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1. Introduction

ABSTRACT

Mangrove ecosystems provide globally important climate regulation
services through long-term carbon sequestration, yet restoration programs
frequently rely on single management interventions that may
underestimate their mitigation potential. This study evaluated the climate
mitigation performance of integrated blue carbon interventions across the
northern coast of Java, Indonesia, by comparing conservation of intact
wetlands with avoided deforestation, restoration of wetland ecosystems
with active planting, and restoration with assisted natural regeneration. A
spatially explicit Tier 3 carbon accounting framework was developed by
integrating multi-temporal Landsat observations (1972-2025), Random
Forest land-cover classification, mangrove carbon-stock data, field-
derived growth measurements, and scenario-based greenhouse gas
accounting over a 30-year project horizon. The results indicate an average
potential emission reduction of 8.67 Mt CO,e/year across the study area.
Among the evaluated interventions, coastal erosion control through
restoration with assisted natural regeneration achieved the highest
mitigation performance (120 tCOae/ha/year), nearly four times that of
planting-based rehabilitation (32 tCO.e/ha/year). Over a 30-year
simulation period, these scenarios are projected to generate 210 Mt COae
of tradable carbon units, equivalent to an average of 7 Mt COe/year. At a
carbon price of USD 5/t COze¢, this volume could have an economic value
exceeding USD 35 million per year. These findings demonstrate that
integrated mangrove protection and restoration strategies can deliver
substantial climate mitigation outcomes while creating significant
economic incentives through carbon finance mechanisms.

Mangrove ecosystems are increasingly recognized as among the most effective natural

climate solutions due to their exceptional capacity to sequester and store carbon (Griscom et al.
2017; Novita et al. 2022). Collectively, as blue carbon ecosystems, mangroves, seagrasses, and salt

marshes can accumulate organic carbon at rates several times higher than those of terrestrial forests
(Ali et al. 2025). However, among these, mangroves have the highest carbon density, largely due
to their deep, anoxic soils, which inhibit decomposition (Li et al. 2022). The strategic restoration
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and conservation of mangroves have therefore emerged as critical pathways for climate change
mitigation, biodiversity conservation, and coastal protection (Arifanti et al. 2022).

Despite their importance, mangroves worldwide continue to experience severe degradation
driven by land-use conversion, coastal development, aquaculture expansion, pollution, and
hydrological disruption (Goldberg et al. 2020; Ilman et al. 2016; Maina et al. 2021; Richards and
Friess 2016). Indonesia, which hosts the largest mangrove extent globally, has suffered substantial
losses over the past decades, particularly in densely populated and economically dynamic regions
(Hagger et al. 2022; Murray et al. 2022). The northern coast of Java, one of the most
anthropogenically altered coastal zones in Southeast Asia, is a hotspot of mangrove degradation
caused by long-term shoreline modification, subsidence, and industrial and settlement expansion
(Hudalah et al. 2024).

The degradation of mangroves along the northern coast of Java has resulted in significant
ecological and socio-economic consequences, including reduced coastal protection, biodiversity
loss, and increased greenhouse gas (GHG) emissions from disturbed soils, representing a historical
loss of 75% of their original extent (Andreas et al. 2019; Heriati et al. 2021). Restoring and
conserving these ecosystems offers dual benefits: enhancing coastal resilience and generating
measurable climate-mitigation outcomes through carbon-crediting mechanisms (Raw et al. 2023).
The rising interest in blue carbon markets presents an opportunity to mobilize financial resources
for mangrove rehabilitation and long-term stewardship (Choudhary et al. 2024).

An increasing number of studies argue that mitigation potential must be viewed through a
multi-pathway lens, incorporating protection measures (avoided deforestation and degradation),
active ecological restoration, hydrological reconnection, and regeneration processes driven by
natural recovery dynamics. Each intervention presents varying degrees of carbon benefits, cost-
efficiency, and implementation feasibility (Abelson et al. 2020; Arifanti et al. 2022; Lovelock et
al. 2022). Moreover, as attention to high-quality carbon credits increases, quantifying potential
emission reductions in a transparent, scientifically rigorous manner becomes vital to attract
investment and design effective coastal restoration policies (Soto-Navarro et al. 2020).

Existing studies on blue carbon in Indonesia have generally focused on estimating carbon
stocks (Ahalya and Park 2019; Hilmi et al. 2021; Murdiyarso et al. 2023), mapping mangrove
extent (Bunting et al. 2022), or evaluating restoration outcomes at local scales (Brown et al. 2014).
Few have assessed the comparative mitigation potential of different intervention scenarios within
a unified analytical framework.

Understanding the emission-reduction potential of multi-intervention scenarios is crucial for
guiding decision-makers, project developers, and coastal planners in prioritizing areas with the
highest climate-mitigation returns (Ellison et al. 2020; Kadaverugu et al. 2022). This information
can underpin the development of blue carbon projects at jurisdictional or project scales, support
national and sub-national climate policies, and contribute to Indonesia’s Nationally Determined
Contributions (NDCs) (Griscom et al. 2020). However, mangrove restoration initiatives on Java
Island have largely been implemented through single-intervention approaches, most commonly
tree planting, without integrating multiple management interventions such as hydrological
restoration, protection of existing stands, and assisted natural regeneration. This lack of integration
creates a gap between restoration policies and their practical implementation, potentially limiting
the effectiveness and long-term climate-mitigation potential of mangrove ecosystems.
Consequently, a spatially explicit assessment of multi-intervention scenarios is needed to evaluate
how integrated restoration strategies could enhance the potential for emission reductions.
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Additionally, such analyses can help ensure environmental integrity and reduce the risk of over-
crediting in carbon markets (Vanderklift et al. 2019).

In this context, the present study aims to quantify the potential emission reductions from a
suite of intervention pathways implemented across the northern coast of Java. By integrating
spatial analysis, biophysical assessment, carbon stock data, and scenario modeling to produce Tier
3 quantification results, this study evaluates how different strategies, ranging from conservation
and natural regeneration to active restoration, contribute to the generation of blue carbon credits.
The focus on scenario comparison allows for a nuanced understanding of trade-offs, opportunities,
and spatial variability in mitigation outcomes.

Rapid climate change provides opportunities for the voluntary carbon market to gain
momentum and must be used to improve and expand sustainable mangrove ecosystem
management plans, limit carbon emissions and increase carbon sequestration (Bomfim et al. 2022).
Rapid climate change has increased the momentum of the voluntary carbon market, creating
opportunities to improve and expand sustainable mangrove ecosystem management, reduce carbon
emissions, and enhance carbon sequestration (Bomfim et al. 2022). This study provides an
evidence-based framework to support the development of high-integrity blue carbon projects. By
elucidating the emission-reduction potential of multiple intervention scenarios, the findings offer
valuable insights for policy formulation, project design, and participation in carbon markets.
Ultimately, this work advances the role of mangrove-based blue carbon initiatives in achieving
climate mitigation and coastal resilience.

2. Materials and Methods
2.1. Study Area

The study area encompasses the coastal landscape along Java’s northern shoreline, extending
from Serang Regency in Banten Province to Situbondo Regency in East Java Province at
coordinates 5°47°7.98”-7°57°47.85” S and 106°1°59.22”-114°33°28.71” E (Fig. 1). This region
forms one of the longest continuous coastal systems in Indonesia, characterized by low-lying
alluvial plains shaped by centuries of riverine sedimentation and tidal influence. The coastline
supports a mosaic of land uses, including agriculture, aquaculture, settlements, and remaining
mangrove patches, all of which are shaped by both natural processes and intensive human
activities.
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Fig. 1. Study location map and intertidal distribution along the northern coast of Java (colored
area).
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Biophysically, the northern coast of Java is strongly influenced by the dynamics of its major
river basins, which supply substantial sediment loads that sustain deltaic formations and intertidal
mudflats. These environments historically supported extensive mangrove ecosystems. However,
rapid land subsidence, sediment imbalance, and hydrological alterations have disrupted many parts
of the coastal system. In several regions, erosion has progressively consumed intertidal zones,
while in others, sediment deposition continues to form new coastal landforms, illustrating the
highly dynamic nature of this coastline.

2.2. Data Collection
2.2.1. Spatial Data

We used Landsat time-series data, a long-term sequence of continuous observations (Davies
et al. 2016), including the Multispectral Scanner (MSS), Thematic Mapper (TM), Enhanced
Thematic Mapper (ETM), ETM+, and Operational Land Imager (OLI) sensors. The United States
Geological Survey (USGS) maintains the Landsat archive, which is reorganized into a tiered
collection structure, to ensure that Landsat Level-1 products offer consistent, accessible data
quality suitable for longitudinal analysis. This study used Landsat data with a 30-m spatial
resolution as the primary dataset, which was accessed and processed in Google Earth Engine
(Gorelick et al. 2017) to extract median reflectance values for 1972, 1990, 1995, 2000, 2005, 2010,
2015, 2020, and 2025. The 1972 dataset was selected as a historical baseline because it corresponds
to the earliest available Landsat imagery (Landsat-1) and serves as a reference for relatively intact
mangrove conditions. Five-year intervals were then applied from 1990 onward to consistently
monitor long-term changes.

2.2.2. Emission Factors

We summarized emission factor data from Murdiyarso et al. (2023) for carbon stock pools
and flux pathways across several land-use types, e.g., aquaculture, degraded mangrove,
regenerated mangrove and undisturbed mangrove, to quantify potential emissions resulting from
land-use changes (Table 1). To quantify carbon sequestration, we conducted field measurements
of plant growth parameters for Rhizophora spp. (planting) and Avicennia marina (natural
regeneration) over a S-year observation period. To complete the carbon absorption estimates up to
year 30, we extrapolated the values using allometric equations (Boer et al. 2025; Hu et al. 2025).
A summary of COz removal by mangrove stands per individual plant is presented in Table 2. In
addition, we incorporated other parameters, such as surface elevation increment (Sidik et al. 2019),
sedimentation rates (Kusumaningtyas et al. 2019; Sasmito et al. 2020), allochthonous carbon
accumulation (Xiong et al. 2018), and coastal soil loss depth (Dong et al. 2024). From these
references, we used the median value for each referenced parameter.

2.3. Data Analysis
2.3.1. Image classification

We classified the Landsat satellite imagery into 14 land-use/cover classes (i.e., dryland
forest, mixed garden, shrubs, mixed agriculture, agriculture, aquaculture, built-up area, sea/water
body, other islands, open land, mangrove herbaceous, mangrove forest 1, mangrove forest 2,
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mangrove forest 3). We performed supervised machine learning classification using the Random
Forest algorithm (Latifah et al. 2025; Schonlau and Zou 2020) with 1,000 trees and nine features
on the Google Earth Engine (GEE) platform to identify mangrove vegetation for the years 1970,
1990, 1995, 2000, 2005, 2010, 2015, and 2020. We used nine variables derived from Landsat
imagery (i.e., reflectance bands and spectral indices). Additionally, this study utilized 1,000 data
points, divided into a 75% training set (approx. 54 samples per class) and a 25% validation set
(approximately 18 samples per class).

Table 1. Carbon stocks, greenhouse gas fluxes and soil carbon burial in various pools across
Indonesian mangrove ecosystems under different management regimes (Murdiyarso et al. 2023)

Land-Use Pool Unit Mean n SE 95%CI
Aquaculture AGBC tC/ha 11.01 10 3.86 2.29-19.73
BGBC tC/ha 2.64 7 1.3 -0.54-5.81
Necromass tC/ha 3.39 2 2.27 -31.15-37.93
Soil (0—100 cm) tC/ha 259.08 6 90.53 26.37-491.8
Soil (0-300 cm) tC/ha 562.36 10 50.2 448.81-675.91
Soil CO; Fluxes tCOx/ha/year 23.81 30 1.4 -0.40-48.02
Soil CH4 Effluxes tCOy/ha/year 2.02 20 0.68 -1.11-5.16
Soil N,O Effluxes kgCOy/ha/year n/a 9 0.16 n/a
Soil carbon burial tC/ha/year n/a 7 2.25 n/a
Degraded Mangrove AGBC tC/ha 20.98 8 6.05 6.68-35.28
BGBC tC/ha 6.01 6 1.43 2.34-9.67
Necromass tC/ha 24.34 7 6.67 8.03-40.65
Soil (0-100 cm) tC/ha 215.66 13 38.07 132.7-298.62
Soil (0-300 cm) tC/ha 665.59 6 13249 325.02-1006.15
Soil CO; Effluxes tCOy/ha/year n/a 4 7.61 -

w

Soil CH4 Effluxes tCOy/ha/year 4.18 0.73 -0.63-8.99
Soil N,O Effluxes kgCOy/ha/year n/a 9 0.16 -

Soil carbon burial tC/ha/year 1.22 n/a n/a 0.39-2.05
Regenerated Mangrove AGBC tC/ha 58.06 31 8.17 132.7-298.62
BGBC tC/ha 15.8 26 3.77 8.04-23.55
Necromass tC/ha 13.49 18 2.52 8.18-18.81
Soil (0—100 cm) tC/ha 296.41 27  20.11  255.07-337.75
Soil (0-300 cm) tC/ha 803.03 15 48.76  698.45-907.61
Soil CO; Effluxes tCOy/ha/year 13.49 n/a n/a 2.39-24.6
Soil CH4 Effluxes tCOy/ha/year n/a 4 1.51 -
Soil N,O Effluxes kgCOy/ha/year n/a n/a n/a -
Soil carbon burial tC/ha/year 1.67 8 0.35 0.87-2.46
Undisturbed Mangrove AGBC tC/ha 101.67 114  4.79 92.18-111.16
BGBC tC/ha 28.7 98 1.65 25.42-31.98
Necromass tC/ha 1447 63 1.22 12.03-16.9
Soil (0-100 cm) tC/ha 258.44 34 32.4 192.53-324.36
Soil (0-300 cm) tC/ha 916.42 75 47.6  821.57-1011.28
Soil CO; Effluxes tCOy/ha/year 7.87 7 4.54 5.00-10.74
Soil CH4 Effluxes tCOy/ha/year 0.98 n/a n/a -0.44-2 .4
Soil N,O Effluxes kgCOy/ha/year -0.12  n/a n/a -0.48-0.25
Soil carbon burial tC/ha/year 3.2 5 0.29 -2.28-8.69

Notes: AGBC is above-ground biomass carbon, and BGBC is below-ground biomass carbon.

473



Rahadian et al. (2026) Jurnal Sylva Lestari 14(3): 469-495

Table 2. Summary of CO: removal and carbon accumulation (autochthonous and allochthonous)
in mangrove ecosystems

Age MALI planting MALI natreg Rate Autochthonous Rate Allochthonous
(year) (tCO2¢/individual) (tCO2e/individual) (tC/ha/year) (tC/halyear)

0 0 0 0 0.00
1 0.00052 0.00003 0.11 0.22
2 0.00066 0.00013 0.21 0.44
3 0.00076 0.00030 0.32 0.66
4 0.00086 0.00054 0.43 0.88
5 0.00097 0.00085 0.53 1.10
6 0.00103 0.00124 0.64 1.32
7 0.00110 0.00171 0.75 1.54
8 0.00114 0.00225 0.85 1.75
9 0.00117 0.00287 0.96 1.97
10 0.00121 0.00356 1.07 2.19
11 0.00121 0.00434 1.17 2.41
12 0.00121 0.00519 1.28 2.63
13 0.00121 0.00612 1.39 2.85
14 0.00121 0.00714 1.49 3.07
15 0.00117 0.00823 1.60 3.29
16 0.00117 0.00940 1.71 3.51
17 0.00114 0.01066 1.81 3.73
18 0.00114 0.01199 1.92 3.95
19 0.00110 0.01341 2.03 4.17
20 0.00107 0.01490 2.13 4.39
21 0.00103 0.01648 2.24 4.61
22 0.00100 0.01815 2.35 4.83
23 0.00097 0.01989 2.45 5.04
24 0.00093 0.02172 2.56 5.26
25 0.00090 0.02363 2.67 5.48
26 0.00086 0.02562 2.77 5.70
27 0.00083 0.02770 2.88 5.92
28 0.00079 0.02986 2.99 6.14
29 0.00076 0.03210 3.09 6.36
30 0.00072 0.03443 3.20 6.58

Notes: MAI is the mean annual increment, and natreg is natural regeneration.

We also combined tidal flat data (Murray et al. 2019), impervious surface data (Huang et al.
2021), an aquaculture map by Clark Labs (Eastman et al. 2015), a land-cover map (Vancutsem et
al. 2021), and a land-use map (Potapov et al. 2022), as additional information to improve the
classification results produced by GEE. Furthermore, quality assurance was conducted to ensure
the resulting maps were free of pixel noise.

Accuracy assessment was conducted using approximately 1,000 equalized, stratified random
points for validation. Classification results were evaluated using an error matrix that compared
classification or delineation outcomes with survey reference points. The accuracy measures
applied included producer’s, user’s, overall, and Kappa accuracy (Foody 2020). We captured
ecosystem dynamics using three categories based on the main ecosystem classes: intertidal,
terrestrial, and marine. From these categories, a transition matrix was generated to assess accretion
and erosion rates.

2.3.2. Mangrove changes and intertidal dynamic proxies

From the multitemporal land cover data, the derived proxies for mangrove ecosystem
changes were divided into two categories: (1) Proxies of mangrove-cover changes, representing
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the floristic diversity of mangroves within intertidal ecosystems. Mangrove cover was derived
from land-use/cover maps, and the analysis of mangrove cover transitions revealed three major
categories of change: mangrove deforestation, degradation and reforestation. However, the main
class used in further analysis was the mangrove deforestation rate. (2) Proxies of intertidal changes,
referring to multitemporal changes in landscapes with substrates that support the growth of
mangrove vegetation (intertidal accretion and erosion).

The study area was pre-defined prior to the analysis; therefore, the selection of intervention
locations was not based on spatial prioritization using land-change indicators such as deforestation
rates, erosion, or accretion patterns. Instead, these indicators were used to characterize the
ecological dynamics in the study area and to support parameterization of the scenario analysis.
The historical deforestation rate was specifically used as a proxy to estimate baseline emissions
under the Reducing Emissions from Deforestation and Degradation (REDD) intervention scenario.
In addition, coastal erosion and accretion were assessed to understand shoreline dynamics and
sediment processes influencing mangrove extent and stability. Erosion indicates the potential loss
of mangrove area and associated carbon stocks, while accretion reflects opportunities for natural
expansion and carbon sequestration.

2.3.3. Baseline emissions and intervention scenarios

The baseline is defined as the condition expected to occur in the absence of project
intervention. In contrast, intervention scenarios are activities currently underway or planned to
mitigate climate change, as well as projections of future GHG emissions used to assess future
vulnerability to climate change (Michaelowa et al. 2022). A critical component of these scenarios
is additionality, which refers to project benefits that would not occur without project intervention
(Zeng et al. 2021).

In this study, the potential climate change mitigation category in the mangrove ecosystem
consists of all possible categories of GHG reduction activities, including REDD, afforestation,
reforestation and revegetation (ARR), conservation of intact wetlands (CIW), and restoration of
wetland ecosystems (RWE) as a part of Wetland Restoration and Conservation (WRC).

The REDD concept was originally a proposal to provide financial incentives to help
developing countries voluntarily reduce national deforestation rates and associated carbon
emissions below a baseline based on historical reference cases or future projections (Ehara et al.
2021). In the context of the mangrove ecosystem, REDD is one way to prevent and stop
deforestation and degradation and will involve participation from the forestry, agriculture and
aquaculture sectors.

Afforestation, reforestation, and revegetation (ARR) refers to activities aimed at increasing
carbon stocks in woody biomass by building, improving and/or restoring forest cover through
planting and/or natural regeneration of vegetation. Afforestation is an effort to improve land with
non-forest cover caused by humans directly returning it to forested land through activities such as
planting, nurseries, and promoting natural seed sources to form a new forest ecosystem (Cho et al.
2025). Reforestation generally refers to the process of replanting trees in areas where forests were
previously lost, largely due to deforestation (Mohan et al. 2021). Revegetation is the replanting
and rebuilding of disturbed land by natural processes, through plant colonization and succession,
or through human intervention, an accelerated process designed to repair damage to the landscape
from forest fires, mining, flooding, or other causes (Yuwati et al. 2021).
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WRC is a category of activities covering various wetland areas, including mangrove forests,
tidal wetlands, freshwater marshes, saltwater marshes, seagrass beds, floodplains, peatlands and
other potential areas (Needelman et al. 2018). These activities are expected to result in reductions
and elimination of GHG emissions through increasing biomass (Ledheng et al. 2022), increasing
native soil organic carbon, reducing methane and/or nitrous oxide emissions due to increased
salinity or land-use change, and reducing carbon dioxide emissions due to soil carbon loss (Adame
et al. 2024; Arai et al. 2021).

RWE encompasses activities that reduce GHG emissions or enhance carbon sequestration in
degraded wetlands through restoration activities. These activities include improving, creating,
and/or managing hydrological conditions, sediment supply, salinity characteristics, water quality,
and/or native plant communities (Messer et al. 2019). CIW includes activities that reduce GHG
emissions by avoiding degradation and/or conversion of intact or partially modified wetlands while
maintaining their natural functions, including hydrological conditions, sediment supply, salinity
characteristics, water quality and/or native plant communities (Ma et al. 2025). The combination
of mangrove blue carbon interventions and categories is summarized in Fig. 2.

Baseline Scenario Intervention Scenario Category

Pre-condition Land Use

{ \ 4.[ Non-Forest

Avoided drainage and/or interrupted sediment supply

aw

Avoided conversion to open/ impounded water
(including excavation to create fish ponds)

.

Avoided drainage and/or interrupted sediment supply

Intact Ecosystem Forest

Avoided conversion to open/ impounded water

CIW+REDD

Avoided drainage and/or interrupted sediment supply
and avoided deforestation/degradation

Forest with
Deforestation/Degradation

Avoided conversion to open/ impounded water and
avoided deforestation/degradation

N/

B — w—  w—  —  w

)
)
)
)
)
)
)
)
)
J
)

R e R

/ \ Non-Forest
Restoring wetlands and revegetation or conversion to -
o e vesstall : RWE+ARRplanting ]
Degraded Mangrove
- Restoring wetlands RWE J
Forest with
\\ / Deforestation/Degradation
Restoring wetlands and avoided deforestation RWE+REDD J
' ~N Creation of wetland conditions and afforestation,
Non-Forest reforestation, or revegetation (natural regeneration
mainstream)
Open Water RWE+ARRnatreg
Creation or restoration of conditions for
Open/ impounded water afforestation, reforestation, or revegetation (natural
\_ S regeneration mainstream)

Fig. 2. Flowchart of the mangrove blue carbon interventions and categories. Notes: Degraded
mangrove refers to areas that are drained, impounded, or experiencing interrupted sediment
supply; non-forest includes aquaculture, shrublands, and grasslands. Abbreviations: ARR
(afforestation, reforestation, and revegetation); CIW (conservation of intact wetlands); REDD
(reducing emissions from deforestation and forest degradation); RWE (restoration of wetland
ecosystems).

In REDD interventions, the stock-difference method is predominantly applied. This
approach is appropriate because the primary objective of REDD interventions is to prevent the loss
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of forest carbon stocks from deforestation and forest degradation. Within this framework,
emissions are estimated as the difference in carbon stocks between the initial and projected
conditions following land-cover change under both the baseline and project scenarios.
Accordingly, the stock-difference approach enables the estimation of avoided emissions by
comparing the carbon stock that would be lost under a non-intervention scenario with the carbon
stock maintained under the REDD intervention scenario.

In contrast, ARR interventions are more appropriately assessed using the gain-loss method,
as the dominant process involved is the accumulation of carbon through vegetation biomass
growth. In this approach, changes in carbon stocks are estimated by quantifying biomass gains
over time, reflecting tree and vegetation growth, while accounting for potential carbon losses from
mortality, harvesting, or ecosystem disturbances. The gain-loss method, therefore, enables the
estimation of carbon sequestration rates associated with planting activities or vegetation recovery
in areas that were previously non-forested or have been degraded.

For WRC interventions, which include CIW and RWE, carbon accounting generally requires
an integrated application of both the stock-difference and gain-loss approaches. In CIW activities,
the primary objective is to prevent the loss of carbon stocks stored within intact wetland
ecosystems. Consequently, the stock-difference method is used to estimate avoided emissions
resulting from preventing wetland degradation or land-use conversion. Conversely, in RWE
activities focused on the recovery of previously degraded wetland ecosystems, the gain-loss
approach is used to estimate the increase in carbon stocks associated with vegetation regeneration
and the restoration of ecosystem functions. This integrated approach enables a more
comprehensive assessment of both avoided emissions and carbon sequestration in wetland
restoration and conservation interventions.

2.3.4. Multi-intervention scenarios on carbon credits simulation

We combined several possible intervention scenarios that can be simulated in the study area
to maximize emission reduction performance, including CIW+REDD, RWE+ARRplanting, and
RWE+ARRnatreg. In the CIW+REDD intervention category, emissions were calculated based on
several main components: above-ground biomass (AGB) losses, below-ground biomass (BGB)
losses, and the flux of soil organic carbon (SOC) released in the form of CO2, CHa, and N2O as a
result of mangrove deforestation (change of mangrove to ponds). In the CIW+REDD intervention
scenario, we assumed a gradual 10% reduction in the deforestation rate per year, achieving 95%
performance by the 10th year.

The RWE+ARRplanting intervention category represents a strategic approach in climate
change mitigation, degraded land rehabilitation, and restoration of critical ecosystems, including
coastal ecosystems such as mangroves. RWE is technically a hydrological improvement in pond
areas with an ecological mangrove rehabilitation approach (Ellison et al. 2020; van Bijsterveldt et
al. 2022). The ARRplanting intervention in this context is a mangrove-planting intervention. The
main objective of this intervention is to restore ecological functions and environmental services
lost due to the conversion of mangroves into ponds, while optimizing socio-economic benefits. In
the ARRplanting scenario, we simulated planting carried out until the 10th year by dividing the
remaining intertidal aquaculture area into ten blocks. We assumed that survival rates were not
explicitly accounted for during the initial planting phase. This assumption was adopted because
the project is designed as a long-term intervention, allowing replanting (gap filling) to replace
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seedlings that fail to establish or die during the early stages of planting. Consequently, potential
early-stage mortality was considered manageable through adaptive management and subsequent
replanting activities over the course of the project implementation period.

In the RWE+ARRnatreg category, the baseline represents a condition in which the project
area continues to experience coastal erosion, serving as a proxy for the historical erosion rate. In
contrast, the intervention scenario targets adjacent water areas with the potential to become new
land through accretion. Once formed, these newly accreted areas are protected and allowed to
undergo natural mangrove regeneration (ARRnatreg).

The Ecological Engineering (EE) approach in mangrove ecosystems is an ecological design
strategy that applies ecological principles to design, rehabilitate, or engineer mangrove
ecosystems, aiming to sustain ecological functions and ecosystem services (Gijsman et al. 2021).
This approach integrates the disciplines of ecology, civil engineering, and coastal governance to
restore the natural structure and functions of mangrove ecosystems, including biodiversity,
productivity, and climate change mitigation capacity. It aims to reduce disaster risks such as
coastal erosion, shoreline retreat, and tidal flooding through the use of nature-based solutions,
while enhancing socio-ecological resilience, for example, by incorporating local community needs
into restoration or conservation design (van Zetten et al. 2023).

2.3.5. Potential net emission reduction

Potential Emission Reduction (ER) is calculated using Equation 1, Net Emission Reduction
(NER) using Equation 2, and Tradable Units using Equation 3 (Verra 2024). The estimation of ER
utilizes a Tier 3 approach based on site-specific biomass data; leakage and risk buffers must also
be accounted for. Leakage occurs when an action that reduces emissions in one place increases
emissions elsewhere (Filewod and McCarney 2023). Ideally, leakage should be quantified using
activity-shifting or market-leakage models. However, due to the absence of detailed activity-
displacement information in the study area, site-specific leakage could not be directly modeled.
Instead, to maintain a conservative approach, a standard default leakage rate of 10% was applied
to the ER, and a subsequent 10% risk buffer was deducted from the NER.

ER = AGHGbaseline - AGHGinwrvention (1)
NER = ER — Leakage 2)
Tradable Units = NER — Risk Buffer 3)

where ER is Emission Reductions (tCO-ze), NER is Net Emission Reductions (tCOze), Leakage is
the deduction applied to account for emissions displaced outside the project boundary (tCO-e),
Risk Buffer is the deduction applied to account for non-permanence risk (tCOze), AGHGbaseline
is the GHG emissions of baseline scenarios (tCOze), and AGHGintervention is the GHG emissions
of intervention scenarios (tCO:z¢).

3. Results and Discussion
3.1. Accuracy Assessment

The classification of land-use/cover types has proven reliable and stable over five decades,
with most classes exhibiting high accuracy (Table 3). This sustained reliability reflects the
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method’s effectiveness in distinguishing a wide range of land cover types, including more complex
categories such as mixed agricultural systems and mangrove vegetation with varying densities.

Table 3. Summary of accuracy assessment for land-use/cover classification

a 1970 1990 1995 2000
% TPA UA OA KA PA UA OA KA PA UA OA KA PA UA OA KA
1 100 93.0 100 901 100 944 100 90.1
2 80.8 887 9.7 958 946 986 922 100
3 93.1 944 945 972 971 93.0 971 958
4 98.5 944 100 100 98.6 100 100 100
5 972 972 100 100 100 100 973 100
6 947 100 100 972 973 100 100 986
7 959 986 973 100 100 98.6 100 100
. oo loo 967 964 oo 0981 979 o 0 987 986 . o0 972 970
9 100 100 100 100 100 100 100 100
10 100 100 100 986 100 986 983 803
1 100 915 947 100 947 100 959 986
12 986 972 972 986 100 100 100 986
13 986 100 100 98.6 100 986 100 100
14 986 986 100 972 100 100 100 986
a 2005 2010 2015 2020
™ TPA UA OA KA PA UA OA KA PA UA OA KA PA UA OA KA
1 100 915 986 9538 100 944 100 9538
2 92.1 986 959 986 946 986 946 986
3 985 915 985  93.0 972 972 958 958
4 986 986 986 98.6 932 958 922 100
5 100 100 986 98.6 971  93.0 100 972
6 100 986 100 100 100 100 100 100
7 100 100 100 100 100 100 100 100
. oo 100 64 961 oo 985 984 oo 985 984 o 984 983
9 100 100 100 100 100 100 100 100
10 100 76.1 100 100 100 100 100 100
1 80.5 986 933 986 973 100 98.6 98.6
12 875 986 972 98.6 100 100 98.5 944
13 986 986 986 98.6 100 100 986 98.6
14 100 986 100 986 100 100 100 986

Notes: 1: Forest, 2: Mixed garden, 3: Shrubs, 4: Mixed agriculture, 5: Agriculture, 6: Aquaculture, 7: Built-up area, 8: Sea/water
body, 9: Other islands, 10: Open land, 11: Mangrove herbaceous, 12: Mangrove forest 1, 13: Mangrove forest 2, 14: Mangrove
forest 3. PA: producer accuracy, UA: user accuracy, OA: overall accuracy, KA: kappa accuracy

3.2. Mangrove Changes and Intertidal Dynamic Proxies

Regions characterized by severe mangrove deforestation and intense coastal erosion are
critical priorities for climate-mitigation interventions, including protection and restoration efforts.
These priorities are reflected in the spatial dynamics observed along the northern coast of Java,
where total gross mangrove deforestation reached 46,034 ha between 1970 and 2020. During this
period, the estimated annual rates of mangrove deforestation, intertidal erosion, and accretion were
514 ha/year, 705 ha/year, and 916 ha/year, respectively (Table 4). Notably, deforestation
accelerated between 2005 and 2020, driven primarily by extensive losses in the fringe and interior
zones.

Table 4. Rates of mangrove changes

Changes 1970 1990 1995 2000 2005 2010 2015 Mean
-1990 -1995 -2000 -2005 2010 2015 -2020 =+SD (ha/year)
Deforestation 1,870 171 465 279 159 181 472 514 +£ 613
Accretion 691 658 977 587 944 1,331 1,226 916 + 288
Erosion 555 167 823 560 887 917 1,026 705 +£ 297
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The average deforestation rate is used as a proxy for the deforestation rate to quantify the
potential for emission reductions. The deforestation rate proxy used in this study aggregates both
planned and unplanned deforestation. Unplanned deforestation can result from socio-economic
forces driving alternative forest land uses, as well as from the failure of institutions to regulate
these activities (Dwiprabowo et al. 2014). Poor law enforcement and a lack of property rights can
lead to piecemeal conversion of forest land. Unplanned deforestation activities can include
subsistence farming or illegal logging that occurs either on public lands legally designated for
timber production or on poorly managed or degraded public or communal lands (Angi and Wiati
2017). Deforestation patterns can result from the expansion of roads and other infrastructure into
forest areas, which can increase forest access and lead to increased encroachment by human
populations, such as through subsistence farming and firewood collection on previously
inaccessible forest lands (Tun et al. 2021).

Planned deforestation can include a variety of conversion activities to non-forest land. These
include national transmigration programs from non-forested areas to forested areas (Santika et al.
2017), a national plan to reduce forest areas and convert them to industrial-scale commodity
production, where the converted land will not qualify as forest land (Tsujino et al. 2016), and forest
conversion plans for urban and infrastructure development (Teo et al. 2020).

Fig. 3a shows a notable escalation in mangrove deforestation between 2005 and 2020,
marking the most critical phase of degradation during the observed timeframe. During this period,
deforestation expanded more aggressively into both fringe and interior mangrove zones,
suggesting an intensifying trend driven by expanding aquaculture, coastal development, and
altered hydrological conditions. This acceleration underscores the urgent need for targeted
conservation and restoration actions to curb further losses and stabilize the remaining mangrove
ecosystems along the northern coast of Java. Furthermore, Fig. 3b indicates that while certain
areas experienced natural land gain, the overall trajectory of mangrove loss remains significant,
highlighting the combined pressures of human land-use change and coastal geomorphic processes.
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Fig. 3. Graph of mangrove changes (a) and intertidal changes (b).
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3.3. Mangrove Extent and Intervention Design

By 2025, the remaining mangrove forests along the northern coast of Java covered an
estimated 20,035 ha (Fig. 4), representing the fragments of natural habitats that have persisted
amid decades of land conversion and intensive coastal development. In contrast, tidal wetland
areas that have been transformed into aquaculture ponds occupied a substantially larger extent,
totaling 153,951 ha. This stark difference illustrates the magnitude of mangrove loss in the region
and highlights the dominance of pond-based land use within the coastal landscape. The spatial
imbalance between intact mangroves and converted ponds underscores the coastal vulnerability
(Sagala et al. 2024).

Legend

@ Mangrove Cover

Javalsland - Intertidal Aquaculture

Fig. 4. Distribution of mangrove cover and intertidal aquaculture in 2025.

For the scenario analysis, we categorized these spatial units according to their suitability for
different intervention pathways. The remaining mangrove forest patches were allocated to the
CIW+REDD scenario, reflecting their role as priority areas for conservation, improved
management, and avoided deforestation measures. The extensive aquaculture ponds were
designated for the RWE+ARRplanting scenario, acknowledging their biophysical potential for
active restoration and replanting to recover above-ground biomass and carbon stocks. Meanwhile,
areas exhibiting natural land accretion, typically formed through sediment deposition processes,
were assigned to the RWE+ARRnatreg scenario, where passive or assisted natural regeneration is
considered the most ecologically and economically feasible approach. Together, these allocations
form the basis for assessing the region’s blue carbon mitigation potential under differentiated
intervention strategies.

The extensive footprint of aquaculture ponds presents both challenges and opportunities for
intervention. Many abandoned or low-productivity ponds have altered hydrological regimes,
reduced sediment connectivity, and elevated soil salinity, which can impede natural regeneration
if left unmanaged. However, these areas also represent the largest potential zones for large-scale
mangrove rehabilitation, particularly through strategies such as ecological mangrove restoration
(EMR), hydrological reconnection, and managed realignment. Prioritizing intervention areas
within these pond-dominated landscapes can significantly enhance the carbon sequestration
potential while simultaneously strengthening coastal resilience. Understanding the spatial
distribution of mangrove remnants and degraded pond systems is therefore essential for designing
effective blue carbon interventions across the northern Java coastline.
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3.4. Potential Emission Reduction

We applied the REDD+CIW scenario intervention category to mangrove forests. In the
REDD+CIW category, we simulated average baseline emissions from unplanned deforestation
schemes over 30 years, resulting in 412,069 tCOze/year from AGB and BGB losses and
aquaculture SOC fluxes (i.e., CO2, CHa4, and N20). Ex-ante deforestation-reduction interventions
result in an average emission reduction of 27,579 tCO.e/year. In addition, the reduction in the
deforestation rate leads to increases in autochthonous and allochthonous carbon, which store an
average of 75,437 tCOze/year. The average potential net emission reduction in the REDD+CIW
category is 459,927 tCO.e/year. By the 30th year of this scenario, the total potential ER
performance reaches 14,257,740 tCOz¢ (Fig. 5a).
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Fig. 5. Graph of cumulative value of net emission reduction from the CIW+REDD (a),
RWE+ARRplanting (b), and RWE+ARRnatreg (c) scenarios, and cumulative potential multi-
intervention ER (d).
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The extent of the remaining mangrove forest and the rate of deforestation are key in this
scenario, as both directly determine the magnitude of potential emission reductions achievable
(Ekawati et al. 2019). The larger the area of intact mangroves and the higher the deforestation
pressure, the greater the potential emission reductions. Therefore, protecting the remaining
mangroves is critical to maintaining high carbon stocks, preventing large emissions, and
maximizing the climate-mitigation benefits of this ecosystem.

The second scenario is the RWE+ARRplanting scenario for intertidal and aquaculture ponds.
In the RWE+ARRplanting category, the average baseline emission is 3,848,351 tCOze/year due
to maintaining existing ponds; this value also represents emissions that can be avoided if RWE
interventions are carried out in the form of hydrological improvements in pond areas with the
ecological mangrove rehabilitation approach (Ellison et al. 2020; Lewis 2005; Lewis and Brown
2014). ARRplanting contributes to carbon absorption of 1,427,209 tCOze/year over 10 years of
gradual planting, in addition to producing autochthonous carbon of 93,328 tCOze/year; the average
potential total emission reduction is 4,900,673 tCOze/year. In the 30th year, the
RWE+ARRDplanting scenario cumulatively produced a total potential ER of 147,020,181 tCO2e
(Fig. 5b).

Restoring natural tidal flows reestablishes the biophysical conditions necessary for
successful mangrove planting (van Bijsterveldt et al. 2020). Without hydrological improvement,
rehabilitation efforts often fail because mangrove seedlings lack the water, sediment, and nutrient
supplies their habitat requires (Twomey et al. 2024). Therefore, appropriate hydrological
engineering is fundamental to ensuring optimal planting interventions.

Hydrological restoration not only increases the success rate of planting but also accelerates
the recovery of the overall functioning of the mangrove ecosystem. Once hydrological
connectivity is restored, critical ecological processes such as sedimentation, substrate formation,
and the influx of natural propagules resume (Li et al. 2025). These processes create suitable
environmental conditions that facilitate natural mangrove recruitment and allow species to
establish according to their ecological niches along tidal gradients. As a result, natural regeneration
often leads to higher survival rates and more structurally diverse mangrove stands compared with
planting-based rehabilitation, which frequently relies on a limited number of species and may not
fully match local environmental conditions. This naturally driven recovery enables former pond
areas to resume functioning as productive mangrove ecosystems with high carbon storage
potential. Previous studies have shown that mangrove restoration strategies based on hydrological
restoration tend to produce more stable ecosystem recovery (Ellison et al. 2020; Lewis 2005; Lewis
and Brown 2014). Therefore, hydrological improvement is a strategic element for achieving the
maximum climate-mitigation outcomes in the RWE+ARRplanting scenario.

The third scenario, RWE+ARRnatreg, was designed to avoid soil loss and increase accretion
areas. Under this scenario, the estimated carbon dynamics consisted of avoided soil-loss emissions
of 353,223 tCO.e/year, SOC sequestration of 474,345 tCO.e/year, allochthonous carbon from
SOC of 12,095 tCOae/year, CO2 removal through natural regeneration of 2,421,690 tCO-e/year,
autochthonous carbon from mangrove forests of 5,555 tCO.e/year, and allochthonous carbon from
mangrove forests of 2,830,747 tCO.e/year. The average total potential emission reduction reached
3,290,103 tCOqe/year. By year 30, the RWE+ARRnatreg scenario cumulatively generated a total
potential ER of 98,703,079 tCO:ze (Fig. 5c¢).

The potential for emission reductions from natural regeneration strategies is higher than that
from planting, as noted by Li et al. (2025). These results underscore the importance of natural
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regeneration strategies in regional, national, and global restoration agendas. Soil carbon
sequestration consistently contributes significantly, underscoring the critical role of mangrove
soils in long-term organic carbon storage (Sasmito et al. 2020).

Furthermore, the contribution of allochthonous SOC, which is carbon transported from
outside the system and accumulated in the soil, indicates the presence of external organic inputs,
such as carbon-rich sediments from rivers or tides (Xiong et al. 2018). Meanwhile, naturally
growing mangrove vegetation contributes gradually over time (Fickert 2020; Teutli-Hernandez et
al. 2019). Autochthonous carbon, derived from local mangrove biomass growth, increases linearly
following the accumulation of above-ground biomass growth (Hu et al. 2022). The contribution of
allochthonous carbon, which represents the input of organic matter from outside the area through
natural processes, will also continue to increase until the end of the period.

The multi-intervention scenario simulation resulted in an average annual emission reduction
of 8,666,033 tCOze/year, with a total ER of 259,981,000 tCOze in year 30 (Fig. 5d). These
estimates suggest that a multi-intervention approach could yield higher mitigation outcomes than
restoration initiatives relying on a single intervention strategy. However, these results should be
interpreted as modeled projections under the assumptions of the scenario analysis rather than
demonstrated project performance.

Compared to other ecosystems (e.g., drylands and peatlands), mangrove ecosystems exhibit
a more complex balance of carbon dynamics. (Ali et al. 2025). The carbon dynamics of mangrove
ecosystems are influenced by interconnected water, sediment, and biomass balances (Zhu and Yan
2022). Consequently, mangrove protection and restoration will significantly contribute to climate
change mitigation (Arifanti et al. 2022; Novita et al. 2022). Over 30 years, the contribution of the
mangrove ecosystem to greenhouse gas emission reductions in design simulations comes from
three main sources: soil carbon sequestration, carbon sequestration from planted vegetation, and
carbon sequestration from natural regeneration. A summary of annual projections of total emission
reductions (ER), net emission reductions (NER), and tradable carbon units over 30 years is
presented in Table 5.

REDD-+CIW, in practice, is an effort to protect remaining mangrove forests, accounting for
only 5% of the total potential net emission reductions. Although this percentage may seem lower
than in other intervention scenarios, it is a direct result of lower deforestation rates in Java
compared to in other regions (Arifanti et al. 2021). Due to the vast pond area on the northern coast
of Java, the hydrological improvement and planting scenarios under the RWE+ARRplanting
interventions account for 57% of the total potential reductions. The availability of land for this
intervention may decrease as urban areas in the Java region continue to grow (Fajary et al. 2024).

Meanwhile, RWE+ARRnatreg, with its coastal erosion-prevention approach and habitat
creation (land gain) through the mainstreaming of natural regeneration, accounts for 38% of the
total potential net emission reductions. This intervention holds significant potential when linked
to mangrove protection in the estuarine delta region on the northern coast of Java. The coastal
typology of the estuarine delta offers significant potential for carbon storage (Kusumaningrum and
Haryono 2020; Sidik et al. 2016; Soebowo et al. 2023) and continues to expand due to high
sedimentation rates (Murdiyarso et al. 2022).

Achieving the emission-reduction targets in mangrove ecosystems certainly requires
commitment and discipline at each phase, along with a combination of prohibition policies on
conversions, strengthened area monitoring, community empowerment, and incentives (Sasmito et
al. 2023). Technically, the scenario consists of three phases: The Initiation Phase (Years 0—10)
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focuses on strengthening area governance, administrative protection, and awareness campaigns,
alongside a targeted reduction in deforestation rates compared to the baseline. The Consolidation
Phase (Years 11-20) involves implementing participatory monitoring, improving tenure certainty,
and integrating carbon incentives to achieve increased emission-reduction targets relative to the
baseline. Finally, the Stabilization Phase (Years 21-30) is expected to reduce deforestation to near-
zero (zero net deforestation) while achieving social and ecosystem co-benefits.

Table 5. Annual projections of total emission reductions (ER), net emission reductions (NER),

and tradable carbon units over 30 years
CIW+REDD RWE+ARRplanting RWE+ARRnatreg Total ER Total NER  Tradable Unit

Year (tCOze) (tCOze) (tCOze) (tCOze) (tCO:e) (tCOze)
0 0 0 0 0 0 0

| 238,903 488,357 853,677 1,580,937 1,422,843 1,280,559
2 260,128 999,294 859,564 2,118,986 1,907,087 1,716,378
3 287,800 1,527,165 871,729 2,686,693 2,418,024 2,176,222
4 315,396 2,071,970 892,875 3,280,241 2,952,217 2,656,995
5 336,393 2,633,711 925,758 3,895,862 3,506,276 3,155,648
6 353,269 3,206,741 968,542 4,528,551 4,075,696 3,668,126
7 366,773 3,791,060 1,026,950 5,184,784 4,666,305 4,199,675
8 380,058 4,381,025 1,103,556 5,864,639  5278,175 4,750,358
9 393,330 4,976,634 1,200,955 6,570,919  5913,827 5,322,444
10 406,601 5,577,889 1,321,759 7306249 6,575,624 5,918,062
1 419,873 5,696,807 1,452,409 7,569,089 6,812,180 6,130,962
12 433,145 5,793,146 1,608,559 7,834,850 7,051,365 6,346,229
13 446,417 5,872,550 1,792,578 8,111,545 7,300,390 6,570,351
14 459,688 5,935,020 2,006,845 8401,554 7,561,399 6,805,259
15 472,960 5,974,911 2,253,754 8,701,624 7,831,462 7,048,316
16 486,232 6,003,511 2,500,598 8,990,341 8,091,307 7,282,176
17 499,503 6,015,177 2,780,217 9,294,897 8365408 7,528,867
18 512,775 6,021,198 3,094,728 9,628,702 8,665,832 7,799,249
19 526,047 6,015,930 3,446,261 9,988,238 8,989,414 8,090,473
20 539,319 5,999,372 3,836,950 10,375,640 9,338,076 8,404,268
21 552,590 5,977,169 4,207,380 10,737,139 9,663,425 8,697,082
2 565,862 5,949,321 4,615,050 11130232 10,017,209 9,015,488
23 579,134 5,915,828 5,061,807 11,556,769 10,401,092 9,360,983
24 592,405 5,876,690 5,549,504 12,018,600 10,816,740 9,735,066
25 605,677 5,837,552 6,079,999 12,523229 11270906 10,143,815
26 618,949 5,792,770 6,559,478 12,971,197 11,674,077 10,506,669
27 632,221 5,747,987 7,077,730 13,457,038 12,112,144 10,900,930
28 645,492 5,697,560 7,636,317 13,979369 12,581,432 11,323,289
29 658,764 5,647,132 8,236,800 14,542,696 13,088427 11,779,584
30 672,036 5,596,705 8,880,748 15,149,489 13,634,540 12,271,086
Total 14,257,740 147,020,181 98,703,079 259,981,000 233,982,900 210,584,610
I;’:::n/ 475,258 4,900,673 3,290,103 8,666,033 7,799,430 7,019,487
% 5 57 38 100

Notes: CIW (conservation of intact wetlands), REDD (reducing emissions from deforestation and forest degradation), RWE
(restoration of wetland ecosystems), ARR (afforestation, reforestation, and revegetation), ER (emission reductions), NER (net
emission reductions). Planting and natreg indicate planting-based rehabilitation and natural regeneration, respectively.

3.5. Comparison of Intervention Scenarios

The REDD+CIW intervention, implemented across 20,035 ha, yields an average ER of
475,258 tCO2¢e/year, equivalent to approximately 24 tCOze/ha/year. This relatively low per-hectare
value is expected for avoided-deforestation interventions, which primarily prevent further carbon
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losses rather than generating substantial new carbon sequestration. Consequently, although the
overall ER is meaningful, its mitigation intensity is the lowest among the three pathways.

In contrast, the RWE+ARRplanting scenario, covering a much larger area of 153,951 ha,
produces a mean ER of 4,900,673 tCOze/year, or 32 tCOz¢e/ha/year. This substantially higher per-
hectare reduction reflects the strong carbon accumulation associated with active mangrove
restoration on former pond systems, where degraded substrates enable rapid biomass recovery
when hydrological conditions are restored.

The RWE+ARRnatreg pathway, despite covering a comparatively smaller area of 27,488
ha, provides 3,290,103 tCO:e/year, with the highest per-hectare mitigation rate of 120
tCOz¢e/ha/year. This exceptionally high value is characteristic of natural regeneration on newly
accreted lands, where carbon gains are driven by rapid sediment deposition and natural mangrove
colonization, resulting in accelerated below-ground and soil carbon accumulation. The average
potential ERs by intervention category are shown in Table 6.

Table 6. Comparison of average potential ERs by multi-intervention categories

Potential ERs REDD+CIW RWE+ARRplanting RWE+ARRnatreg
Mean ER (tCOe/year) 475,258 4,900,673 3,290,103
Intervention area* (ha) 20,035 153,951 27,488
Mean ER (tCOse/ha/year) 24 32 120
Performance Ratio 1 1 5

Note: * Predicted land gain over 30 years.

Based on the performance ratios presented in Table 6, the net emission reduction ratios for
the REDD+CIW, RWE+ARRplanting, and RWE+ARRnatreg interventions were 1:1:5,
respectively. Comparing emission-reduction values across intervention scenarios can help indicate
priority levels for encouraging climate change mitigation efforts, particularly in mangrove
ecosystems. Natural restoration and protection interventions that allow the passive regeneration of
mangrove vegetation can be a key driver of increased long-term carbon sequestration, especially
when combined with stabilizing mangrove soil carbon stores over time (Fickert 2020; Li et al.
2025; Teutli-Hernandez et al. 2019). Thus, the synergy between soil carbon stabilization and
natural vegetation restoration is a key pillar in achieving GHG mitigation targets.

3.6. Economic Valuation of Potential Carbon Credit

The potential emission reductions from multi-intervention scenarios provide the basis for
carbon credit valuations. Table 7 shows the economic value of carbon resulting from potential
tradable carbon units from mangrove ecosystems over 30 years under various international carbon
market price scenarios. In this study, we assumed several market value scenarios ranging from
USD 5 to USD 30, as in Zeng et al. (2021). This threshold is the value that has actually been
transacted in voluntary market-based offsets, especially in business-to-business mechanisms.

Potential tradable carbon units are calculated by subtracting the risk buffer from the NER.
The risk buffer represents a proportion of emissions set aside to account for uncertainties, including
activity-shifting leakage, market leakage, internal and external risks, natural risks, and potential
project failure over time (Fickert 2020; Nielsen et al. 2021). At the end of the 30th year, the total
potential tradable carbon units reached 210,584,610 tCO:e, corresponding to an average annual
volume of 7,019,487 tCO2e/year. Based on this volume, the potential economic value in the carbon
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market was estimated at USD 35,097,435/year at a carbon price of USD 5/tCO:e. This financial
estimate represents the verified net carbon value available for nature-based offsets or carbon
credits.

Table 7. Economic valuation of potential tradable carbon units under various carbon market
pricing scenarios

Tradable Carbon market pricing options (USD)
Year Unit
(tCO,¢) 5 10 15 20 25 30

0 0 - - - - - -

1 1,280,559 6,402,796 12,805,591 19,208,387 25,611,183 32,013,978 38,416,774
2 1,716,378 8,581,892 17,163,784 25,745,677 34,327,569 42,909,461 51,491,353
3 2,176,222 10,881,108 21,762,217 32,643,325 43,524,434 54,405,542 65,286,650
4 2,656,995 13,284,977 26,569,955 39,854,932 53,139,909 66,424,887 79,709,864
5 3,155,648 15,778,242 31,556,484 47,334,727 63,112,969 78,891,211 94,669,453
6 3,668,126 18,340,632 36,681,263 55,021,895 73,362,527 91,703,159 110,043,790
7 4,199,675 20,998,374 41,996,748 62,995,121 83,993,495 104,991,869 125,990,243
8 4,750,358 23,751,788 47,503,576 71,255,365 95,007,153 118,758,941 142,510,729
9 5,322,444 26,612,220 53,224,441 79,836,661 106,448,881 133,061,101 159,673,322
10 5,918,062 29,590,310 59,180,620 88,770,930 118,361,241 147,951,551 177,541,861
11 6,130,962 30,654,811 61,309,623 91,964,434 122,619,245 153,274,056 183,928,868
12 6,346,229 31,731,143 63,462,286 95,193,428 126,924,571 158,655,714 190,386,857
13 6,570,351 32,851,757 65,703,513 98,555,270 131,407,027 164,258,783 197,110,540
14 6,805,259 34,026,293 68,052,587 102,078,880 136,105,173 170,131,467 204,157,760
15 7,048,316 35,241,578 70,483,156 105,724,734 140,966,312 176,207,890 211,449,468
16 7,282,176 36,410,881 72,821,762 109,232,643 145,643,524 182,054,405 218,465,286
17 7,528,867 37,644,334 75,288,668 112,933,001 150,577,335 188,221,669 225,866,003
18 7,799,249 38,996,243 77,992,487 116,988,730 155,984,974 194,981,217 233,977,460
19 8,090,473 40,452,364 80,904,728 121,357,092 161,809,456 202,261,820 242,714,184
20 8,404,268 42,021,342 84,042,683 126,064,025 168,085,366 210,106,708 252,128,049
21 8,697,082 43,485,412 86,970,824 130,456,235 173,941,647 217,427,059 260,912,471
22 9,015,488 45,077,442 90,154,883 135,232,325 180,309,766 225,387,208 270,464,649
23 9,360,983 46,804,913 93,609,825 140,414,738 187,219,651 234,024,564 280,829,476
24 9,735,066 48,675,329 97,350,658 146,025,987 194,701,316 243,376,645 292,051,974
25 10,143,815 50,719,076 101,438,153 152,157,229 202,876,306 253,595,382 304,314,459
26 10,506,669 52,533,347 105,066,694 157,600,041 210,133,388 262,666,735 315,200,082
27 10,900,930 54,504,650 109,009,300 163,513,951 218,018,601 272,523,251 327,027,901
28 11,323,289 56,616,443 113,232,886 169,849,329 226,465,772 283,082,215 339,698,658
29 11,779,584 58,897,921 117,795,841 176,693,762 235,591,682 294,489,603 353,387,523
30 12,271,086 61,355,431 122,710,862 184,066,292 245,421,723 306,777,154 368,132,585

Total 210,584,610 1,052,923,049 2,105,846,098 3,158,769,147 4,211,692,196 5,264,615,245 6,317,538,294
Mean/year 7,019,487 35,097,435 70,194,870 105,292,305 140,389,740 175,487,175 210,584,610
USD/ha 202 403 605 807 1,009 1,210

The economic value of carbon can increase alongside biodiversity management through
standards such as the Climate, Community, and Biodiversity (CCB) Standards (Farahmand et al.
2025). The CCB standards ensure that projects not only reduce carbon emissions but also provide
social and environmental benefits, such as restoring biodiversity (Wang et al. 2025). Furthermore,
the maximum potential economic value of the carbon market averaged USD 210,584,610/year at
USD 30/tCOze. Overall, the findings confirm that mangrove protection and restoration provide not
only ecological benefits but also substantial financial benefits.

4. Conclusions

Mangrove ecosystems along the northern coast of Java have substantial potential for climate
change mitigation through protection, improved management, and restoration strategies. This
study demonstrates that while REDD+CIW contributes to ecosystem protection, the
RWE+ARRplanting and particularly the RWE+ARRnatreg scenarios provide substantially greater
emission-reduction potential. Specifically, ecological engineering approaches based on natural
regeneration (120 tCOze/ha/year) outperformed planting-based rehabilitation (32 tCOze/ha/year)
by approximately 4-fold and REDD+CIW (24 tCOze/ha/year) by approximately 5-fold. In
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addition, the projected generation of more than 7 million tradable carbon units annually,
corresponding to potential annual revenues of USD 35.1-210.6 million, highlights the
considerable economic potential of mangrove-based carbon finance. However, these estimates
remain subject to uncertainties related to baseline assumptions, restoration success, permanence
risks, and unquantified leakage. They should therefore be interpreted as scenario-based projections
rather than definitive outcomes. Policy implications emphasize integrating mangrove restoration
into carbon market mechanisms such as Verra, strengthening coastal governance, and
incentivizing the conversion of abandoned aquaculture ponds into mangrove restoration areas,
thereby supporting climate mitigation, coastal resilience, and sustainable financing.
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