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Abstract

The challenge of effective global biodiversity conservation is complicated by the lack of comprehensive,
up-to-date data repositories, and the absence of standards, interoperability, and data ownership and security issues.
This review explores the potential of blockchain-based biodiversity data sharing systems as a trustworthy solution
for the secure and transparent transmission of ecological data between research institutions, conservation bodies,
governments and non-governmental organizations. The study reviews and examines the critical literature on the
integration of blockchain with the latest technologies for monitoring biodiversity, such as sensors using Internet of
Things (10T), remote sensing, environmental DNA (eDNA), geographic information systems (GIS), and artificial
intelligence (Al). Data integrity, data traceability, data interoperability, scalability, transaction latency, access
control, and governance are all some of the key evaluation parameters of data. The analysis of blockchain shows that
it can significantly enhance data integrity, transparency and trust among stakeholders and reduce the likelihood of
data manipulation and unauthorized access to data in collaborative conservation efforts. But, deployment is limited
by transaction speed and storage space requirements, usage of energy in certain consensus protocols and
interoperability with different platforms. The uniqueness of this review is that it provides a comprehensive
framework for blockchain and current technologies for monitoring biodiversity, and highlights current research
gaps, implementation challenges, and research directions for future implementation. The study provides a roadmap
for the development of modular, secure, interoperable and decentralised biodiversity information systems, which
will enable transparent data sharing, improve multi-stakeholder cooperation and help to evidence-based planning for
conservation.

Keywords— Blockchain; Biodiversity Conservation; Data Sharing Frameworks; Smart Contracts;
Interoperability; Environmental DNA (eDNA) Monitoring

the availability of ecological data in a timely,

I. Introduction

The loss of biodiversity is unprecedented, caused by
habitat loss, climate change, invasive species and
unsustainable  exploitation of resources, and
conservation actions are now increasingly reliant on

*Corresponding Author:

accurate and trustworthy way to inform management
decisions [1]. Whilst there is a huge amount of
biodiversity data being created by research
institutions, government and citizen science
networks, outcomes of biodiversity conservation are
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still not significant enough, as data gathered from
different projects rarely reaches the parties that need
them the most, which therefore hinders coordinated
global action over biodiversity [2]. Biodiversity
information systems are currently siloed, use
heterogeneous metadata formats, and lack universal
sharing policies which severely limit access to and
use of data across borders and slow the process of
evidence-based conservation planning [3]. Further,
many biodiversity databases do not have a system for
establishing the provenance of the data, which can
make it hard to be sure that a database has been
modified or duplicated or that the data is wrong after
the specimen has been collected, and reduce the
confidence of those who rely on them for research,
funding, or policy [4]. Centralization of data also
means that there are single points of failure, and there
is a risk of unauthorized access, manipulation and
cyberattacks, particularly when it comes to
information on endangered species location or
indigenous ecological knowledge [5]. Together these
restrict the scientific utility of joint biodiversity data
and impact the openness of contributing
organisations to join open biodiversity data sharing
ecosystems of data [6]. With its decentralized,
immutable,  cryptographically  secured ledger
structure, blockchain technology has proven itself as
a promising solution to tackle these systemic
challenges by enabling multiple untrusted parties to
record, verify and share data without needing a single
central  source. Embedding, for example,
"timestamped" cryptographic hashes, consensus-
based validation, and "programmable” smart
contracts within biodiversity data pipelines can
simultaneously enhance the traceability, enforce data
access control, and automate compliance with data-
sharing agreements between governments, non-
governmental organizations and research consortia.
The aim of this review is to explore the potential of
adding blockchain-based architectures to the current
biodiversity monitoring technologies to enable a
secure, interoperable, and transparent global data-
sharing system that enables evidence-based
conservation planning on a larger scale.

This paper makes a number of key contributions,
including:

1) Presents a holistic approach towards
conservation with blockchain, Internet of
Things (IoT), eDNA and GIS.

2) Compares and contrasts  blockchain
platforms from a security, scalability and
interoperability perspective.

3) Recognises key research gaps and future
research  directions  for  sustainable,
decentralised governance of biodiversity
data.
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I1. Blockchain Technologies for

Biodiversity Data Management

The section provides a brief overview of the
blockchain basics and how they apply to the
management of conservation biodiversity data,
including distributed ledger, consensus mechanisms,
smart contracts, provenance assurance, and
governance frameworks, which all contribute to
ensuring that biodiversity data can be shared
securely.

A. Blockchain Architecture and Distributed
Ledger Technology

The core of blockchain is a distributed ledger
technology (DLT) that distributes data records, which
form blocks linked together by cryptographic
security, among a network of nodes. These blocks
include a timestamp, a hash of the previous block,
and transaction data, creating a permanent sequence
that is highly resistant to changes made after the fact
with the consensus of the network [8]. This
architecture is especially useful for the management
of biodiversity data as it may come from a wide
variety of independent institutions with uncertainties
about their internal systems. Distributed ledgers come
in three forms: public, permissioned, and consortium.
They have various considerations of openness,
throughput, and administrative control. In a
conservation context, a consortium and permissioned
models are gaining popularity for their ability to
validate transactions in a network using trusted
organizations, like national parks authorities,
universities and NGOs, and to only allow write
access to trusted participants [9]. This modular
design also enables the linkage of other external data
sources, such as sensor data from the 10T, GIS data,
or outputs from remote sensing data, with the use of
hashed pointers instead of storing large amounts of
raw data on the ledger, preserving the efficiency of
the ledger while at the same time maintaining
verifiable links to the original data.

B. Smart Contracts and Consensus
Mechanisms

Smart contracts are self-coded programs that are
placed on the blockchain, and automatically execute
the rules defined in the contract when certain
conditions are satisfied, without the need for manual
intermediaries to validate data or provide access.
Smart contracts can be used in biodiversity to
automatically determine whether an uploaded sensor
reading is within acceptable ecological parameters, to
alert when data limits are exceeded, or to provide
access to the data for a certain period by a verified
research partner for certain time periods [10].
Consensus mechanisms, on the other hand, decide on
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the validity of new transactions that are added to the
ledger before consensus. Proof-of-Work (PoW) is
well suited to the resource-rich deployments of
conservation, but consumes a significant amount of
energy, while Proof-of-Stake (PoS) and Practical
Byzantine Fault Tolerance (PBFT) are more suitable
for resource-constrained deployments and provide
faster finality with much lower energy consumption
[11]. For  example, Hyperledger Fabric's
endorsement-based consensus capability is designed
for use in consortium biodiversity networks where
there are a limited number of trusted organizational
nodes that should be able to perform consensus
efficiently. When considering multi-party data
governance workflows and automating how the data
is governed across jurisdictions, transaction latency,
throughput and the entire carbon footprint of the
data-sharing network becomes an important
consideration for conservation efforts that are
technically sound and environmentally responsible.

C. Data Provenance, Integrity, and
Transparency

The ability to create verifiable data provenance is a
great asset that blockchain brings to the biodiversity
data sharing landscape, where each dataset can be
traced back to its source and a full history of changes
and transfers is visible and cannot be altered. Every
data record is also encrypted (hashed) and recorded
with a time-stamp, thus making it immediately
apparent if it has been altered without authorization,
especially because biodiversity data is used for legal
enforcement, funding, or international conservation
agreements [12]. This transparency also enhances
accountability between the institutions involved, as
all data uploads, requests and changes are kept and
can be traced and scrutinised by accredited parties.
Provenance is particularly useful for cross-border
conservation initiatives, helping to avoid claims of
ownership of data and authorship, and to prevent
falsified reporting of species abundance or habitat
quality which could otherwise lead to policy mistakes
[13]. Moreover, blockchain technology can be
utilized for ecological research, helping to ensure the
reproducibility of data by allowing independent
verification of the conditions, instruments, and
timings under which the original data was collected.
It is especially important for eDNA and genomic
biodiversity datasets as sample-handling mistakes or
contamination may have a great impact on scientific
conclusions. The transparency that blockchain
introduces into data lifecycles eliminates a need for
trust-based  assurances and  instead  offers
cryptographic evidence that increases trust by
researchers, regulators, and the general public in the
integrity of data shared for conservation.
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D. Privacy, Security, and Governance
Frameworks

Although  blockchain  provides transparency,
biodiversity data sharing must also consider privacy
protection, especially when it comes to data that is
considered sensitive (e.g., endangered species
locations, indigenous ecological  knowledge,
proprietary research findings that could be used by
poachers or commercial entities if misappropriated).
Data validity can be also verified without exposing
the sensitive data by using privacy preserving
mechanisms like zero-knowledge proofs, attribute-
based encryption, and permissioned access layers
[14]. Governance structures determine who may be
able to participate in the network, who can propose
changes to it and who can see specific categories of
data, and are usually managed with role-based
permissions to the smart contracts that are negotiated
between the members of the consortium.
Jurisdictional  variability in data protection
legislation, ownership of genetic and ecological data,
and benefit-sharing mechanisms with local and
indigenous communities as key data stewards also
need to be tackled in the context of good governance
[15]. Security is not just about the blockchain layer,
but also the integrity of the sensors on the loT
network, the security of key management between
organisations and security against Sybil attacks in
permissionless environments. A good governance
structure must strike a balance between transparency
and confidentiality so that conservation actors have
confidence in the technical security of the system as
well as in the equity of its management rules, which
are crucial for the continuity of multi-institutional
involvement in international initiatives for sharing
biodiversity data globally [16].

Table 1. Summary of Blockchain Technology
Components for Biodiversity Data Management

Compo | Primary | Exampl | Key Limitatio
nent Function | e Benefit n
Mechan
ism
Ledger | Distribut | Consorti | No single | Storage
Archite | ed record | um point of | overhead
cture keeping blockcha | failure
in
Consen | Transacti | Proof- High High
sus on of-Work | security energy
(PoW) validatio use
n
Consen | Transacti | Proof- Low Lower
sus on of-Stake | energy, decentrali
(PoS/P | validatio | /PBFT fast zation
BFT) n finality
Smart Automat | Solidity | Removes | Coding
Contrac | ed rule | / intermedi | vulnerabil
ts enforcem | Chainco | aries ities
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ent de
Hashing | Data SHA- Tamper No
fingerpri | 256 detection | content
nting encryption
Provena | Origin Timesta | Auditabili | Requires
nce verificati | mped ty metadata
Trackin | on hash standards
g chain
Access | Permissi | Role- Confident | Governan
Control | on based iality ce
manage smart complexit
ment contracts y
Encrypt | Privacy Zero- Confident | Computati
ion preservat | knowled | ial onal cost
(ZKP/A | ion ge validation
BE) proofs
Off- Bulk data | IPFS /| Scalabilit | Availabilit
chain hosting distribut | y y
Storage ed nodes dependenc
y
Govern | Network | Consorti | Fair Jurisdictio
ance administr | um participati | nal
Layer ation voting on conflicts
rules
The table | demonstrates that there are

complementary parts to blockchain integration with
biodiversity, ranging from the consensus, security,
and governance aspects. This is not enough; multiple
layers of hashing, encryption and access control are
needed, each providing a piece of the puzzle, but
together satisfying integrity, privacy and scalable
trustworthy conservation data sharing.

I11.  Blockchain-Enabled  Biodiversity Data
Sharing Framework

It works with a pipeline of multiple layers, with the
first layer happening at the edge: raw ecological data
from various sources is first validated; the second is
registered on a permissioned blockchain through
smart contracts that ensure quality and access; the
third is bulky raw data that is stored off-chain with
on-chain hashes in decentralized storage. Authorized
users and stakeholders, such as researchers, agencies,
and NGOs, communicate with the ledger using role-
based permissions, such that every query, update, or
data transfer is transparently recorded, verifiable, and
secure against tampering and unauthorized changes
throughout the conservation data lifecycle.

A. Biodiversity Data Sources (IoT, Remote
Sensing, eDNA, GIS)

The modern conservation monitoring creates the use
of a variety of data streams: the use of 10T sensor
networks for real-time measurements of the
conditions in the environment (such as temperature,
humidity, and movement of animals); using remote
sensing satellites to collect habitat and land-cover
imagery at a large scale; using environmental DNA
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(eDNA) sampling to detect animals at different scales
of time and space without any direct observations;
and using GIS platforms to integrate spatial layers for
habitat mapping and corridor planning. Each source
provides structurally different data that need to be
preprocessed according to the standard to be
registered in the blockchain.The data generated by
each source is structurally different, and must be
preprocessed according to a standard to be registered
in the blockchain.

B. Proposed Framework Architecture

The proposed architecture is composed of five layers
that are connected and linked. The data acquisition
layer combines data from loT sensors, remote
sensing, eDNA labs and GIS. This preliminary
validation and prefiltering of noise and abnormal
readings are done at the edge gateway layer using Al-
based quality filtering. Its core blockchain layer
includes a consortium-ledger managed by a
permissioned consensus mechanism, while smart
contracts validate data, authorize access and perform
compliance checks automatically. Under that, a
decentralized storage layer (usually InterPlanetary
File System, or IPFS, or another system) stores large,
raw files like high-quality photos or genomic
sequences, and only the hash of the file and its
metadata is recorded in the ledger, ensuring that the
number of records remains efficient. An identity and
access control layer is in charge of the cryptographic
keys and permissions based on roles for each
participating organization. Last but not least, the
stakeholder layer brings together researchers,
conservation agencies, government institutions and
NGOs who interact with the system through a series
of interfaces where they can do what they're
supposed to do and interact with fully authenticated
users. This multi-layered approach provides for
scalability, modularity, and a separation of concerns
between data validation, secure data storage and
governed access throughout the global conservation
network.
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Fig. 1. Proposed blockchain-enabled biodiversity data
sharing system architecture.

The figure 1 shows that the data flow from the
acquisition resources moves to the edge validation,
then to the blockchain and smart contract core before
reaching data decentralized storage and access
control and finally reaching the researchers, agencies,
governments and NGO stakeholders in a secure
manner.

C. Data Acquisition, Validation, and
Registration

The acquisition of data starts with the generation of
raw observations by various types of sensors, remote
sensing platforms, eDNA laboratories, or GIS
platforms, and the raw data are first processed at the
edge to remove noise and standardize the data format.
In the validation process, the automated script and the
Al anomaly detection remove corrupted readings,
duplicate data or values that are outside the plausible
ecological range to ensure only credible data continue
to flow. After being validated, each dataset is then
processed through a hash function (e.g., SHA-256)
and the resulting hash, including key metadata like
the time of the data, the data source identifier, and
geographic coordinates, is sent to the blockchain
network as a transaction. Consortium validators
validate the transaction according to the consensus
mechanism agreed by the consortium, and then
validate it based on the schema and permission rules
defined beforehand before it is permanently added to
the ledger. This registration process ensures that
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exactly what is in the data at the time of the
registration is encrypted and permanently stored, so
that any future checks for tampering can be verified.
Metadata standards consistent  with  existing
biodiversity information standards (e.g., Darwin
Core) also help maintain interoperability of registered
records with other repositories and scientific
databases of the international conservation
community.

D. Smart Contract-Based Data Management
Smart contracts automate and enforce the rules that
control who is allowed to access which data, with
what conditions and for how long, after it's
registered. A smart contract then verifies the
credentials of the researcher against the role-based
permission registry, and sends decryption keys only
if the conditions are met and for a fixed period of
time. The contracts can also be configured to send
automatic alerts if ecological anomalies are detected
by the sensors, such as signals that the population of
the  monitored species are declining, and
automatically record all access events in a log that is
permanently auditable, without the need for manual
oversight of the access events across the multi-
institutional network.

E. Decentralized Storage and Access Control
The heavy data of biodiversity files is stored in
distributed storage networks, while the light
cryptographic hashes and access-control metadata
remain on-chain, providing scalability with data
integrity and permissioned, controlled access to
access heavy data..

H(D} = SHA-256(D), Access(u D) = Lif R(u) € P(D)and T(u) = T_sxp, else

In this case D represents the original data, H(D) the
hash of the data, R(u) the user that requested access
to D, P(D) the set of roles that is permitted to access
D, and T_exp the expiration time-stamp of a granted
access token, that together define time-bound, role-
based retrieval permissions.

F. Cross-Platform Interoperability and Data
Exchange Workflow

Standardized metadata schemas, RESTful and
GraphQL-based application programming interfaces
(APIs) and cross-chain communication protocols
enable the conservation blockchain to communicate
with external databases, like the Global Biodiversity
Information ~ Facility  (GBIF) or  national
environmental databases. The usual workflow for
data exchange starts from a request to send the query
that is formatted in compliance with the agreed
standards of interoperability, and then the
authentication process begins, verifying the identity
of the sender before a query is forwarded to the
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relevant storage node blockchains or off-chain.
Middleware translation services are capable of
transforming data from one schema to another across
various versions, allowing partner organizations with
heterogeneous systems to share and process
biodiversity records without manual translation,
significantly mitigating integration friction in the
global conservation data ecosystem.
IV.  Applications in  Global
Conservation

Biodiversity

A. Wildlife Monitoring and Species
Conservation

Platforms based on blockchain technology can store
the data collected from the GPS collars, camera traps
and acoustic sensors, and ensure that information
about the animals is recorded and shared in near real
time among the various wildlife monitoring agencies.
This guarantees the recording of population numbers,
migration movements and deaths with verifiable
dates, thereby minimising the possibility of reported
population changes being manipulated and makes it
possible to intervene more quickly, based on
evidence, when populations of species indicate a
decline across the protected areas and trans-boundary
migration corridors.

B. Habitat and Ecosystem Management

Combining GIS layers and remote sensing imagery
with  blockchain registries empowers habitat
management agencies to monitor deforestation, land
use change and ecosystem degradation in an
immutable fashion. Smart contracts can automatically
alert regulatory agencies to any unauthorized land
conversions identified by satellite change analysis,
and streamline the coordinated, transparent response
of multiple jurisdictions with the same protected
ecosystem boundaries and conservation requirements.

C. lllegal Wildlife Trade Traceability

The auditable chain-of-custody system that
Blockchain offers can help trace the journey of
wildlife products from origin to point of sale, making
it much more difficult for illegal wildlife trade to
infiltrate into legal trade. Every time that custody of
the permit or inspection certificate or transport record
is transferred, the transfer is documented as an
immutable transaction, and enforced agencies can
track back to the origin of the shipment to determine
if it was a suspect shipment and look at the origin of
the transport and the point where the permit or
inspection certificate may have been substituted.

D. Climate Change and Biodiversity
Assessment
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Long-term, reliable climate-biodiversity data sets are
needed, that involve multiple research institutions
around the world, and incorporate temperature and
species distribution changes, as well as phenological
observations. Reliability over decades of years is
ensured by blockchain, which protects historical
climate and biodiversity data from alteration and
facilitates the confident identification of known
climatically driven changes in the past without fear of
retroactive changes to the data or selective reporting.

E. Collaborative Conservation Networks and
Policy Support

Consortium networks for structured collaboration
between governments, NGOs and research
institutions can be implemented through blockchain
technology, which offers a common, trusted ledger
for sharing funding disbursement, verifying project
milestones, and reporting policy compliance. This
enhances transparency of the international
conservation instruments, including biodiversity
offsetting arrangements, as there is no need to depend
on the comprehensive report submitted by the central
entity to monitor and report on the outcomes of all
the parties involved in the arrangement.

V. Comparative Analysis of Existing Blockchain-
Based Conservation Studies

This section provides a comparative overview of
recent blockchain-related conservation and data
sharing studies that have been conducted in relation
to the platforms' architecture, security and trust,
scalability and throughput, and interoperability
aspects. The comparison shows that there is a trade-
off between security and performance in the
permissioned architectures, which tend to be better
than public chains when it comes to balancing
security and performance, but the interoperability
challenge  between  different  heterogeneous
conservation platforms has not been solved yet.

A. Blockchain Platforms and System
Architectures

Table Il. Comparative Analysis of Blockchain
Platforms and System Architectures for Biodiversity
Data Sharing

Platfor Consensus TPS Energ | Smart
m Type (appro | y Use Contrac
X.) t

Support

Ethereu Proof-of- 15 Moder | Yes

m Stake ate

Hyperled | PBFT/Endors | 3500 Low Yes

ger ement (Chainco

Fabric de)

Corda Notary-based | 170 Low Yes

Polygon | PoS Sidechain | 7000 Low Yes

I0TA DAG/Coordin | 1000 Very Limited
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The results indicate in table 11 show that the energy
consumption and transaction speeds in platform
networks that are permissioned, like Hyperledger
Fabric and Polygon, are significantly higher than in
public-chain based applications like Ethereum, and
more appropriate for emerging consortium-based
biodiversity data-sharing networks that demand low-
cost, frequent transactions.

10°

Transactions Per Second
g

Ethereum Hyperledger Corda Polygon 10TA
Fabric Tangle

Fig. 2. Transaction Throughput Comparison Across
Blockchain Platforms

The transaction throughput is shown in Figure 2 on a
log scale for 5 different platforms. Polygon and
Hyperledger Fabric have the highest TPS while
Ethereum is the lowest. This further validates that
permissioned and sidechain solutions provide better
throughput for high frequency biodiversity data
transactions than public blockchain solutions.

B. Security, Privacy, and Trust Analysis
Table Il1. Security, Privacy, and Trust Comparison
Between Public and Permissioned Blockchains

Blockchai | Tamper | Access | Confidential | Trus
n Type Resistan | Contr | ity (%) t
ce (%) ol (%) Scor

e
(%)

Public 92 78 70 85

Blockchain

Permission | 88 95 92 90

ed

Blockchain

Table 111 shows that permissioned blockchains are
superior to public blockchains in terms of access
control and confidentiality, both of which are
important attributes of sensitive species-location data,
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while public blockchains still have a slightly better
raw tamper resistance, given the wider distribution of
nodes and decentralization of the network. This
comparison of public and permissioned blockchains
is done under the following four security dimensions
as shown in figure 3. The tamper resistance of public
blockchains is slightly better than permissioned
blockchains because nodes are distributed more
widely, but the latter's ability to control access,
confidentiality and trust in stakeholders indicates
they are well suited to the management of
biodiversity conservation sensitive data.

I Public Blockchain
I Permissioned Blockchain

80

Score (%)
=)
1=

E=3
=]

20

Tamper Access Data Stakeholder
Resistance Control Confidentiality Trust Score

Fig. 3. Security and Trust Metrics: Public vs.
Permissioned Blockchain

C. Scalability, Throughput, and Transaction
Performance

Table 1V. Scalability, Throughput, and Transaction
Performance Across Varying Network Sizes

Networ | Latenc | Throughp | Storage Fault

k Size | y(ms) | ut(TPS) Overhea | Toleranc
(Nodes) d e (%)

(GBlyr)

10 120 2800 12 99.9

50 180 2600 48 99.8

100 260 2350 95 99.6

500 420 1900 410 99.2
1000 610 1500 790 98.7

As network size increases, so does transaction
latency as well as throughput slowly decreases, as
evidenced in Table 1V, thus, large global biodiversity
consortiums need to implement sharding or layer two
solutions to maintain high performance in the
scalable network. Figure 4 shows the increasing
transaction latency as the number of network nodes
goes from 10 to 1000 network nodes. This near-linear
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increase indicates that larger consortiums bring in
more delay between the formation of consensus,
which is the key factor in maintaining low latency for
large-scale biodiversity blockchain deployments,
necessitating the use of sharding or layer-two
solutions.

600

500

=
o
o

Latency (ms)

w
(=3
=]

200

100

0 200 400 600 800 1000
Number of Nodes

Fig. 4. Latency Growth with Increasing Network

Node Size

D. Interoperability and Data Sharing
Efficiency

Table V. Interoperability and Data Sharing Efficiency
Across Existing Frameworks and the Proposed
Framework

Framew | Standar | Cross | API Interoperab
ork d - Integrat | ility Score
Complia | Chain | ion (%)
nce Supp
ort
Framewo | Partial No REST 62
rk A only
Framewo | Partial Limit | REST + | 68
rk B ed SOAP
Framewo | Full Limit | REST 71
rk C (Darwin | ed
Core)
Framewo | Full Yes REST + | 74
rk D GraphQ
L
Proposed | Full Yes REST + | 89
Framewo | (Darwin GraphQ
rk Core) L

While some existing single-standard or partially
compliant conservation data-sharing frameworks are
available, the proposed framework provides the
highest level of interoperability, as shown in table V,
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by meeting full compliance with the metadata
standard, cross-chain support, and integrates with
dual REST/GraphQL API. The interoperability score
has been steadily increasing from Framework A to D
as it’s engineered to be more standard-compliant and
inter-chain supported. The proposed framework
scores the best at 89%, confirming that the multi-
chain framework where Darwin Core compliance,
cross-chain interoperability and dual REST/GraphQL
integration are combined brings maximum efficiency
in sharing biodiversity data.

& 2 g

Interoperability Score (%)

~
=]

Framework Framework Framework Framework  Proposed
A B C D Framework

Fig. 5. Interoperability Score Comparison Across
Existing Frameworks and the Proposed Framework
VI. Challenges, Research Gaps, and Future
Research Directions

A. Technical Challenges and Scalability
Limitations

As the number of nodes grows, the throughput of
blockchain networks with large numbers of loT
sensor streams becomes a problem, storage
requirements become heavier, and latency becomes
higher. High resolution images and large genomic
files are too large to be stored efficiently on-chain, so
a hybrid on-chain/off-chain approach must be used.
However, there are still several areas that are not well
explored for biodiversity specific workloads, such as
sharding, layer-two rollups and lightweight
consensus, which hinder deployment in the real
world in continental or global monitoring scale.

B. Regulatory, Ethical, and Governance Issues
There are some issues that remain concerning with
cross-border sharing of biodiversity data related to
data sovereignty, intellectual property over genetic
sequences and equitable benefit sharing with the
indigenous communities. The immutability of
blockchain is not necessarily covered by existing
laws, which may provide rights and/or obligations for
individuals or communities to update or delete
information they shared into the environment.
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C. Green Blockchain and Sustainable
Consensus Mechanisms

Consensus mechanisms that require more energy are
not aligned with conservation's sustainability
expectations, which poses a reputation risk for
environmental groups using blockchain. Further work
on low-power consensus protocols, renewable
energy-powered validator nodes, and carbon offset
integrated ledgers will be required to make sure that
data sharing infrastructure is not negating the eco
goals it hopes to accomplish.

D. Integration with Artificial Intelligence,
Digital Twins, and Web3

Al-powered predictive analytics, simulations of
digital twins and decentralised apps on the Web3
blockchain could all help create adaptive and self-
correcting conservation systems. However, there are
still many questions to be investigated when
implementing outputs of Al models on immutable
ledgers, such as how to verify the provenance of
these models, how to ensure their updates, and how
to ensure that these models are explainable alongside
the cryptographic assurances of trust.

VII. Conclusion

The study shows how blockchain-based systems can
present a viable framework to address fragmentation,
provenance and trust challenges, which have long
been a limitation in sharing global biodiversity data.
Combining the use of distributed ledgers, remote
sensing, eDNA, and GIS technologies, conservation
stakeholders can have verifiable, tamper-proof and
interoperable data exchange between different
institutions and countries. The comparative analysis
shows that, while performance, security, and
governance features are generally best in the
permissioned blockchain architectures, there are not
yet solutions for scalability and interoperability
between different platforms for large-scale
deployments of conservation consortiums. This work
adds a structured, layered framework and
comparative benchmarking approach to the scientific
contributions, which can help inform future system
design decision making. In practice, conservation
organisations are invited to implement consortium
blockchain solutions, universal metadata standards
and on-chain/off-chain storage options to achieve a
fine balance between transparency and efficiency.
Interoperability  standards, fair  governance
frameworks that consider indigenous data rights and
energy-efficient consensus processes that are
sustainability-minded should all be key features of
global biodiversity efforts. In the future, as
blockchain applies with more Al, digital twins and
Web3 technologies, the conservation data ecosystems
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will become even more adaptive and self-verifying,
which could be achieved by coordinated, multi-
stakeholder research and policy development efforts,
as long as technical, regulatory and ethical issues are
tackled..
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