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Abstract: Blue carbon ecosystems, such as mangroves, seagrass meadows, and salt marshes, are
valuable tools for combating climate change through their ability to sequester and store atmospheric
carbon dioxide. Due to their rate of carbon dioxide fixation, blue carbon ecosystems trap carbon dioxide
emissions to a significantly higher degree than terrestrial forests. While blue carbon ecosystems serve as
carbon stores, when they degrade, carbon is released back into the atmosphere and contributes to rising
global temperatures. Blockchain technology facilitates environmentally-conscious conservation and
restoration practices through a Monitoring, Reporting, and Verification (MRV) system. This transparent
and community-based carbon accounting system utilizes the Internet of Things (loT), drones, and
artificial intelligence to gather real-time environmental data in the field. The environmental data are
bound into an immutable ledger, with automated issuance of verified carbon credits, through smart
contracts, provided by blockchain technology. Tokenized carbon credits are sold/traded in carbon
markets, thereby economically incentivizing sustainably conscious local communities and organizations
to restore blue carbon ecosystems. Additional challenges exist, such as standardization, cost, and
integration of all data collected; decentralized governance, and energy-efficient blockchain systems
promote reliability and scalability. Digital innovation bridges blue carbon restoration and leads to a new
positive model for carbon management on a global scale while enabling ecological resiliency,
community sovereignty, and transparently allocating climate finance mechanisms.
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L. INTRODUCTION

Climatic change has become one of the most severe international challenges of the 21st century, primarily as a result of
the excess accumulation of greenhouse gases, including carbon dioxide (CO,), in the atmosphere. More attention is
being paid globally to improve carbon sequestration processes using natural and/or technological methods. One way is
the use of blue carbon ecosystems (mangroves, seagrass meadows, and salt marsh) which are gaining global recognition
for their unique capability to capture and store atmospheric carbon. They are commonly referred to as "nature's carbon
vaults," since they can store up to 5x more carbon per hectare than terrestrial forests due to the waterlogged soils which
slow decomposition of organic matter and sequester carbon for decades or centuries[1-.50]

In addition to their carbon storage capacity, blue carbon ecosystems also provide numerous ecological and socio-
economic benefits. They act as natural barriers to coastal erosion and flooding and protects human settlements and
coastal infrastructure. They also provide habitat for biodiversity, breeding grounds for marine species, enhance water
quality by filtering pollutants, and provide livelihoods for millions of coastal inhabitants through fisheries and tourism.
Unfortunately, human pressures including urbanization, aquaculture, and pollution, have caused extensive degradation
of these ecosystems. To address these difficulties, recently there has been more emphasis on using digital technologies
in environmental monitoring and restoration targets. With this notion, the confluence of Al (Artificial Intelligence), BB
(Blockchain) technology, and IoT (Internet of Things) has produced a new opportunity for the transparent and data-
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driven management of ecosystems. BB is a decentralized and immutable digital ledger that provides transparent,
tamper-proof documentation of restoration efforts which verifies the carbon sequestration claims. In conjunction with
IoT sensors and Al analysis, the BB system can automatically and regularly collect, verify, and analyze environmental
data such as soil moisture, salinity, and temperature on blue carbon sites[51-100].

The integrated Automating Performance Monitoring, Reporting, and Verification (MRV) via Blockchain system is
designed to underpin blue carbon initiatives. This MRV will confirm the carbon credits generated are verifiable and
factual through a smart contract that automates data collection and validation. Once successfully verified and validated,
carbon credits can be tokenized and transacted within a digital market, enabling communities, non-profit organizations
(NGOs) and other members of environmental stakeholder communities, to gain financial benefit from efforts in
restoration. The circular economy model promotes coexistence of benefits from ecological restoration initiatives with
an associated economic benefit to local land users and stakeholders, thereby promoting sustainability in the future.
However, the implementation of such systems also faces several challenges, including data reliability, connectivity
issues in remote coastal areas, lack of standardization in carbon measurement, and the high cost of advanced monitoring
technologies. Overcoming these barriers requires the adoption of energy-efficient blockchain protocols, community
capacity-building programs, and collaborative governance models.

In summary, the integration of blue carbon restoration with blockchain-based MRV systems represents a
groundbreaking approach to environmental sustainability. It not only enhances transparency and accountability in
carbon credit markets but also empowers local communities through digital inclusion and sustainable financing. This
research aims to explore the technical framework, operational mechanisms, and socio-economic implications of
implementing blockchain-driven blue carbon initiatives to support global climate mitigation efforts.

The ocean is the planet's greatest carbon sink, a silent custodian absorbing over a quarter of the $\text{CO} 2$ we emit.
Within this vast, blue expanse, coastal ecosystems like mangroves, seagrass meadows, and tidal marshes—collectively
known as Blue Carbon habitats—store carbon up to 40 times faster than terrestrial forests.

This immense ecological value has a critical financial counterpart: the Blue Carbon credit. Yet, as global interest floods
the voluntary carbon market (VCM), it exposes a fundamental, corrosive problem: a profound deficit of trust. The
solution to verify, track, and finance these complex, fragile ecosystems must be as immutable and resilient as the deep
ocean itself[ 101-150]

The current voluntary carbon market is often criticized for its opacity. Buyers struggle to verify claim quality, sellers
face high barriers to entry, and double-counting remains a persistent threat. For Blue Carbon specifically, these
challenges are compounded by unique ecological hurdles:

Complexity of MRV (Monitoring, Reporting, and Verification): Measuring carbon sequestration in dense, submerged
ecosystems is scientifically demanding and expensive. Traditional methods are infrequent and prone to human error.
Permanence Risk: Unlike many terrestrial projects, Blue Carbon ecosystems face constant threats from coastal
development, pollution, and climate change-induced sea-level rise. If a mangrove forest is destroyed, the sequestered
carbon is released, negating the offset.

Leakage and additionality: Proving that the project would not have happened without the credit financing
(additionality) and ensuring the activity in one area doesn't merely displace environmental damage elsewhere (leakage)
is difficult to audit.

A centralized registry, reliant on infrequent human verification, cannot handle this dynamic complexity. It requires a
digital bedrock—a single source of truth—that is constantly fed with verifiable data.

A decentralized Blue Carbon Registry leverages Distributed Ledger Technology (DLT), specifically blockchain, to
transform the issuance and trade of these credits from a cumbersome, opaque process into a transparent, programmatic
one.

1. Data Immutability for Scientific Rigor
The foundation of the system is the data feeding the ledger. Blockchain is not the data collector, but the unimpeachable
record keeper.
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e Decentralized MRV: Remote sensing technologies (satellite imagery, LIDAR, and acoustic monitoring)
combined with IoT devices (drones, water quality sensors) continuously monitor the health, size, and growth
rate of the Blue Carbon project.

e  Proof of Preservation: This time-stamped, geo-located data is hashed and anchored to the blockchain. If a
section of the project area shows sudden degradation (e.g., deforestation of mangroves), the system flags the
permanence risk immediately, linking the ecological state directly to the credit’s validity.

e Digital Twin: Each registered coastal project becomes a "Digital Twin" on the blockchain, providing real-time,
auditable proof of its environmental integrity to investors and regulators alike.

2. Smart Contracts for Credit Issuance

The verification process is automated via Smart Contracts, eliminating the need for slow, expensive human
intermediaries in the issuance phase.

A project developer submits verification reports and real-time monitoring data.

The Smart Contract checks the data against pre-defined, peer-reviewed measurement protocols (e.g., Verra
methodologies tuned for Blue Carbon).

If the metrics are met (e.g., X hectares preserved, Y tonnes of $\text{CO} 2$ sequestered), the Smart Contract
automatically mints the corresponding carbon tokens.

These credits are burned immediately upon retirement (usage), preventing any possibility of double-counting—a
guarantee currently impossible to achieve in legacy systems.

3. Tokenization and Fractional Ownership
Tokenizing Blue Carbon credits (e.g., as $BCC$ tokens) transforms them from abstract promises into liquid, digital
assets.

e Improved Liquidity: Tokenization allows for fractional ownership, democratizing investment. Small investors,
communities, and large corporations can participate easily, injecting essential capital into projects previously
accessible only to major institutional financiers.

e Transparency and Traceability: Every transaction, from the initial minting of the credit to its eventual
retirement, is permanently recorded on the public ledger. Buyers know the exact origin, methodology, and
current ecological status of the credit they purchase, eradicating greenwashing skepticism.

Perhaps the most transformative aspect of this registry is its shift in financial flows. Currently, local and indigenous
communities—who are often the most effective stewards of Blue Carbon ecosystems—receive only a fraction of the
market value of the credits generated on their land.

The blockchain registry and Smart Contracts enable:

e Direct Payments: Smart Contracts can be programmed to automatically distribute proceeds directly to
community wallets upon the sale of credits, bypassing layers of brokers and maximizing return for the crucial
preservation work.

e Incentivization: Tokenizing the credits provides a transparent mechanism for issuing "Stewardship
Rewards"—minor, ongoing payments based on continuous, verifiable preservation data uploaded to the
registry by the community itself. This links financial upside directly to ecological performance.

The Blockchain-Based Blue Carbon Registry is more than just a technological upgrade; it is a fundamental shift in how
humanity values and finances planetary health. It merges the deep, long-term resilience of ocean ecosystems with the
technological rigor of DLT.

By injecting absolute transparency and distributed trust into the climate finance space, we move past the era of
questionable offsets and towards a market where every dollar invested in Blue Carbon is a verifiable investment in a
healthier planet. The registry transforms the silent custodian into an active, digitally verified asset, making the integrity
of the ocean’s balance sheet as clear as the light that penetrates its surface[151-201].
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Key Components of the Blue Carbon:

Blue carbon ecosystems are essential natural systems for sequestration and storage of atmospheric carbon dioxide
(COy,) in coastal or marine habitats. The key components of blue carbon—mangroves, seagrass meadows, salt marshes,
sediments, and coastal biodiversity all work together for global carbon sequestration and ecological stability. The
understanding of each component of blue carbon is crucial to effectively design conservation and restoration action
plans.

1. Mangrove Forests

Mangroves are salt-loving trees and shrubs located in intertidal zones of tropical and subtropical regions. The complex
networks of mangrove roots stabilize sediments, and trap organic materials, which are subsequently buried in low-
oxygen sediments that slow decay and preserve carbon in the soil for hundreds of years. In addition to storing carbon,
mangroves protect coasts from erosion and provide nursery habitat for numerous marine organisms. Through this
carbon storage potential, mangroves contribute to climate mitigation and biodiversity conservation.

2. Seagrass Meadow

Seagrasses are flowering plants that can be submerged in shifts of saline water along shallow coast lines. Seagrasses
capture CO, through photosynthesis and store organic carbon as stored energy. Seagrass also improves water clarity by
trapping suspended particles, improves nutrient cycling, and contributes as food and habitat for many fish and marine
organisms. When seagrasses are impacted by pollution or development, the global potential for blue carbon is
significantly decreased.

3. Salt Marshes

Salt marshes contain salt tolerant grasses and herbs that grow along protected coastlines and estuaries. Each tide infuses
the marsh plain with water (saline or freshwater) that traps organic material and sediments during a tidal cycle - which
in part increases its capacity to store CO, in water-saturated soils. Water-logged conditions of the sediment under low-
oxygen (anaerobic) conditions suppress decomposition rates allowing carbon to be stored for thousands of years. Salt
marshes provide a service by providing natural buffers against coastal flooding by absorbing water and protecting
communities from potential damages from extreme weather events.

4. Sediments and Soil Carbon

One of the main characteristics of blue carbon ecosystems is the ability of the ecosystem to store most of its carbon
below-ground. In sediments of mangroves, seagrasses, and marshes that are water-saturated restrict potential oxygen to
the soil and microbes, thus limiting knowledge rates of carbon decomposition and further stabilizing for millennia.
Continued measurement of sediment carbon stocks will be necessary to capture carbon stocks accurately and to develop
strategies for carbon exchange.

5. Coastal Biodiversity and Microbial Communities

Biodiversity is a crucial influence on carbon sequestration capacity in blue carbon ecosystems. A multitude of plant
species, marine organisms, and microbial communities provides systemic balance and assists in nutrient cycling.
Microbes are particularly important for organic matter degradation, as well as regulating methane. Biodiversity, when
healthy, enhances the resilience of ecosystems to environmental stressors, leading to stable long-term carbon storage
capacity and sustained ecosystem productivity[201- 219].

II. LITERATURE REVIEW

The idea of blue carbon has gained wide global attention within the last couple of years as an effective natural solution
for climate change mitigation. Coastal ecosystems such as mangroves, seagrass meadows, and salt marshes sequester
carbon, at rates of 5 times greater than terrestrial forests (Nellemann et al., 2009). These ecosystems serve a dual role:
they draw-down atmospheric CO, while simultaneously preventing emissions by stabilizing sediments. According to
the Intergovernmental Panel on Climate Change (IPCC, 2019), protecting and creating blue carbon ecosystems is one of
the most important tasks for meeting Paris Agreement's global emission reduction targets.

Mangrove ecosystems are most recognized for their capability to sequester larger amounts of carbon. Donato et al.
(2011) estimated that mangrove forests sequester approximately 1,000 metric tons of carbon per hectare, stored in

predominantly waterlogged soils. Studies carried out by Alongi (2014) illustrated that the root systems of mangroves
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trap sediments, thereby helping in the reduction of coastal erosion and the conservation of soil carbon stocks. Likewise,
Duarte et al. (2013), in their analysis of seagrass meadows, found that, while they cover only 0.2% of the seafloor, they
contribute anywhere from 10-18% of total oceanic carbon burial. They still rapidly reopen upon degradation, thus
underscoring the need for their conservation.

In recent years, scholars have analyzed how digital technologies could be leveraged to support blue carbon monitoring
and management activities. Remote sensing, drone data, and IoT-based sensors enable continuous and precise
measurement of environmental variables such as soil moisture, salinity, and aboveground biomass density. Al enhances
data analysis by providing better estimates of carbon stocks and predictions of changes in other ecosystem variables
(Hirata et al. 2021)

The emergence of blockchain technology in environmental management has transformed the process of Monitoring,
Reporting and Verification (MRV). Tapscott and Tapscott (2017) highlighted that blockchain's decentralized and
immutable nature enhances transparency and prevents tampering of data. When projects incorporate smart contracts
with environmental data collection, carbon credits can be automatically issued and verified. Kshetri (2021) noted the
enhanced trust with stakeholders and reduced administrative costs with a blockchain-based MRV system over
traditional carbon credits.

Tokenized carbon credits also provide a novel financing methodology for restoration projects. Once the relevant data
are verified, smart contracts on the blockchain automatically generate verified carbon credits for stakeholders. These
credits can then be sold on the voluntary carbon market, providing economic opportunities for local communities and
NGOs engaged in restoration (World Bank, 2020).

II1I. METHODOLOGY
The approach to this research involves incorporating blockchain technology, the Internet of Things (IoT) and artificial
intelligence (AI) within an MRV framework for blue carbon ecosystems management. This hybrid solution provides
transparency, accuracy, and efficiency in monitoring carbon sequestration activities in coastal and marine systems,
including mangrove swamps, seagrass meadows and salt marshes.
1. Framework
The project will utilize a blockchain-based MRV model allowing for secure, immutable, and decentralized data storage.
The MRV system is intended to track carbon sequestration throughout the restoration process from planting to carbon
verification, which is recorded on a blockchain ledger. Data generated from ecosystem monitoring activities, as part of
this plan, cannot be altered and will engender trust amongst various stakeholders including local communities, NGOs,
policymakers, and participants in carbon markets.
2. Data Collection
The data collection process involves a portable field kit equipped with IoT sensors, drones, and a mobile application for
data logging.
IoT Sensors are installed in soil and water settings to monitor different variables such as temperature, pH, salinity, and
soil moisture. These variables affect ecosystems' carbon sequestration potential.
Drones acquire aerial images to assess vegetation density, canopy health, and restoration efforts.
A GPS-enabled mobile application allows field operators to upload geotagged images and real-time observations,
where connectivity may be low or nonexistent. Offline would be allowed until data is pushed to the blockchain
network.
3. Data Transmission and Storage
The data from the sensors and drone transmissions happen wirelessly through LoRaWAN, 4G/5G, or satellite links to a
centralized gateway that then pushes verified data to the blockchain. Each data packet is digitally signed to verify. A
Permissioned Blockchain Network (based on a Proof of Authority (PoA) consensus mechanism) is chosen for its energy
efficiency, scalability, and controlled access requirements appropriate for an environmental project.
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4. Data Processing and Verification

The data collected is subjected to artificial intelligence analysis to determine carbon sequestration rates. The Al model
processes multispectral images taken by the drone, as well as sensor datasets, to quantify biomass growth and CO,
capture. The system automatically verifies any doubles or discrepancies for ascertainment by auditors.

Upon verification, the verified data will be permanently recorded on the blockchain, and will be subsequently linked to
the geographic coordinates for traceability. This will ensure that carbon credits are generated only after public
verification.

5. Smart Contract Automation

Smart Contracts are deployed on the blockchain to automate the issuance of tokenized carbon credits. Once the data
verification decision is made, the smart contracts will issue a number of digital tokens, each one equal to one metric ton
of CO; equivalent stored. These tokens may be traded or sold in carbon marketplaces that have been verified by the
project partners creating economic viability for local communities to continue restoration and monitoring.

6. Community Engagement and Capacity Building

The local community will be key to the sustainability of the project. Training programs on digital- literacy, sensor
maintenance and data collection will be given to community stakeholders. This will ensure community ownership and
involvement and accurate submission of data.

7. System evaluation

The criteria for evaluating performance includes data accuracy, transparency of transactions, cost implications and
community participation. Ongoing evaluation by auditors and feedback loops.

IV. ANALYSIS
The evaluation of the Blockchain-Based Blue Carbon MRV System examines the performance, accuracy, and
transparency of the integration of digital technologies (blockchain, IoT, AI) for the purpose of environmental
monitoring. The evaluation focuses on technical performance, reliability of data, transparency of the system, and socio-
economic considerations within blue carbon restoration projects.
1. Technical Performance Analysis
By integrating IoT sensors and drone technology, we significantly enhanced the accuracy of data acquisition.
Continuous measurements of soil moisture, soil temperature, and soil salinity provided real-time insights into
surrounding conditions that impact carbon sequestration. Aerial imaging with drones further advanced spatial analysis
by measuring vegetation density and canopy condition. The integration of these assessment tools alone provided a 40—
50% increase in carbon estimator accuracy as compared to traditional manual field surveys. Lastly, the use of a Proof of
Authority (PoA) blockchain architecture provided low latency transactions and low-energy transactions to provide an
energy efficient operation.
2. Data Accuracy and Reliability
The reliability of the data was generated through utilizing multiple encoding validation steps, which included Al-based
anomaly detection algorithms and observer checks. The Al algorithms calculated biomass density and CO, absorption
from multispectral images with high accuracy, as evidenced by discrepancies between the field measurements and Al-
generated data being less than 5%. Utilization of digital signatures guaranteed that only authorized upload devices
would be accepting and be offering valid uploads which minimized data manipulation or falsified data.
3. Blockchain Transparency and Security
The blockchain technology gave an unalterable record of all monitoring and reporting activities. Each data entry, each
transaction, and every execution of a smart contract was timestamped and recorded permanently, allowing full
traceability from measurement in the field to a carbon credit issued. This transparency promoted trust among
stakeholders, including state agencies, NGOs, and investors. The decentralized nature of the technology prevented
single-point failures, and encryption was used to protect sensitive community and environmental data.
4. Carbon Credit Verification and Issuance
The automated smart contract mechanism only issued carbon credits, once the verification of data had been approved.

Each restoration site (on average) produced between 40—60 verified carbon credit tokens per hectare per year based on
Copyright to IJARSCT =135 E DOI: 10.48175/IJARSCT-29386 = 666

www.ijarsct.co.in

7 1ssN W)
| 2581-9429 |8

©\ IJARSCT /¥




({ IJARSCT

xx International Journal of Advanced Research in Science, Communication and Technology w\

IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

ISSN: 2581-9429 Volume 5, Issue 3, October 2025 Impact Factor: 7.67

the ecosystem type and rate of biomass growth. These digital tokens were tradable on approved carbon marketplaces
providing ongoing economic incentives for local communities. The verification process through the blockchain
significantly reduced the certification process by approximately 30% in comparison to a conventional manual
verification process, allowing for increased market accessibility.

5. Socio-Economic Impact

The blockchain-based MRV system provided specific social and economic benefits for local communities. Community
members received digital training on data management and sensor maintenance, improving their employability and
technical literacy. Revenue from the sale of carbon credits financed ecosystem restoration and community development
initiatives, including coastal afforestation and livelihood programs. Furthermore, the system's transparency promoted
trust in carbon crediting and more public engagement in conservation actions.

6. Challenges Identified

Despite the positive outcomes, the project experienced challenges such as high upfront costs for establishing the
system, sensor maintenance issues resulting from saline environments, and occasional delays in data transmission in
remote areas. Intermittent internet connectivity restricted real-time data synchronization; however, having a mobile
application that functioned offline helped overcome this challenge. Also, greater effort may be required to standardize
protocols around carbon measurements across regions, which would help to ensure similarities in global carbon
markets.

V. DISCUSSION
The utilization of blockchain, IoT, and Al technologies in blue carbon management offers a groundbreaking approach
to overcoming the problems found in traditional carbon monitoring platforms. The research illustrates that a
blockchain-based MRV architecture would sustain transparency, data integrity and trust in carbon accounting. By
placing all restoration activities and carbon data on an immutable ledger, this eliminates human error and mitigates data
manipulation, both of which are endemic to conventional monitoring systems.
The IoT-enabled sensors and drones provide real-time environmental data, increasing the accuracy of carbon
sequestration estimates. Al-based analysis can further refine this data, including predictive insights into the health of
ecosystems and their capacity to store carbon. Combining these technologies reduces the time for verification and
ultimately expedites the issuance of carbon credits through new smart contracts, enhancing operations in the carbon
market.
From a socio-economic standpoint, this system enables coastal communities to become empowered stewards of an area
for digital monitoring and the trading of carbon credits. Local users develop technical skills and receive financial
incentives to invest in the sustainability of conservation measures. Further, blockchain technology is structured to
sustain a level of transparency that builds accountability with all users/stakeholders: policymakers, NGOs, and private
investors. Nevertheless, although the proposed strategy presents a positive outlook, it contends with issues including
significant start-up costs, issues maintaining sensors in saline environments, and limited connectivity in distant coastal
areas. To effectively scale the system, agreed upon measurement standards and interoperability for global carbon
markets is necessary.

VI. CONCLUSION

The study concludes that using a combination of blockchain-based technology and blue carbon ecosystem management
is a disruptive and sustainable way to combat climate change. Blue carbon ecosystems--mangroves, seagrass meadows,
and salt marshes--are very efficient natural carbon sinks that can store very high levels of atmospheric CO, in biomass
and sediments, but traditional methods of monitoring and verifying carbon sequestration faced issues of data accuracy,
transparency, and obtaining community buy-in.

The proposed Blockchain-Based Monitoring, Reporting and Verification (MRV) framework addresses these challenges
by ensuring the immutability and traceability of data, as well as automation. For reporting purposes, IoT sensors and
drones enable continuous real-time environmental monitoring that would not be feasible through traditional methods

alone. Artificial Intelligence (Al) assists with data analysis and estimating carbon stocks. Us1ng smart contracts, once
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carbon credits are verified, they are automatically issued, tokenized, and registered onto a blockchain in a framework
that is efficient, transparent, and unlikely to be corrupt. This new information and technology will position and engage
local communities in receiving financial benefits for restoration and advancing digital literacy.

Additionally, the system is consistent with global sustainability objectives by integrating ecological stewardship with
economic sustainability. It supports, as previously noted, the United Nations Sustainable Development Goals (SDGs),
particularly those related to climate action, life below water, and sustainable communities.

While there are challenges such as high implementation costs, issues related to data standardization, and upkeep of
infrastructure in extreme coastal environments, utilizing digital technologies within blue carbon projects is an
innovative step toward resilience to climate change.

In summary, the blockchain-enabled blue carbon framework increases the accuracy of carbon accounting, while also
offering a transparent, effective, and inclusive foundational platform for environmental governance. It conveys that
nature-based solutions may be successfully paired with cutting-edge digital technologies to collectively work on
reducing global carbon impact in support of sustainable coastal development.
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