse or biased by past land use. The rules used here are simpler than a
mechanistic hydrodynamic model, but they are visible. That visibility is valuable in restoration planning because
successful mangrove rehabilitation depends on matching species, hydrology, sediment setting, and site conditions
rather than treating planting as a generic operation [35].

Machine learning still has an important role. Recent remote sensing studies show strong performance for
mangrove mapping, and systematic reviews emphasize the growing value of remote sensing for blue carbon
estimation [6,16]. The argument is more specific: a restoration framework should not outsource ecological
judgment to the classifier. In this study, classification supports the boundary and masks, while the species rules
keep the restoration logic visible.

The Soc Trang results also show why scenario testing should be standard practice. The difference between MB3
and SC1 is 15,508.598 ha of cumulative suitable area. The difference between RF4 and SC1 in central carbon
outcome is 6.98 million t CO,e. These are not minor formatting changes in a GIS workflow. They are large
enough to affect restoration priorities, expected carbon benefit, and the credibility of any financing narrative built
on the map.

The blue carbon results should be interpreted with the same caution. A central RF1 outcome of 22.09 million t
COz¢e over 30 years is substantial, but it is not a credit issuance number. The economic translation gives a
reference gross revenue of 294 million USD under the central price and deduction assumptions. That number is
useful precisely because the manuscript also shows how quickly it can change: the Table 7 envelope spans 128 to
540 million USD. A serious planning framework must present both the opportunity and the uncertainty.

The strongest scientific signal is the role of sequestration assumptions. Under the present formulation, stock
terms matter less than the group specific accumulation trajectories. This finding gives a clear direction for field
research. A future Soc Trang campaign should measure stand development, sediment accretion, and soil carbon



accumulation along the same ecological gradient used in the model. More local carbon density values would help,
especially given the broad environmental variation in mangrove ecosystem carbon stocks [44], but they would
not resolve the main uncertainty if sequestration trajectories remain generic.

The limitations are substantial. Coastal distance and elevation do not measure salinity, inundation frequency,
porewater chemistry, sediment texture, or seedling survival. The overlapping suitability design does not model
competition, facilitation, or planting sequence. The carbon module remains literature based and should not be
mistaken for field inventory. These limitations, however, are not hidden. They are part of the framework’s
honesty. The model is meant to support early decisions and guide field priorities, not to replace the field.

The results point to a practical research direction for deltaic mangrove planning. Species suitability, spatial
robustness, and carbon value are not separate problems. This integrated view is consistent with recent calls for
mangrove research that crosses ecological, geomorphic, monitoring, and governance boundaries [20]. When these
dimensions are joined carefully, the output becomes more than a map and more than a carbon total. It becomes a
defensible way to ask where restoration is ecologically plausible, how fragile that judgment is, and whether the
resulting opportunity is large enough to matter for climate finance.

5. Conclusions

This study developed an integrated framework linking species specific mangrove habitat suitability with scenario
based blue carbon modeling in Soc Trang Province. The central contribution is not simply a set of maps or a
carbon total. It is the transparent chain that begins with species ecology, passes through local rules based on
coastal distance and elevation, tests 19 spatial assumptions, and only then converts ecological opportunity into
carbon interpretation.

Under RF1, cumulative group level suitable area reached 47,997.312 ha. The central 30 year carbon outcome was
22.09 million t COze, bracketed by 18.83 and 25.27 million t CO.e under conservative and high settings. Across
all scenarios, central outcomes ranged from 16.40 to 23.38 million t COze. The economic screening showed a
central VCU equivalent volume of 11.75 million t COze and a reference gross revenue of 294 million USD over
30 years, but only under explicitly stated screening assumptions.

The broader implication is straightforward. In dynamic coastal settings such as Soc Trang, blue carbon planning
should not begin with a generic hectare count. It should begin with species plausibility, then test how stable that
judgment remains under alternative spatial assumptions, and only then translate the result into carbon-oriented
decision support. That sequence does not remove uncertainty. It makes uncertainty visible enough to be used.
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