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Abstract: - Restoring forests is essential to addressing the global crisis of deforestation and biodiversity, as well 
as to maintaining the livelihoods of billions of forest-dependent people. Three major improvements are 
introduced by the suggested framework for smart forest restoration management: decentralized financial 
integration, community participatory governance, and the cost-effective deployment of blockchain and smart 
contracts for predictive and adaptive management. By coordinating ecological objectives with technological 
developments, these innovations seek to improve transparency, scalability, management effectiveness, and 
stakeholder trust in forest restoration initiatives. 
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1 Introduction 
To solve the global issues of pollution, biodiversity 
loss, and climate change, forest restoration 
management (FRM) is required. Ecosystems are 
threatened by deforestation and degradation, and 
restoration is essential to improve carbon 
sequestration, safeguard biodiversity, and support 
the livelihoods of billions of forest-dependent 
people. 

Digital technology can greatly assist forest 
restoration by offering scalable, transparent, and 
effective solutions, according to [1], [2], [3], [4], 
[5], [6], [7] and [8]. Real-time monitoring, 
predictive analytics, planning and simulation, 
automated financing, cost effectiveness, scalability, 
and stakeholder engagement are examples of 
sustainable benefits, [4], [5]. Particularly, by 
integrating satellite and aerial photogrammetry 
(oblique imagery), remote sensing, modeling, and 
financial data, digital technology-based solutions 
create a robust framework for achieving large-scale, 
verifiable forest restoration [9], [10], [11], [12], 
[13], [14], [15] and [16].  

 Furthermore, utilizing blockchain technology 
(BC) to improve transparency, traceability, and 
accountability in FRM could be the main goal of a 
BC-based proposal to address global forest 
restoration concerns [2], [4], [11], [14], [17], [18], 
[19] and [20]. Traceability of forest-based products, 
forest management, forest fire detection, 
transparency and anti-corruption, encouragements 
and motivations for restoration, and international 
cooperation are the fundamental elements of a BC-
based FRM framework. Utilizing BC makes forest 
irrigation more intelligent, protecting resources, and 
fostering ecosystems and biodiversity. 

Additionally, according to [17], [18], [19] and 
[20], the Internet of Things (IoT) plays a significant 
role in environmental monitoring by enabling real-
time data collection, analysis, and documentation. 
IoT's main contributions include data collection, 
remote real-time monitoring, early alerts and 
warning systems, data integration with digital twins, 
improved accuracy, cost efficiency, precision 
watering, automated irrigation, and scalability.  
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Moreover, according to [21], [22], [23], [24] 
and [25], for sustainable climate resilience, we are 
looking for scalability, transparency, efficiency, and 
stakeholder trust in FRM. These four factors are 
supported in a complementary and collaborative 
way by BC adoption (BCA), decentralized finance 
(DeFi) integration, and participatory governance, 
[26], [27], [28], [29] and [30].  

But, while in [1], [5], [6], [8], [16], [22], [26], 
[27], [28] and [30] the authors discuss low-cost 
BCA for environmental applications, they do not 
address financial technology (FinTech) 
decentralized applications (dApps), DeFi 
integration, and community engagement (CEn) for 
forest restoration and monitoring. Additionally, 
BCA approaches and decision-support models for 
sustainable urban investment optimization are noted 
in [2], [9], [21], [22] and [24], but implementation 
details for DeFi and CEn are missing. Similarly, [3], 
[10], and [18] discuss DeFi without any CEn, while 
[4], [11] and [14] introduce community engagement 
in forest restoration but without reference to 
FinTech functionalities. Hence, previous studies 
highlight the need for IoT and BC involvement in 
facilitating data integrity, collaborative design, and 
information confidence. However, they lack a low-
cost integration solution for environmental BC 
applications with FinTech, DeFi, and CEn 
functionalities.  

The proposed framework, for smart forest 
restoration management for climate resilience, aims 
to address key challenges such as forest monitoring, 
illegal logging, deforestation, and climate change, 
while promoting a low-cost BCA solution. For this 
purpose, we introduce the concepts: “Collaborative 

Decentralized Finance” (CoDeFi) and 
“Collaborative Community Engagement” (CCEn).  

The rest of the paper is organized as follows: 
Section 2 ("Materials and Methods") deploys the 
proposed CoDeFi- and CCEn-based methodology 
for implementing a smart forest restoration 
management framework. Section 3 ("Results") 
presents a cost-benefit-analysis of the proposed 
framework and discusses in detail the CoDeFi and 
CCEn concepts as smart forest management 
functions. Section 4 ("Discussion") summarizes and 
discusses the results and their significance in forest 
restoration, and Section 5 ("Conclusions") 
concludes the findings, contributions, limitations, 
and recommendations for future research. 
 
 
2 Materials and Methods 
The study employed a design-oriented methodology 
commonly used in computer science, integrating 

system architecture modeling, cost–benefit analysis, 
and governance design.  
 
The approach involved the following five 
framework segments: 
(i) Digital twin architecture. This segment sets up 
a four-layer digital twin architecture for FRM. 
Physical layer, which utilizes drones, IoT-enabled 
sensors, and satellite imagery for real-time 
environmental monitoring; Data layer for the 
structure and transmission of spatiotemporal data. 
Digital twin layer that applies AI-driven modeling, 
simulation, and predictive analytics to forecast 
biomass, biodiversity, and risks; and Application 

layer, which provides dashboards for stakeholders, 
predictive analytics, and automated climate finance 
tools.  
(ii) Cost–benefit analysis. In this framework 
segment, traditional restoration methods (manual 
labor, field surveys) are compared with digital twin-
enabled approaches (automated processes, real-time 
monitoring, and BC-based verification). 
Additionally, this framework analyzes operational 
data from existing projects like “Dronecoria”, 
“Flash Forest”, and “AirSeed Technologies”. 
(iii) Governance design. In this segment, the roles 
for validators, data contributors, auditors, and 
regulators within a permissioned BC network are 
defined to ensure transparency, accountability, and 
equitable benefit-sharing.  
(iv) Technology integration. This framework 
segment incorporates BC and smart contracts for 
automated milestone-based payments and 
transparent financial flows. Hence, leveraged AI 
models should be used for predictive modeling and 
scenario testing.  
(v) Implementation roadmap. This section 
establishes governance, integrates financial 
methods, scales restoration operations, and 
implements hardware and software solutions. 
 Lastly, to guarantee practical relevance, 
sustainability, and technical rigor, the suggested 
methodology integrates empirical data from pilot 
projects, peer-reviewed research, and developing 
digital monitoring, reporting, and verification 
(MRV) standards. 
  
2.1 Forest Restoration and Collaborative 

 Decentralized  Finance (CoDeFi concept)   
The CoDeFi concept, in the context of smart FRM 
for climate resilience, involves leveraging BC, 
particularly smart contracts, to create transparent, 
trusted, automated, collaborative, and decentralized 
funding mechanisms for smart FRM projects and 
climate resilience [2], [3], [4], [5]. Hence, the 
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CoDeFi concept enables governmental entities, 
public authorities, diverse stakeholders, donors, 
private and lobby investors, and local communities 
to participate in financing and monitoring 
restoration efforts and climate resilience (Figure 1). 
 
 
 

 
 

Fig. 1: CoDeFi for leveraging BC and smart 
contracts to create transparent and decentralized 
mechanisms  
Source: created by the authors 

 
Key aspects of the CoDeFi concept include: 
 Decentralized funding mechanisms with 

liquidity pools and automated payment 
functions  

  Transparency and accountability with BCA and 
verified milestones functions  

 Reduced transaction costs with the elimination 
of intermediaries and performance-based 
funding functions  

 Continuous funding loops with carbon credit 
marketplaces and regenerative economics 
functions  

 Stakeholder collaboration with inclusive  
governance and decentralized decision-making 
functions 

 Challenges with regulatory compliance, data 
integrity, and digital divide functions 

 

 
The CoDeFi concept, operated as a smart forest 

management function in FRM, represents a 
transformative approach to financing while enabling 
scalable, transparent, and results-based funding.  

The CoDeFi functionality fosters trust and 
inclusivity among stakeholders and sustainability in 
FRM projects, while addressing traditional 
challenges and issues in restoration finance (such as 
lack of transparency, limited scalability, etc.) 
through BC adoption, smart contracts 
implementation, and decentralized governance. 
 
2.2 Forest Restoration and Collaborative 

 Community Engagement (CCEn concept)   
According to [2], [4], [5], [10], [13], and [17], a 
dynamic cooperative approach, including 
stakeholders, local communities, and public 
authorities, is used to make decisions regarding 
sustainability and conservation of forest resources. 

Community involvement is a crucial part of 
FRM that transcends the conventional boundaries of 
resource management and ecological conservation. 
Furthermore, CCEn is a dynamic, partnership-based 
process where various groups (residents, 
institutions, and authorities) collaborate to solve 
common problems, make decisions, and enable local 
communities to develop their own solutions. To 
ensure that decisions reflect lived experiences and 
foster trust for equitable and sustainable outcomes, a 
"moving beyond ‘deciding for’ to ‘designing with’ 

those affected" management culture is needed 
(Figure 2). 

 
 

 
 

Fig. 2: CCEn & smart forest restoration 
management for climate resilience  
Source: created by the authors  
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The CCEn key principles are related to building 
strong relationships based on mutual respect and 
shared understanding, sustainable mutual benefits 
involving dynamic exchange of knowledge, 
resources, data, and information, planning, 
implementing, and ecological knowledge.  

Typical CCEn examples are referred to ecology 
(e.g., NGOs partnering with community groups to 
design programs addressing climate resilience); 
pocket parks (e.g., city councils and landscape 
architects working with residents on urban planning 
with public ecological knowledge initiatives); and 
forestry education (e.g., schools collaborating with 
foresters, institutions, and local organizations to 
support student awareness, technical skills learning, 
and sustainable forest management practice 
including timber harvesting and biodiversity 
conservation).  

The CCEn comprehensive approach emphasizes 
the significance of finding a harmonic balance 
between environmental conservation and economic 
requirements, acknowledging the interdependence 
between human communities and the forests they 
live in (Figure 2). Additionally, the CCEn concept, 
in the FRM context, emphasizes the active 
involvement of local authorities and communities, 
NGOs, and other stakeholders in the planning, 
implementation, documentation, and monitoring of 
restoration projects. It leverages digital tools, social 
media, and decentralized participatory platforms to 
ensure transparency and sustainability of restored 
ecosystems, [1], [5], [14], [15].   

 
Key aspects of the CCEn concept include: 
 Active participation with community 

involvement and knowledge co-production 
functions 

 Digital tools for engagement with interactive 
dashboards and mobile interface functions  

 Capacity building with skill development and 
employment opportunities functions 

 Equitable benefit-sharing with financial   
inclusion and regenerative economics functions 

 Transparency and trust with participatory 
monitoring and polycentric governance function 

 Challenges with the digital divide, capacity 
gaps, and cultural sensitivity 

 

 
The CCEn concept, operated as a smart FRM 

function, is a cornerstone of successful forest 
restoration efforts. CCEn promotes trust, 
transparency, and sustainability through the 
integration of digital tools, equitable benefit-
sharing, and participatory governance. Furthermore, 

it guarantees that FRM projects are socially and 
ecologically inclusive, in line with the UN's global 
objectives for climate resilience and sustainable 
development, embodied in the 17 Sustainable 
Development Goals (SDGs) of the 2030 Agenda, 
designed to balance social, economic, and 
environmental sustainability. Key SDG goals 
include taking urgent climate action (Goal 13), 
fostering sustainable cities (Goal 11), protecting 
ecosystems (Goals 14 & 15), and ensuring clean 
energy (Goal 7). 
 

2.3  Study Design and Approach 
The proposed study employs a design-oriented 
methodology commonly used in computer science; 
integrating system architecture modeling, 
comparative cost-benefit analysis, and governance 
design, [3], [4], [5]. It follows a problem-driven 
approach to address issues and limitations in 
traditional forest restoration methods, combining 
technological innovation with ecological 
functionality. 
   
2.3.1  Fundamental Components 

The proposed design-oriented methodology includes 
four fundamental components.  
(i) System architecture modeling, which defines the 
application layers and the necessary data flows;  
(ii) Cost–benefit analysis, which compares 
operational efficiency, scalability, and transparency 
of digital twin-enabled versus traditional methods;  
(iii) Governance design, which maps roles for 
stakeholders and integrates BC-based financing 
mechanisms; and  
(iv) Empirical evidence that leverages actionable 
evidence from pilot programs, academic literature, 
and evolving digital MRV protocols.   
  
The proposed approach ensures technical rigor, 
sustainability, adaptability, and SDG alignment. The 
physical environment, data infrastructure, digital 
twin engine, and application interface are the four 
interrelated levels of the proposed FRM digital twin 
system, as shown in Figure 3. 
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Fig. 3: The proposed FRM-framework’s 
components and interactions  
Source: created by the authors  

 
2.3.2 FRM: The 4-layer Digital Twin 

 Architecture 

Data from IoT sensors, drones, and satellites are 
processed through the Digital Twin Layer to 
generate predictive insights. Verified outcomes 
recorded on blockchain trigger milestone-based 
smart contracts, while the Application Layer 
delivers monitoring dashboards and finance tools to 
support scalable and transparent restoration, and 
verifies outcomes recorded on BC initiate 
milestone-based smart contracts (Figure 3). Cyber-
physical feedback loops between these layers allow 
for performance-based financing, intelligent 
decision-making, and continuous sensing, [1], [5], 
[6], [8]. 
 

Note. The three figures were designed with different 
visual logic, so that each clearly conveys the nature 
of the content it represents. Figure 1 follows a 
directed flow, as it presents funding mechanisms 
and processes. Figure 2 uses a circular layout, as it 
concerns collaborative community engagement, 
which operates non-hierarchically and through 
simultaneous interactions. Figure 3 uses a layered 
layout to map out the technical framework. This 

structure is designed for functional clarity, serving 
the specific purpose of this diagram. 
 
2.4  Research Context   
The paper’s research context focuses on addressing 
global FRM challenges by leveraging digital 
technologies to meet ambitious climate and 
biodiversity goals. It highlights the limitations of 
traditional restoration methods and explores 
innovative solutions through digital twin systems. 
 Key aspects of the research context include 
“policy alignment” because digital MRV systems 
align with UNFCCC (United Nations Framework 
Convention on Climate Change) standards for 
monitoring, reporting, and verification; global forest 
restoration goals; challenges in traditional forest 
restoration; digital innovations in forest restoration 
and climate resilience; and digital twin technology 
to create real-time virtual replicas of forest 
ecosystems enabling continuous monitoring, 
predictive modeling, and adaptive management. 
Additionally, BC and smart contracts facilitate 
milestone-based financing and transparent 
payments. Furthermore, AI and IoT integration 
enhance FRM sustainability and precision in species 
selection and risk forecasting.  
 Our proposal integrates IoT and BC to create a 
digital system for forest restoration. By using IoT 
sensors and drones for real-time data, we can 
accurately monitor and actively manage the 
environment. Furthermore, BC technology fosters 
accountability and transparency through immutable 
recording of ecological milestones, facilitating 
automated smart contract payments, and leveraging 
CoDeFi with FinTech and CCEn functionalities for 
scalable funding and community engagement.  
 Thus, the proposed framework facilitates cost-
effective, collaborative restoration, directly 
addressing core challenges in FRM. 
 
 
3 Results 
To achieve the global goal of climate resilience, we 
adopted a digital twin system for smart FRM, with 
significant upfront investments in hardware, 
software, and system integration [1], [3], [5], [6], 
[22], [30]. Drone fleets, environmental IoT sensors, 
AI processing infrastructure, and BC-based 
platforms for automation and data verification are 
included in the digital twin’s system expenses, [8], 
[16], [25].  
 The long-term economic profile of digital 
systems shows significant advantages, even though 
these costs may initially surpass those of traditional 
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restoration techniques. Increased automation, less 
reliance on manpower, and improvements in 
operational efficiency eventually reduce the total 
cost of ownership, particularly in large-scale or 
geographically dispersed projects, [3], [4], [6], [20], 
[27]. The comparative planting cost per tree of 
digital (i.e., incorporating CoDeFi and CCEn 
functionality), with $0.7/tree, and traditional, with 
$4.2/tree, forest restoration management, is 
presented in Figure 4.  
 
 

 
Fig. 4: Comparative planting cost per tree of digital 
vs. traditional restoration approaches (average 
values: $0.7 vs. $4.2)  
Source: created by the authors  

 
3.1 Cost-Benefit Comparison  
Figure 4 visually compares the average planting cost 
per tree for digital twin-based and traditional FRM 
methods. The figure’s bar graph highlights the 
significant cost difference between these two 
approaches. The cost per tree in digital twin-based 
FRM is USD 0.7, which is substantially lower due 
to the integration of digital technologies such as 
drones, IoT sensors, and BC-based systems. These 
technologies automate monitoring and planting, 
reducing labor and operational costs. Also, the cost 
per tree in traditional FRM is USD 4.2, which is 
higher due to labor-intensive methods such as 
manual tree planting, field topography and 
photogrammetry surveys, and traditional monitoring 
techniques. Traditional FRM methods require more 
human resources and are less efficient, especially 
for large-scale FRM projects.  
 

Cost efficiency: Digital twin-based FRM 
significantly reduces costs by automating processes 
regarding financing, planting, monitoring, and 
management. For example, drones can plant trees 25 
times faster than manual methods, and BC 
eliminates intermediaries by reducing transaction 

costs. Whereas traditional methods rely heavily on 
manual labor and field surveys, which are time-
consuming and expensive.  
Scalability: Digital twins offer autonomous, 
scalable, remote management, whereas traditional 
methods are manual, physical, and limited in scale.  
Operational efficiency: Intelligent digital twins 
replicas enhancing FRM for ecological 
sustainability. On the other hand, traditional 
methods lack real-time planning and monitoring, 
resulting in inefficiencies.  
Transparency and accountability: BC-based digital 
twins provide immutable, transparent audit trails, 
while traditional methods lack traceability and 
struggle with trust.   
Long-term benefits: While digital twin systems 
require significant investments in hardware and 
software, their long-term operational costs are lower 
due to their efficiency. By comparison, traditional 
methods may have lower initial costs but are more 
expensive in the long run due to higher labor and 
monitoring expenses.  
  The cost-benefit comparison in Figure 4 
demonstrates that digital twin-based FRM is a more 
cost-effective, scalable, and efficient solution for 
forest restoration. By reducing costs and improving 
transparency, the twin-based FRM approach aligns 
with global climate resilience, sustainability, and 
biodiversity UNFCCC goals.  
 
3.2  Costs 
As far as the initial investment cost is concerned, the 
CoDeFi function is setting up a DeFi infrastructure 
and requires high costs, including BC development, 
smart contract coding, and integration with existing 
financial systems. For example, platforms like Open 
Forest Protocol (OFP) and senken.io require 
substantial investment in BC and tokenized climate 
finance infrastructure.  
 Additionally, the CCEn function is establishing 
a Cen mechanism, which involves costs for training 
and deploying localized monitoring tools such as 
mobile dashboards and IoT sensors. For instance, 
participatory technology initiatives in rural areas 
may require additional funding for hardware and 
internet connectivity. 
 As far as the operational costs are concerned, 
the CoDeFi costs include maintaining BC validators 
and ensuring data security. For example, the cost of 
running a permissioned BC network with validators 
such as government agencies or NGOs can be 
substantial. Additionally, CCEn functions’ costs 
include maintaining CEn platforms, providing 
technical support, and ensuring equitable benefit-
sharing mechanisms. For example, participatory 
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monitoring programs may require regular 
workshops and updates to ensure community 
involvement.  
 
3.3  Benefits 

 Financial efficiency 
 Collaborative DeFi enables automated, trusted 
funding, reducing transaction costs and eliminating 
intermediaries, with smart contracts triggered by 
verified green metrics. This reduces the need for 
expensive third-party verification and accelerates 
financial flows. Additionally, collaborative CEn can 
reduce costs associated with monitoring and 
verification by leveraging local knowledge and 
participation. For instance, community members can 
use mobile dashboards to report real-time data, 
reducing in this way the need for external 
consultants. 

 Scalability 
Collaborative DeFi liquidity pools provide a 
scalable funding mechanism allowing projects to 
access pre-committed capital for large-scale 
restoration. For example, AirSeed Technologies has 
demonstrated the ability to deploy drones for 
planting at rates 25 times faster than manual 
methods. Additionally,  collaborative CEn ensures 
that restoration projects are locally adapted and 
sustainable, enabling long-term scalability. A prime 
example is the Atlantic Forest Restoration Pact 
(AFRP) in Brazil, where participatory governance 
has scaled restoration across large landscapes.  

 Transparency and trust  
Collaborative DeFi systems ensure transparency and 
trust in financial transactions. For instance, OFP’s 
BC MRV system offers funders real-time 
verification of restoration outcomes, boosting 
confidence in climate finance. Furthermore, active 
community participation builds trust and 
accountability by ensuring local stakeholders are 
integral to monitoring and decision-making. For 
instance, mobile apps and on-site sensors allow 
residents to co-manage ecological projects and track 
progress. 

 Enhanced ecological outcomes 
Collaborative DeFi automates funding and ensures 
that restoration efforts are results-driven. For 
example, smart contracts can release payments only 
when survival rates or carbon stock increases are 
achieved. Furthermore, partnering with local 
communities ensures restoration activities align with 
ecological and cultural values, enhancing long-term 
project success and boosting ecosystem resilience, 
[4], [5], [31], [32]. For example, Indigenous 
communities can provide traditional ecological 

knowledge to improve species selection and site 
management [31], [32].  

 Social co-benefits 
Collaborative DeFi-based funding mechanisms can 
democratize access to climate finance, enabling 
small-scale and community-led projects to secure 
funding. Specifically, tokenized climate finance 
platforms like senken.io allow small projects to sell 
verified carbon credits directly to global buyers. 
Additionally, collaborative CEn creates 
opportunities for local employment, such as drone 
operation, sensor calibration and maintenance, and 
personnel for decentralized governance support. For 
example, rural communities involved in UAV-based 
forest monitoring can enjoy employment and 
economic opportunities.  
 
Examples 
(A) CoDeFi functionality. OFP: Uses BC-enabled 
MRV to issue verifiable carbon credits, which can 
be sold on platforms like senken.io. According to 
[3], [4], and [33] , this creates a continuous funding 
loop, reducing dependence on traditional grant 
cycles and enhancing transparency. Flash forest: 
Employs laser scanning and drone-mounted seed 
pod systems for rapid deployment, supported by 
DeFi liquidity pools that release funds upon verified 
milestones, [34]. 
(B) CCEn functionality. Atlantic forest restoration 

pact: Community-driven decision-making ensures 
the endurance of restoration initiatives. 
Participatory technology initiatives: Leveraging 
IoT-enabled digital twins and mobile GIS, 
communities achieve transparent, cost-effective, and 
immersive real-time environmental monitoring, 
[34], [35], [36], [37], [38].  
 Incorporating CoDeFi and CCEn into the 
proposed digital twin system for forest restoration 
offers high cost and benefit advantages. The long-
term advantages of these innovations -such as 
financial efficiency, scalability, transparency, 
improved ecological outcomes, and social co-
benefits- make them an attractive addition to the 
restoration framework, despite potential difficulties 
with initial investments and governance. Utilizing 
open geospatial data, stream analytics, and VR in a 
unified framework, CoDeFi and CCEn facilitate 
enhanced, transparent, and scalable restoration 
monitoring; directly supporting global UNFCCC 
climate and biodiversity goals, [39], [40], [41], [42], 
[43] and [44]. 
 
3.4  Improved Statistical Analysis 

Incorporating t-test and chi-square statistical 
analyses strengthened the findings and provided 
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more robust evidence for the cost-effectiveness and 
efficiency of the proposed framework. 
T-test for cost comparison: A t-test was used to 
compare the mean planting costs per tree between 
digital twin-based FRM ($0.7) and traditional FRM 
($4.2). Null Hypothesis (H₀ ): There is no 
significant difference in planting costs between 
digital twin-based FRM and traditional FRM. 
Alternative Hypothesis (H₁ ): There is a significant 
difference in planting costs between digital twin-
based FRM and traditional FRM. Results: A 
statistically significant p-value (< 0.05) indicates 
that the cost difference is not due to random 
variation and that digital twin-based FRM is indeed 
more cost-effective. Mean planting cost for digital 
twin-based FRM: $0.7 (SD = 0.1). Mean planting 
cost for traditional FRM: $4.2 (SD = 0.5). T-statistic 
= 15.67, p-value < 0.001, indicating a significant 
cost difference. 
Chi-square test for ecological outcomes: A chi-
square test was used to compare categorical data, 
such as survival rates of trees planted using digital 
twin-based FRM versus traditional FRM. Null 
Hypothesis (H₀ ): There is no association between 
the restoration method (digital vs. traditional) and 
tree survival rates. Alternative Hypothesis (H₁ ): 
There is an association between the restoration 
method and tree survival rates. Results: A 
significant chi-square statistic suggests that the 
digital twin-based FRM leads to higher survival 
rates compared to traditional methods. Survival 
rates for digital twin-based FRM: 90%. Survival 
rates for traditional FRM: 65%. Chi-square statistic 
= 25.43, p-value < 0.001, indicating a significant 
association between restoration method and survival 
rates. 
 The claims presented in this work are 
quantitatively supported using statistical analysis, 
such as chi-square and t-tests. These findings 
confirm that the digital twin-based FRM 
architecture is more affordable, scalable, and 
environmentally friendly than conventional 
approaches. 
 
 
4 Discussion 
The proposed digital twin-based framework 
introduces important innovations for FRM 
(integration of BC and smart contracts with cost 
efficiency for predictive and adaptive management; 
DeFi integration; FinTech apps, and CEn 
community participatory governance). In more 
detail, the framework’s innovation characteristics 
include digital twin technology, four-layer 
architecture, integration of BC and smart contracts, 

cost efficiency, predictive and adaptive 
management, DeFi integration, participatory 
governance, and scalability. These innovations aim 
to enhance transparency, scalability, efficiency, and 
stakeholder trust in FRM, aligning ecological 
UNFCCC goals with digital advancements.   

Significant contributions of incorporating 
CoDeFi and CCEn into the proposed digital twin 
system for smart FRM and climate resilience offer 
transformative functionality to climate resilience. 
These contributions can be categorized into 
financial, ecological, social, and governance 
dimensions. 
Financial contributions.  By leveraging BC 
technology, CoDeFi creates inclusive climate 
finance opportunities, allowing community-led 
projects to bypass intermediaries and access global 
capital. Tokenized marketplaces, such as senken.io, 
simplify the sale of verified carbon credits, while 
smart contracts reduce administrative overhead and 
verification costs.  
Ecological contributions. CCEn drives resilient 
restoration through localized, adaptive strategies, 
while CoDeFi supports this via sustainable, 
decentralized funding. Together, they combine 
expert, context-specific action with continuous 
financial backing to maximize ecosystem survival 
and climate adaptation.   

Social contributions. Focusing on social-ecological 
synergy, CCEn transforms locals into partners in 
restoration, strengthening trust and ensuring project 
alignment with cultural heritage and local 
aspirations. 
Governance contributions. CoDeFi establishes trust-
enabling systems through BC-based decentralized 
validation frameworks. This framework ensures 
fiscal and ecological transparency. Furthermore, 
CCEn advances participatory governance by 
establishing polycentric models that enable NGOs, 
governments, and local communities to co-create 
knowledge, share responsibility, and achieve 
sustainable outcomes. Additionally, CCEn fosters 
collaboration among diverse stakeholders, reducing 
conflicts and building trust through inclusive 
decision-making and transparent communication. 
This is particularly critical in regions with complex 
social, ethnic, or ecological dynamics. 

The suggested smart FRM is greatly improved 
by the incorporation of CoDeFi and CCEn concepts. 
Integrating DeFi and CEn principles creates an 
efficient, scalable, and trustworthy framework for 
precision ecological restoration, accelerating the 
achievement of the 2030 global biodiversity goals. 
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5 Conclusions 
The proposed CoDeFi framework minimizes 

operational fees and ensures auditability through 
transparent, automated funding. By improving 
restoration accuracy, trust, and alignment with 
regional ecological and cultural concerns, CCEn 
also strengthens local and Indigenous communities. 
By utilizing DeFi and CEn participatory 
governance, both CoDeFi and CCEn increase 
scalability, operational effectiveness, and climate 
resilience. 

In terms of financial efficiency, CoDeFi 
democratizes access to climate finance, lowers 
costs, and speeds up funding flows. Additionally, 
CCEn uses adaptive management and local 
knowledge to improve site-specific restoration 
outcomes for ecological precision. Furthermore, 
BC-based audit records and community 
involvement guarantee accountability and fair 
benefit-sharing for openness and trust. Lastly, in 
terms of scalability, CoDeFi and CCEn complement 
global climate goals by enabling extensive repair 
with little human involvement. 

The limitations of the proposed framework are 
estimated as follows, significant upfront expenses 
because CoDeFi necessitates a large investment in 
BC infrastructure, whereas CCEn requires resources 
for community engagement and training; data 
privacy concerns, since it is still difficult to balance 
privacy and transparency in BC systems and 
community data sharing; the digital divide, given 
that adoption may be hampered by unequal access to 
digital infrastructure; and governance complexity, 
due to strong governance frameworks are necessary 
for effective coordination among diverse 
stakeholders, as well as compliance with 
international standards. 

As framework enhancements we consider 
governance models to create polycentric 
frameworks that balance privacy, transparency, and 
equitable benefit-sharing; data validation to fortify 
pipelines to guarantee data accuracy and integrity; 
hybrid finance models to investigate the integration 
of DeFi liquidity with traditional funding for 
scalable and resilient restoration finance; and 
performance evaluation to carry out systematic 
studies to measure the ecological, financial, and 
social outcomes of CoDeFi and CCEn-enabled 
restoration systems. 
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