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Abstract

Forest certification has become an important market-based tool for promoting environmen-
tal sustainability, biodiversity conservation, and improved governance across agricultural
and forest production systems. This state-of-the-art (SotA) review examines forest and
cocoa certification schemes in Brazil, focusing on cocoa-based agroforestry systems in
southern Bahia. Major programs, including the Forest Stewardship Council (FSC), Brazilian
Forest Certification Program (Cerflor), Instituto Biodinamico (IBD), UTZ Certified (UTZ),
Rainforest Alliance (RA), and Geographical Indication (GI) systems, were analyzed for
implementation, sustainability outcomes, and accessibility across producer groups. This
SotA review identifies persistent barriers to certification adoption, including high costs,
complex regulations, limited technical capacity, and unequal access among producers. Cer-
tification adoption varies substantially among producer groups, with cooperatives playing
a critical role as intermediaries that reduce barriers and facilitate market access. Finally,
this SotA review proposes a conceptual classification of cocoa producers and an Al-enabled
perspective for deforestation-free certification in biodiversity hotspots such as southern
Bahia, offering new insights into sustainable cocoa production and forest conservation.

Keywords: agroforestry systems; artificial intelligence; cocoa production; forest certification;
certification barriers

1. Introduction

Forest certification is widely recognized as a voluntary, market-driven instrument that
promotes environmental management and supports ecosystem services, including water
quality and biodiversity conservation [1-3]. The Programme for the Endorsement of Forest
Certification (PEFC) and the Forest Stewardship Council (FSC) are the two largest forest
certification systems worldwide, with more than 160 million hectares certified under FSC
standards and over 295 million hectares covered by PEFC globally [4-6]. Established in
1993 and 1999, respectively, FSC and PEFC were designed to promote sustainable forestry
practices and support smallholder and family-based forest operations [7]. PEFC currently
represents the largest share of certified forest area worldwide, accounting for approximately
70% of all certified forests [8]. Forest certification requires compliance with multiple en-
vironmental, institutional, and social criteria, including sustainable forest management,
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protection of high-conservation-value forests, adherence to labor standards, and responsible
management of non-timber forest products [9-11]. Although forest and cocoa certification
pursue the common goal of sustainability, they differ in scope. Forest certification (e.g., FSC
and Brazilian Forest Certification Program (Cerflor)) focuses on sustainable forest man-
agement, whereas cocoa certification (e.g., Rainforest Alliance (RA), UTZ Certified (UTZ),
Geographical Indication (GI), and Instituto Biodinamico (IBD)) emphasizes sustainable
production, traceability, and market access. In cocoa-based agroforestry systems, however,
these certification approaches are complementary because sustainable cocoa production
depends on forest conservation.

In Brazil, recent developments in forest certification reflect both institutional progress
and persistent governance challenges. Federal Law No. 14,590, approved in 2023, aims
to facilitate carbon credit projects and environmental services within conservation units,
potentially strengthening certification initiatives and environmental governance [12]. More
recently, the FSC introduced a new national plantation standard that entered into force in
2025 and focused on responsible forest management practices. Brazil currently adopts sev-
eral forest certification systems, including FSC and Cerflor. FSC and Cerflor have certified
approximately 7 million and 4.2 million hectares of forest in Brazil, respectively [13]. Cerflor
promotes the environmental, social, and economic sustainability of forest enterprises and
production systems [14]. Despite the growing adoption of certification systems, existing
studies remain fragmented and limited in their explanations of how forest and cocoa
certification interact within cocoa-based agroforestry systems, particularly in southern
Bahia. Cocoa and forest certification are discussed together in this state-of-the-art (SotA)
review because cocoa trees are integral components of regional agroforestry landscapes. In
Brazil, cocoa certification schemes such as RA, UTZ, GI, and IBD have become increasingly
relevant in promoting sustainable production practices and market differentiation.

This SotA review critically examines the implementation of forest and cocoa certifica-
tion systems in Brazil, with particular emphasis on cocoa-based agroforestry systems in
southern Bahia. Specifically, the review analyzes: (i) the main certification schemes applied
to cocoa production; (ii) the environmental, social, and economic barriers to adoption
across producer groups; and (iii) the potential contribution of Al-enabled deforestation-free
approaches to sustainable forest and cocoa management. The review provides an integrated
assessment of certification adoption, governance challenges, and emerging technological
opportunities within cocoa-based agroforestry systems, with particular attention to pro-
ducer heterogeneity and evolving monitoring approaches. However, the literature also
reveals persistent barriers, including governance limitations, certification costs, limited
technical capacity, unequal access among producers, and monitoring challenges. Beyond
synthesizing existing knowledge, this SotA review contributes by: (i) integrating forest and
cocoa certification within tropical agroforestry systems; (ii) analyzing adoption patterns
across smallholders, cooperatives, and large-scale farms; and (iii) proposing a conceptual
Al-enabled deforestation-free framework tailored to biodiversity hotspots such as southern
Bahia. Building upon previous reviews, this SotA review provides an integrated perspec-
tive on forest and cocoa certification within tropical agroforestry landscapes. It synthesizes
and compares previous findings on certification schemes in terms of governance, implemen-
tation barriers, environmental outcomes, and market implications across different producer
groups, while also highlighting the limitations and remaining knowledge gaps identified
in the existing literature. Moreover, this review introduces a conceptual framework for
classifying cocoa producers by their access to certification and discusses the potential of
Al-enabled approaches to support deforestation-free certification in the context of emerging
regulations such as the European Union Deforestation Regulation (EUDR). Together, these
elements extend current knowledge by providing an integrated conceptual and practical
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perspective on sustainable certification systems. Beyond synthesizing the existing literature,
this review contributes by (i) integrating forest and cocoa certification within agroforestry
systems, (ii) proposing a producer-based analytical framework, and (iii) advancing an
Al-enabled, deforestation-free certification model tailored to biodiversity hotspots such as
southern Bahia.

Notably, this study is structured as follows. Following the Introduction, Section 2
outlines the methodology used. Section 3 focuses on certification experiences in Brazil.
Section 4 examines cocoa certification, including IBD certification, certification and inspec-
tion in southern Bahia, and a comparative assessment of certification schemes, among other
topics. Section 5 classifies cocoa producers (e.g., smallholders, cooperatives, and large-scale
producers), while Section 6 discusses forest certification and market dynamics, including
market benefits, consumer perceptions, and economic and trade implications. Section 7
addresses community-based forest certification in Brazil, covering stakeholder perceptions,
certification challenges and benefits, and Al-enabled environmental monitoring for forest
certification. Section 8 presents the application of artificial intelligence (Al) to support
sustainable forest management. Finally, Section 9 presents future research directions and
the conclusions.

2. Materials and Methods

A SotA review is a structured and evolving synthesis of current knowledge that empha-
sizes recent advances, emerging trends, methodological developments, and research gaps
while proposing new perspectives for knowledge dissemination [15,16]. Accordingly, this
study adopted a SotA review approach rather than a systematic review or meta-analysis, fo-
cusing on thematic integration and conceptual discussion instead of quantitative synthesis.
This work examines institutional, technological, and sustainability-related developments
associated with forest and cocoa certification in Brazil, with particular emphasis on agro-
forestry systems in southern Bahia. This SotA review pursued two main objectives: (i) to
provide an overview of certification adoption in the Brazilian cocoa sector and (ii) to ex-
amine certification experiences in southern Bahia. Literature searches were conducted in
the Scopus, Web of Science, and Google Scholar databases using keyword combinations
related to forest and cocoa certification, agroforestry systems, sustainability, biodiversity
conservation, and environmental monitoring. Search terms included “forest certification”,
“cocoa certification”, “Forest Stewardship Council (FSC)”, “Cerflor”, “Rainforest Alliance”,

a7 a7

“UTZ”, “cocoa”, “agroforestry systems”, “cabruca”, “southern Bahia”, “Brazil”, “certifica-
tion adoption”, “certification barriers”, “biodiversity conservation”, “artificial intelligence”,
and “machine learning”. Keywords were combined using Boolean operators (AND, OR)
according to the objectives of each search. A total of 7863 records were initially identified
through searches conducted in the aforementioned databases. After duplicate removal and
title/abstract screening, the remaining records were assessed for thematic relevance to the
objectives of this SotA review. Following this process, 92 publications were retained for
detailed analysis and synthesis. The selected studies were synthesized using a thematic
narrative approach. Evidence was organized into recurring themes, including certification
governance, implementation barriers, producer typologies, market implications, environ-
mental outcomes, and technological innovations. Similarities, differences, and emerging
trends across certification systems were critically analyzed to develop an integrated concep-
tual synthesis and identify current knowledge gaps and future research directions. Studies
were excluded if they were unrelated to the objectives of this review, duplicated, or lacked
sufficient methodological or conceptual relevance. This SotA review included publications
written in English and Portuguese between 1996 and 2025, including peer-reviewed ar-
ticles, reports, and book chapters. This period was selected because it encompasses the
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modern development and expansion of forest and cocoa certification systems in Brazil,
including the consolidation of major certification schemes and the emergence of recent
technological innovations such as Al-assisted environmental monitoring. Studies were
selected based on their relevance to certification systems, agroforestry sustainability, gover-
nance, cocoa production, and Al-based environmental monitoring. The reference lists of
selected studies were also screened to identify additional relevant publications. Forest and
cocoa certification were examined jointly because cocoa agroforestry systems, including the
cabruca system, are closely associated with biodiversity conservation, forest connectivity,
and sustainable production landscapes [17,18].

3. Experience of Certification in Brazil

Brazil holds approximately 12% of the world’s forests, placing it second after Russia,
which holds around 20% of global forest area. At the same time, global forest area declined
from 4128 million hectares in 1990 to 4059 million hectares by 2020 [19]. This decline is
of particular concern because forests contribute significantly to biodiversity conservation,
carbon sequestration, and the provision of essential ecosystem services [20]. Brazil leads
the Southern Cone of America with respect to the share of land under forest certifica-
tion [21]. A study indicated that there were 1363 companies certified by the FSC system and
60 companies certified by Cerflor in the chain of custody in the country [13]. Most certified
companies are concentrated in Brazil’s southeast region, which has the highest certification
density across the country, and concluded that FSC was the most prevalent certification
type in some Brazilian states [13,22]. The influence of FSC and Cerflor varied across the
Brazilian states and depended on multiple factors, including external market pressures
and industry lobbying [23]. Certification schemes have become increasingly important in
Brazil’s agricultural and forestry sectors, particularly in southern Bahia, where cocoa is
traditionally cultivated under the cabruca agroforestry system.

3.1. Barriers to FSC Certification Implementation

FSC certification faces significant implementation challenges, particularly in develop-
ing countries, where legal, institutional, and governance constraints often limit adoption.
In Brazil, major barriers include difficulties in complying with legal requirements for forest
management, labor, health, and safety, which are essential prerequisites for certification [24].
Additional barriers include insecure land tenure, weak governance, limited institutional
and political support, restricted market access for certified products, small-scale forest
operations, and low consumer engagement [25,26]. Operational challenges have also been
reported during FSC implementation. In Brazil, Principles 4 (community relations and
workers’ rights) and 6 (environmental impacts) were identified as particularly difficult to
implement [27]. These principles are intended to ensure environmentally sound, socially
beneficial, and economically viable forest management, while the associated criteria are
used to evaluate compliance [28]. In South America, approximately 80% of reported certifi-
cation challenges were associated with certified forest management practices [29]. Climate
change impacts and the protection of intact forest landscapes have become increasingly
important concerns, leading to the development of new criteria and standards to strengthen
forest conservation [30,31]. Additionally, a study conducted in Northwest Russia identified
challenges related to the implementation of Free, Prior, and Informed Consent (FPIC),
where governance responsibilities were transferred from state authorities to private actors
and local communities without sufficient institutional capacity or support [32]. These
findings suggest that certification effectiveness in developing countries depends not only
on technical compliance but also on institutional capacity, stakeholder coordination, and
the ability of producers to access financial and organizational support systems. Although
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forest certification has demonstrated important environmental and governance benefits,
evidence regarding its long-term effectiveness remains fragmented across different regions
and certification systems. Future studies should adopt standardized indicators to enable
more robust comparisons of environmental and socioeconomic outcomes.

3.2. Procedures for Obtaining FSC Certification

The certification process typically begins with completion of an online application
form, after which an independent third-party certification body accredited by the FSC
contacts the company to proceed with the formal application and confidentiality agree-
ment [27,33]. FSC certification procedures generally include confidentiality requirements,
submission of supporting documentation, and an evaluation process in which certification
bodies communicate information requirements to applicants before assessment [34], as
shown in Figure 1.

Step 1:
—— ® Submit the application form

Figure 1. Stepwise process of FSC certification and associated documentation.

Studies have highlighted that FSC does not issue certificates but accredits indepen-
dent organizations to qualify via audits [35,36]. Authorities can develop their national
FSC standards as long as they meet FSC principles and criteria; characteristics of the
standard-developing group (e.g., research and expertise, socio-economic context, stake-
holder dynamics, forest history, natural conditions, and attitudes toward certification); FSC
international (checking the indicators and criteria); and, finally, national FSC standards [37],
as illustrated in Figure 1. Notably, although the certification process appears straightfor-
ward, its administrative, technical, and financial requirements can create significant barriers
for smallholders and community-based producers.

4. Case of Cocoa Products

There are different types of cocoa plantation systems, including shade and unshaded
plantations. The primary cocoa certifications include Fair Trade (FT), UTZ, Instituto
Biodindmico (IBD), and Rainforest Alliance (RA) [38—40], which represented 22% of world-
wide cocoa certification in 2012 [38]. The most commonly used type of certification in Brazil
varies by state. For example, organic certified cocoa was the only type of cocoa certification
that existed in the state of Para [41], while RA certification is largely used in southern Bahia,
Brazil [42].
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4.1. IBD Certification

IBD is a Brazilian non-profit enterprise that inspects and certifies agricultural activities,
particularly organic cultivation [43]. Cocoa-growing in the south of Bahia covers an area
of approximately 92,000 km? [44]. The main certifications used in cocoa cultivation are
sustainability certification, IBD, and IG [45]. The first IBD certification took place in Ilhéus,
Bahia, on a 2000-hectare cocoa area [46]. The IBD was used to certify 37 properties, and the
area of conserved forest fragments corresponded to 764.95 km? [38]. Despite the growing
relevance of certification systems in southern Bahia, updated and consolidated statistics
regarding the total number of certified cocoa farms and certified production areas remain
limited and fragmented across different certification schemes. Existing studies mainly
report isolated cases and certification-specific datasets, which makes it difficult to establish
comprehensive regional estimates and adoption trajectories over time. It should be noted
that cocoa was the first crop certified with the IBD organic seal [47] and contributed the
most to the conservation of the Atlantic Forest [38].

4.2. Certification and Inspection in Southern Bahia

Other certifications, such as UTZ and RA, were also used to certify cocoa production
in Brazil [48]. Organic certification and RA actions have been developed to boost the
production of fine and organic cocoa in southern Bahia [49,50]. Importantly, IBD employs
inspectors who visit properties to verify agricultural processes and ensure compliance with
established norms [43]. The certification process of IBD can be done through checklists
based on international standards while considering the different realities of each client and
through periodically reviewed reports [43]. Studies have outlined that the GI, implemented
in 2018, is the most recent certification used for cocoa in southern Bahia [51,52]. The success
of certification schemes depends on consumer markets that value differentiated products
and higher quality standards [46]. Certification schemes applied to cocoa production in
southern Bahia differ in accessibility, environmental effectiveness, and market orientation.

FSC and Cerflor adopt stricter environmental and governance standards, but their
implementation in cocoa agroforestry systems remains limited due to high costs and ad-
ministrative complexity. In contrast, RA, UTZ, IBD, and GI certifications are more directly
integrated into cocoa value chains and show greater adoption among producers. Certifica-
tion schemes differ in their objectives and outcomes. Organic/IBD certification is generally
associated with organic production and biodiversity conservation in cabruca systems, con-
tributing to forest preservation [38], whereas RA and UTZ primarily focus on market access,
traceability, and compliance with international sustainability standards [42,48]. However,
the literature remains fragmented regarding their long-term socioeconomic and environ-
mental impacts, with limited evidence on adoption continuity, abandonment trends, and
outcomes for smallholders [17,53]. Despite the growing adoption of cocoa certification,
quantitative evidence on its long-term impacts on biodiversity conservation, producer
livelihoods, and certification continuity remains limited.

4.3. Comparative Assessment of Certification Schemes

Although several certification schemes are applied to cocoa and forest production
systems in Brazil, they differ substantially in their environmental objectives, market benefits,
traceability requirements, and implementation challenges. Table 1 summarizes the main
characteristics of the principal certification schemes discussed in this review.

The comparison indicates that FSC and Cerflor place greater emphasis on forest conser-
vation, biodiversity protection, and governance requirements, whereas RA and UTZ focus
more strongly on sustainable agricultural practices, market integration, and supply-chain
traceability. IBD Organic emphasizes organic production and biodiversity conservation,
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while GI primarily promotes product differentiation and territorial identity. These differ-
ences suggest that no single certification scheme simultaneously maximizes environmental
conservation, market access, traceability, and accessibility. Consequently, certification sys-
tems should be viewed as complementary rather than competing approaches for promoting
sustainable cocoa production and biodiversity conservation in agroforestry landscapes.

Table 1. Comparative assessment of certification schemes relevant to cocoa agroforestry systems.

Certification Env1;(;1c111:;ental Market Benefits Main Challenge Traceability
Forest conservation Access to premium Cost and
FSC and biodiversity P administrative High
. markets .
protection complexity
Sustainable forest National market Lower international .
Cerflor " o High
management recognition recognition
Sustainable cocoa Market access and Variable
Rainforest Alliance . sustainability environmental High
production .
premiums outcomes

GI

Limited evidence on
environmental
outcomes

Product valorization

Product origin and and regional

territorial identity

Moderate

branding

4.4. Project of Law on Cocoa-Cabruca in Brazil

The cabruca is a type of cultivation system within the forestry complex that promotes
greater biodiversity maintenance [54]. Law No. 14,877 (2024) established the cacao cabruca
system to promote certification focused on sustainability and social and environmental
objectives in Brazilian cocoa production. This law, in Article 2, stipulates that the Green
Seal of cacao cabruca may be awarded to growers who meet specific criteria. First, growers
must comply with all national, state, and municipal environmental and labor laws. Second,
they must cultivate cocoa under the cabruca agroforestry system within the Atlantic Forest
to conserve ecological diversity and associated values, water resources, soils, ecosystems,
and fragile or unique landscapes, while maintaining the forest’s ecological functions as
much as possible.

A study emphasized the critical role of governments in forest certification, particu-
larly in ensuring that such programs comply with national legislation and international
commitments [55]. Also, the study highlighted that governments should carefully define
the scope of their involvement in private certification initiatives to promote fairness, opera-
tional efficiency, and high-quality service delivery. This also entails addressing information
asymmetries in the market to support more informed decision-making.

5. Case of Cocoa Producers
5.1. Smallholder Cocoa Challenges

To better understand the heterogeneity of certification adoption in Brazil’s cocoa sector,
this review proposes a producer-based analytical framework that categorizes producers
into three main groups: smallholders, cooperatives, and large-scale farms. The framework
is based on structural, institutional, economic, and environmental dimensions that influence
certification accessibility, monitoring capacity, market integration, and sustainability per-
formance. Large-scale farms generally benefit from greater technical and financial capacity,
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while smallholders rely more heavily on cooperative structures to overcome certification
barriers (see Table 2). This framework highlights key differences in certification accessibility,
technical capacity, market integration, and sustainability potential among smallholders,
cooperatives, and large-scale farms. Cocoa producers range from smallholders and co-
operatives to large-scale farms, as shown in Table 2. Certain cocoa production practices
can negatively affect environmental sustainability. Brazilian smallholders face significant
obstacles in accessing and benefiting sustainably from the organic sector [56].

Table 2. Comparative analytical framework summarizing the main structural, institutional, economic,
and sustainability dimensions associated with smallholders, cooperatives, and large-scale cocoa
production systems.

Characteristics Smallholders Cooperatives Large-Scale Farms References
Small and or ?ﬁ;;ggﬁ of Large production
Farm size fragmented gmultiple units generally [17,56,57]
_________________ PrOPrties  smallholders  eedmsl®Oha
Limited access to Shared financial and L.
: : . . - High investment and
Financial capacity credit and organizational ¢ . . [56,58,59]
. financial capacity
Investment resources
Certification High barriers due to Improved access Gf:rtr?r labirlitt);lto
o certification costs through collective Py W [53,59,61,62]
accessibility - certification
and bureaucracy organization .
ST T T T requitements
N Limited monitoring Cgllegtwe Advanced
Monitoring and . monitoring and o
A infrastructure and - monitoring and [38,60,63]
traceability o shared traceability ot
traceability systems q traceability systems
mechanisms

Expansion of

Inclusion of Facilitation of certified commercial
Role in certification ~ vulnerable producers certification adoption roduction and [17,53,57,62]
systems in sustainable el CoppeRiye gxport-oriented Y
supply chains governance markets

5.2. Cooperatives of Cocoa Producers

Farmer cooperatives are a well-established and important organizational structure
for many smallholder cocoa producers. Moreover, they play a crucial role in promoting
certified products and, consequently, contribute to rural development [17]. Farmers may
question the advantages of maintaining their membership if cooperatives fail to deliver
equitable value among members [17]. A study demonstrates that cooperative member-
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Data storage

Smallholders
and cooperation

pathway

ship significantly enhances cocoa productivity and increases the income of FT producers,
thereby supporting more sustainable and equitable farming systems [64]. Cooperatives
play an important role in organizing smallholder farmers, facilitating access to certifica-
tion programs, improving understanding of certification requirements, and strengthening
market integration and supply-chain governance [65-67].

A study carried out in Peru reported that cooperatives also facilitated gender equality
and enabled environmental justice for women [67]. Furthermore, a study conducted in
the Ivory Coast found that cooperatives enhance supply chain traceability, which is a key
element of effective certification and sustainability initiatives, particularly in major cocoa-
producing countries [63]. Another study in Ecuador highlights that cooperative-based
agroforestry systems promote environmental sustainability and strengthen community
resilience, despite the economic challenges faced by smallholders [68]. In Brazil, small-
holder producers who joined cooperatives and received technical training were more likely
to pursue and maintain certification status [53], highlighting the importance of collective
organization, technical assistance, and capacity building for expanding certification adop-
tion among cocoa producers, as illustrated in Figure 2. Consistent with these findings, a
study conducted in Thailand showed that smallholders with greater trust in certification
systems were more inclined to adopt certified practices [69]. Certification may also im-
prove household income. However, a recent systematic review concluded that although
voluntary sustainability standards contribute to improved farming practices, traceability,
and environmental management, evidence regarding poverty reduction and long-term
livelihood improvements remains mixed [70].

Environmental
governance

Satellite &

AI/ML methods, drone monitoring
compliance <+
prediction

|

Certification provided

l Large-scale farms

Outcomes: Global I
markets/
deforestation free-
carbon pressure

I Global sustainability standards:

L]

SDGs, carbon neutrality goals,
EU Deforestation regulation

Al-Powered deforestation —free ”- Large-farm
* > certification framework h ~%»  pathway

Figure 2. Conceptual framework illustrating the integration of Al-enabled monitoring, certification
systems, environmental governance, and sustainability objectives in cocoa agroforestry landscapes.

5.3. Large-Scale Cocoa Producers

Large-scale cocoa farms are generally defined as production units exceeding 100 hectares.
One or more professional managers typically manage them and rely on hired labor [57].
Brazil is currently the world’s seventh-largest cocoa producer, with major large-scale plan-
tations concentrated in its northern and northeastern regions [71]. Compared with small-
holder systems, large-scale cocoa plantations are often considered to have greater potential
to contribute to sustainability objectives. This potential is particularly relevant in the context
of climate change mitigation. Previous studies have indicated that large-scale producers
generally possess stronger managerial capacity, better access to market information and
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financial services, and more advanced technical expertise [59,60], as shown in Table 2. These
operations benefit from economies of scale, more streamlined land registration, improved
traceability and quality control, and a greater ability to manage agricultural and climatic
risks. In contrast, cooperatives are primarily composed of smallholder farmers who pool
their resources to improve productivity, market access, and sustainability outcomes [72-74].
Large-scale cocoa farms tend to perform well in terms of management efficiency, scale, and
technical capacity. Smallholder cooperatives, on the other hand, strengthen inclusiveness
by providing collective support, market integration, and knowledge sharing. The proposed
producer classification provides a useful conceptual framework; however, its applicability
should be validated through empirical studies conducted across different cocoa-producing
regions and certification systems.

6. Forest Certification and Market Dynamics
6.1. Market Benefits and Consumer Perceptions

By promoting environmental sustainability and commanding premium prices in do-
mestic and international markets, certification incentivizes companies to adopt sustainable
practices (see Figure 2). This may encourage companies with existing sustainability frame-
works to self-select for PEFC certification [75]. A study indicated that certified cocoa
commands price premiums varying from 4 to 20% in international markets [76]. Buyers
have been reported to pay premiums of approximately 10% for cocoa certified under UTZ
schemes [77]. Similarly, an average premium of around 10% has been documented for
coffee certified by FT [78]. In the chocolate sector, certification enables producers to charge
higher prices not only because of improved product quality but also due to the environ-
mental and social services embedded in certified products [79]. Consumers generally have
a positive attitude toward purchasing products from certified forests, although the added
cost of certification affects the sale price [80]. These findings are consistent with the results
of a study conducted in the European market for woody charcoal, which reported that
approximately 80% of the options presented featured FSC or PEFC-certified alternatives,
although the willingness to pay for certification was lower than for product origin [81].

6.2. Economic and Trade Implications

Certification serves as a mechanism to promote the economic and environmental
sustainability of production processes while enabling producers to obtain price premi-
ums [82]. Certification nevertheless offers important benefits, including the establishment
of production standards, the creation of additional market value, and the signaling to
external stakeholders that products comply with FSC requirements [83,84]. In this context,
FSC certification also functions as a commercial marketing strategy that contributes to envi-
ronmental preservation [36]. For example, the price premium for Brazilian cocoa certified
under the UTZ scheme was projected to reach approximately 10% of the market price [85].
Although certification is generally associated with improved sustainability performance,
quantitative evidence remains heterogeneous across regions and certification schemes.
Using data from more than 1700 cocoa producers, a study showed that certification and
cooperative membership significantly enhance the adoption of sustainable agricultural
practices by improving access to technical assistance, training, and market information [17].
Similarly, RA and UTZ certification schemes have been associated with higher productivity,
improved farming practices, and increased farm income among cocoa producers [86].
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7. Community Forest Certification in Brazil
7.1. Perceptions, Challenges, and Benefits of Certification

The effectiveness and adoption of certification systems are strongly influenced by
how enterprises and producers perceive their economic, institutional, and social impacts.
In community forest enterprises (CFEs), certification has been associated with improve-
ments in human wellbeing, equitable governance, forest restoration, and local economic
opportunities [87,88]. However, certification adoption remains constrained by multiple
institutional and economic barriers, including bureaucratic procedures, lengthy certifica-
tion processes, difficulties complying with state regulations, and high implementation
costs [35,36,61,89,90]. These costs include both direct expenses, such as audits, monitoring,
and certification fees, and indirect costs related to forest management practices, chain-of-
custody requirements, and taxation [36]. In the Brazilian cocoa sector, additional barriers
include limited technical knowledge, financial constraints, fiscal disincentives, and re-
stricted market access, which may be classified as internal and external factors affecting
certification adoption.

7.2. Economic and Political Factors in Certification

Economic, institutional, and political constraints continue to limit the expansion of
forest certification systems, particularly among community forest enterprises and small
producers [84,89,91]. High bureaucratic costs and administrative delays reduce accessibility
to certification processes, while limited economic incentives discourage adoption in some
Brazilian companies that do not perceive certification as an effective mechanism for ob-
taining price premiums [92]. Despite these limitations, FSC certification is still recognized
for improving access to international markets and generating benefits for private sector
actors [93]. This dynamic is also reflected in the Brazilian cocoa sector, where certified cocoa
is primarily exported to European markets, whereas non-certified cocoa remains largely
directed toward domestic commercialization [94].

7.3. Al-Enabled Environmental Monitoring for Forest Certification and Climate Mitigation

As certification systems increasingly require transparent monitoring, traceability, and
compliance verification, conventional field inspections alone may be insufficient to ensure
efficient implementation, particularly in large and heterogeneous agroforestry landscapes.
Consequently, emerging digital technologies, including Al, remote sensing, and machine
learning (ML), have become important tools for strengthening certification systems by
improving environmental monitoring, traceability, and compliance assessment. Forest
certification has emerged as an important governance mechanism for promoting ecosystem
resilience, reducing deforestation, and supporting climate change mitigation through
sustainable production systems [95]. However, conventional certification systems often face
limitations in monitoring capacity, traceability, and enforcement across complex agricultural
supply chains. Existing certification procedures often rely on field inspections, periodic
audits, and documentation-based verification [27,43]. Al-enabled monitoring systems that
integrate remote sensing, ML, drone imagery, and georeferenced environmental datasets
could substantially improve transparency, continuous compliance verification, and the
scalability of certification systems, particularly in biodiverse agroforestry regions such as
southern Bahia [96-99].

To address these challenges, the framework illustrated in Figure 2 proposes an Al-
enabled, deforestation-free certification approach that integrates satellite and drone moni-
toring with centralized environmental data management. By combining Al and ML tech-
niques, the system supports real-time environmental monitoring, compliance assessment,
and predictive governance for both smallholder and large-scale agricultural production
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systems. The EUDR requires cocoa products entering the EU market to be deforestation-free
and traceable to the production plot [100]. A deforestation-free certification protocol for
smallholders in southern Bahia could combine Rural Environmental Registry (CAR)-based
farm registration, satellite monitoring, and cooperative support. Certification would re-
quire compliance with the Brazilian Forest Code, maintenance of Atlantic Forest remnants,
and proof that cocoa expansion did not involve recent deforestation. Cooperatives could
facilitate technical assistance, traceability, and shared monitoring, while Al and remote
sensing tools would support periodic compliance verification.

The implementation of the EUDR has further increased the importance of traceability
and deforestation monitoring within cocoa supply chains. As illustrated in Figure 2, Al
technologies can support certification systems by improving compliance verification, audit
efficiency, and continuous monitoring through satellite imagery, drone observations, and
ML-based analysis [97,98]. Compliance requires farm-level traceability and verification that
cocoa production is not associated with deforestation after December 2020 [100]. Recent
assessments have identified persistent traceability gaps in major cocoa-producing countries,
highlighting the need for improved monitoring systems, digital traceability tools, and
Al-assisted environmental monitoring approaches [101].

The framework shown in Figure 2 builds on technologies already used in environmen-
tal monitoring and traceability systems. A practical workflow could include georeferenced
farm registration via the CAR, acquisition of satellite and UAV imagery, automated land-use
classification using ML algorithms, continuous monitoring of forest cover, and integration
of monitoring outputs into certification audits and compliance verification processes. This
approach could support EUDR compliance while improving transparency, traceability, and
monitoring efficiency [98,100,102].

Cocoa-cabruca systems in southern Bahia form complex agroforestry mosaics that con-
tribute to biodiversity conservation and facilitate connectivity within the Atlantic Forest [42].
However, the heterogeneous structure of these landscapes complicates environmental mon-
itoring, certification processes, and the assessment of sustainability indicators [38]. Cabruca
systems structurally resemble the native Atlantic Forest because cocoa is cultivated un-
der retained shade trees, making them difficult to distinguish from dense ombrophilous
forest using conventional satellite imagery [42]. Landsat imagery (30 m) is useful for
regional deforestation monitoring but may mix cocoa, forest, and shade trees within the
same pixel [103,104]. Sentinel-2 imagery (10 m) improves differentiation between cabruca
and full-sun cocoa systems, especially when combined with vegetation indices, texture
metrics, and ML classification approaches [105]. However, high-resolution UAV /drone
imagery is more appropriate for farm-level certification and detection of small-scale canopy
changes [96].

In the cabruca context, several datasets can support the training of ML models for
environmental monitoring and deforestation-free certification. Recent studies in southern
Bahia have demonstrated the use of satellite imagery and supervised ML algorithms for
cabruca classification and land-use mapping [99]. Landsat and Sentinel-2 imagery have
been widely applied for vegetation monitoring and land-cover classification in agroforestry
systems [106]. In addition, drone-based imagery and object-oriented image analysis can
support the identification of cabruca systems and the assessment of canopy structure
and vegetation patterns [96]. Public environmental datasets such as MapBiomas, INPE-
PRODES, TerraClass, and Brazil’s CAR may be integrated with georeferenced farm-level
information to improve traceability, deforestation monitoring, and certification assessments.
Field datasets on cocoa productivity, biodiversity indicators, shade-tree composition, and
soil characteristics may further support supervised ML models to predict ecosystem in-
tegrity and deforestation risk in cabruca agroforestry landscapes.
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As shown in Figure 2, the integration of Al technologies with certification systems can
support both product quality and compliance with global sustainability standards, particu-
larly Sustainable Development Goals (SDGs) 12, 13, and 15, which emphasize sustainable
production and consumption, climate action, and terrestrial ecosystem conservation [107].
In this context, certification and Al-based monitoring systems have increasingly been
associated with reduced deforestation, improved forest structure, and enhanced ecosys-
tem services. Across different regions, including Brazil, Portugal, and the Congo Basin,
certified forests were consistently associated with improved forest structure and lower
deforestation rates, although the magnitude of these effects varied according to governance
conditions and monitoring capacity [95,108]. However, the environmental effectiveness of
certification remains context-dependent. Previous research has shown that certified forest
management may also generate indirect leakage effects, where deforestation pressures shift
toward nearby non-certified regions [109]. The effectiveness of these approaches depends
on governance quality, institutional coordination, data accessibility, and the capacity to
implement landscape-scale monitoring strategies. This highlights the need to move be-
yond conventional certification models toward more adaptive and technology-assisted
sustainability frameworks. Although Al-enabled monitoring has considerable potential to
strengthen certification systems, its practical implementation remains constrained by data
availability, technical capacity, and governance challenges.

8. AI-Powered Solutions for Sustainable Forest Management

The effectiveness of certification increasingly depends on reliable environmental
monitoring, traceability, and compliance verification. Al, together with remote sensing
and ML, provides new opportunities to strengthen certification systems by improving
land-cover mapping, deforestation detection, and continuous environmental monitoring.
A study conducted in Finland proposed the use of spatial conservation prioritization to
improve conservation planning and decision-making [110]. ML approaches, including
random forest (RF), artificial neural networks (ANNSs), and adaptive neuro-fuzzy inference
systems (ANFISs), have been successfully applied to deforestation prediction, although
their performance depends on the number and type of input variables. In the Brazilian
Amazon, several ML models, including decision trees (DTs), RF, and extra trees, were
evaluated for deforestation prediction. RF models using 16 input variables achieved an
R? of 0.64 [97]. Incorporating such tools into certification frameworks could accelerate
deforestation detection and reduce monitoring costs. Technologies such as drones enable
real-time monitoring and early detection of disturbances [98]. The integration of Al in
forestry faces various challenges. For example, a study conducted in Malaysia identified
key barriers such as limited access to high-quality datasets, technical skill gaps, and
computational constraints [111]. Addressing these issues requires open data platforms,
collaborative frameworks, and targeted training programs. Public-private partnerships
and supportive policy environments are essential to drive innovation and ensure the
sustainable integration of Al in forest management. Al-enabled rapid detection systems
enhance enforcement capabilities, protecting biodiversity-rich forests from illegal activities
and supporting conservation efforts [102,112].

9. Conclusions

Forest certification improves environmental practices and increases market value.
However, widespread adoption still faces significant challenges. Progress requires a more
supportive framework that includes public financing mechanisms and reduced bureau-
cratic complexity, particularly for smallholders and cooperatives with limited resources.
Digital technologies discussed in previous sections may improve transparency, traceability,
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compliance verification, and monitoring efficiency while reducing implementation costs.
Future research should examine producers’ willingness to adopt forest certification, par-
ticularly in regions such as southern Bahia, under scenarios involving reduced costs and
simplified administrative requirements. Understanding producers’ motivations and con-
straints would help design more effective and inclusive policies. Forest certification should
be framed as a collaborative process involving producers, public authorities, and consumers
to strengthen forest protection and advance long-term sustainability goals. Furthermore,
this SotA review examined forest and cocoa certification systems in Brazil, with particular
emphasis on cocoa-based agroforestry systems in southern Bahia. Certification schemes
such as the FSC, Cerflor, RA, UTZ, IBD, and GI can promote environmental sustainability,
biodiversity conservation, product traceability, and market differentiation. Nevertheless,
certification adoption remains constrained by economic, institutional, and technical barri-
ers, including certification costs, administrative complexity, limited technical capacity, and
unequal access to markets and financial resources, particularly among smallholder produc-
ers. The analysis highlighted the important role of cooperatives in facilitating certification
by improving access to technical assistance, strengthening traceability, enhancing market
integration, and reducing organizational barriers. In contrast, large-scale farms generally
possess greater financial and managerial capacity to comply with certification requirements,
illustrating the heterogeneous nature of certification accessibility across producer groups.
Beyond synthesizing the existing literature, this SotA review contributes a conceptual
framework for classifying cocoa producers according to their structural, economic, insti-
tutional, and environmental characteristics, together with an Al-enabled perspective to
support deforestation-free certification in biodiversity-rich agroforestry landscapes. The in-
tegration of Al, remote sensing, ML, drone imagery, satellite monitoring, and georeferenced
environmental databases offers promising opportunities to strengthen environmental gov-
ernance and support certification systems. Overall, the findings suggest that certification
has significant potential to promote sustainable cocoa production and forest conservation
in Brazil. Strengthening cooperative structures, improving institutional support, reduc-
ing barriers to certification adoption, and integrating digital technologies may contribute
to more inclusive, effective, and transparent certification frameworks that support both
biodiversity conservation and long-term rural development in cocoa-producing regions.
This SotA review has some limitations. First, it is based on published literature rather
than primary empirical data, and its conclusions depend on the availability and quality
of existing studies. Second, despite a comprehensive literature search, evidence on cocoa
certification in Brazil, particularly in southern Bahia, remains fragmented, with limited
long-term quantitative data on certification outcomes and adoption dynamics. Finally,
the Al-enabled framework proposed in this review is conceptual and should be validated
through future empirical studies conducted under different production contexts. Future
research should focus on developing standardized indicators for certification effective-
ness, evaluating long-term environmental and socioeconomic outcomes, and validating
Al-enabled monitoring frameworks across different tropical agroforestry systems.
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