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Abstract
Smallholders account for a growing share of forest loss while holding a disproportionate
capacity to conserve and restore forests. Yet most Reducing Emissions from Deforestation
and Forest Degradation (REDD+) methodologies remain scale- and actor-neutral, offering
no systematic mechanism to equitably support these highly vulnerable rural communities.
This study pilots a vulnerability-based avoided deforestation methodology in the Curiaú
Quilombola  territory  (Amapá,  Brazil),  integrating  a  livelihood-vulnerability  filter  with  a
locality-matched dynamic  baseline  built  from 10 m MapBiomas land-cover  data  and an
independent accuracy assessment. A survey of 123 of 505 households is used to compute
Livelihood Vulnerability Indexes, which indicate that Curiaú presents a level of vulnerability
consistent with eligibility for carbon finance under the applied framework.  The dynamic
baseline  implies  an  annual  deforestation  rate  of  0.70%  and  baseline  emissions  of
2,540  tCO2e,  of  which  2,032  tCO2e  are  conservatively  creditable  after  a  20%  buffer

deduction. At illustrative prices of 20-40 US$ tCO2e-1,  these credits would yield roughly

US$40,000-80,000 yr-1,  sufficient to support edge-forest protection and co-finance the
restoration  of  some  flood-affected  cropland  and  pasture,  but  still  insufficient  to  meet
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broader  livelihood  recovery  and  adaptation  needs.  An  exploratory  regenerative-agriculture  scenario  for  existing
agricultural  mosaics  indicates  a  potential  for  180-350  tCO2e  yr-1  of  additional  carbon  removals,  roughly

US$4,000-14,000 yr-1, which can further support livelihood resilience. This study shows that the vulnerability-based
avoid-deforestation approach can not only expand high-integrity REDD+ accounting to smallholder territories but
also function as a targeting and planning tool to direct climate finance where marginal incentives are more likely to
influence  land-use  decisions  within  broader  resilience  and  development  strategies,  depending  on  local
socio-economic  and  ecological  conditions.

INTRODUCTION
Smallholders, typically family-managed farms of only a few hectares, occupy a central yet paradoxical

position in global land-use and climate debates. They represent a large share of the world’s farms and

contribute significantly to food production and dietary diversity despite each operating on only a small

fraction of global land
[1-3]

. Many smallholders live in ecologically marginal and frontier areas, particularly

forest-dependent communities in the Global South, marked by facing sharply reduced forest resources
[4]

 and

limited adaptive capacity due to structural constraints in assets, infrastructure, insurance, and public

services
[5]

. For example, in the Amazon, through command-and-control measures, large properties have

accounted for much of the deforestation reduction before 2010
[6]

, but the recent decline in deforestation

reductions calls into question the continued effectiveness of current policy measures. Additionally, the

relative contribution of smallholder-dominated areas to ongoing Amazon deforestation has significantly

increased and even become dominant
[7]

. In the Congo Basin, an estimated 84% of forest disturbance is due to

small-scale, nonmechanized forest clearing for agriculture
[8]

. More alarmingly, the most recent forest loss

occurred primarily in small patches with a high likelihood of illegality
[7,9-11]

. These patterns highlight the

growing tension among livelihood, food security and forest conservation in smallholder landscapes across

the Global South. More importantly, to further curb deforestation to meet climate targets and to address

environmental issues (e.g. eutrophication and extreme events)
[12-14]

 in the Global South, efforts need to shift

to smallholder territories.

At the same time, smallholders and traditional communities historically had less fragmented and less

degraded forests than large-estate frontiers, and a growing body of evidence shows that their territories could

be highly effective for climate mitigation and biodiversity conservation when underpinned by secure

collective rights and appropriate incentives
[15-17]

. Indigenous, traditional and communal territories with

secure rights often experience lower deforestation than strictly protected areas, due to local monitoring,

social norms and governance structures tailored to the landscape
[18-21]

. Agroforestry and forest-fallow mosaics

provide diversified livelihoods, subsistence products and ecological stability, further maintaining higher

levels of biodiversity, carbon and microclimatic regulation than simplified agricultural systems
[22,23]

.

Therefore, forest-dependent smallholders in the Global South typically care for both their crop and forest

lands and know how to protect them, but rising climate and economic pressures increasingly push them to

intensify land use and clear forests.

Despite this dual reality of vulnerability and stewardship, only a tiny share of global climate finance -

approximately 1.7% - reaches smallholders in developing countries, creating a mismatch between where

climate risks
[14]

 and deforestation pressures are concentrated and where financial resources are urgently

needed
[24]

. In Brazil and other tropical countries, these financing gaps intersect with historical patterns of

territorial marginalization for traditional peoples, including Quilombola communities, which often face

delayed land regularization, under-investment in basic services, and disproportionate exposure to

climate-related disasters despite the demonstrated conservation performance of their territories. Quilombola
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and similar communal landscapes thus exemplify contexts where climate vulnerability, racialized inequality,

and forest conservation converge
[25]

.

Avoided-deforestation projects and jurisdictional REDD+ (Reducing Emissions from Deforestation and

forest Degradation) programs are a central pillar of efforts to channel finance towards forest conservation,

but their credibility has been weakened by evidence that methodological choices around baselines have

frequently led to substantially inflated emission-reduction claims
[26-28]

. In response to these concerns, new

governance initiatives in the voluntary carbon market - notably the Integrity Council for the Voluntary

Carbon Market (ICVCM) - have begun assessing crediting programs and methodologies against

“high-integrity” Core Carbon Principles, and several updated REDD+ frameworks, including VM0048 and

its Jurisdictional and Nested REDD+ Framework, have been revised and approved in line with this agenda,

for example, locality-matched or jurisdiction-based reference regions, probability-based accuracy assessment

for map-derived activity data, transparent baselines and explicit leakage analysis
[29-34]

. However, these

frameworks remain largely actor-neutral, meaning a hectare of forest is treated largely the same whether

governed by smallholders, large landholders, or traditional communities, provided safeguard conditions are

met. Therefore, the livelihood vulnerability and social equity barriers can’t be addressed properly
[35-37]

.

Additionally, empirical cost studies show that implementing such best practice entails substantial fixed costs

for monitoring, reporting and verification - including participatory planning, institutional coordination,

remote-sensing analysis, field measurements and repeated audits - which tend to scale poorly in small,

heterogeneous territories
[38-41]

. In practice, this combination of largely actor-neutral integrity rules and

scale-dependent transaction costs tends to favor large, contiguous conservation areas and jurisdictional

programs, while creating a structural barrier for smallholder and traditional-community landscapes, even

though they are often on the frontline of both deforestation risk and climate vulnerability, and they are the

best problem solvers.

To address this gap, a recently developed vulnerability-based avoided deforestation methodology

SCM0011
[42]

 integrates two features not present in most ICVCM-aligned REDD+ approaches: (1) a

locality-matched, smallholder-specific dynamic baseline, and (2) a quantitative livelihood-vulnerability filter

that serves as part of the additionality assessment and identifies which dimensions - such as livelihood

strategies, financial stability and access to basic services - require targeted support
[5,29,42-45]

. This study applies

the methodology in a smallholder-dominated community in the Curiaú Quilombola territory, located in the

municipality of Macapá, Amapá, Brazil. It evaluates (1) Curiaú community’s livelihood vulnerability profile,

(2) whether a dynamic, reference-region baseline indicates a non-trivial risk of future forest loss in the

absence of targeted support, and (3) whether the potential carbon credits derived from conservative

estimates of avoided deforestation could make a meaningful contribution to climate resilience. Through this

real-world application, we show that a smallholder-centered, vulnerability-based methodology

simultaneously strengthens integrity in forest carbon markets and supports smallholders' welfare in frontline

smallholder communities.

METHODS
Study area

Curiaú is a peri-urban Quilombola territory, approximately 3,130 hectares and around 505 households,

where livelihoods rely on small-scale agriculture, extractivism, wage labor, and public transfers [Figure 1].

Quilombola communities are Afro-Brazilian traditional communities with collective land rights
[46]

,

historically associated with social marginalization and heightened exposure to socio-environmental risks
[5]

.

Its mosaic of native forest, floodplains, and smallholder land-use lies in the surroundings of Macapá and is

increasingly affected by urban expansion and climatic variability. Recent flooding events in the Amazon,

Vale do Ribeira, and southern Brazil have underscored the frontline position of Quilombola communities in
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Figure 1. A representative street view of the Curiaú Quilombola community, Macapá, Amapá State, Brazil, illustrating the built
infrastructure and surrounding floodplain landscape along the main access road. Source: Authors’ own photograph.

the country’s climate crisis: entire territories have been isolated, crops and basic infrastructure damaged, and

long-standing vulnerabilities linked to limited public investment and historical marginalization exposed
[47,48]

.

Study design

Following the standard methodology
[42]

, the study design operationalizes a sequence of linked analytical steps

applied to the Curiaú case [Figure 2].

First, a Livelihood Vulnerability Index (LVI) module
[43]

 is applied to assess Curiaú’s livelihood vulnerability,

derive household- and community-level indices , and determine whether Curiaú  meets the

vulnerability-based eligibility threshold defined in the methodology (Section “Livelihood vulnerability

indexes”). Second, the resulting vulnerability profile is interpreted diagnostically to identify the main

socio-climatic needs or constraints affecting livelihoods and the dimensions in which targeted support would

be most relevant (Section “Livelihood vulnerability indexes”). Third, a dynamic, locality-specific baseline for

deforestation in smallholder-dominated mosaics is constructed using the MapBiomas 10-metre land-cover

product
[49]

 and a reference region composed of Quilombola territories and agrarian-reform settlements in

Amapá (Section “Remote-sensing and dynamic baseline data”). Fourth, this adjusted baseline is combined

with forest carbon-stock factors and conservative deductions to estimate the annual volume of potentially

creditable emission reductions (Section “Estimation of potential credits and climate-resilience analysis”).

Finally, an exploratory analysis evaluates how the associated carbon finance could curb deforestation and

enhance ecosystem resilience in Curiaú in a sustainable way (Section “Estimation of potential credits and

climate-resilience analysis”).

Livelihood vulnerability indexes

In February 2024, a non-probability snowball sampling approach was used to recruit 123 of the 505

households in the Curiaú community. Initial interviewees were identified in geographically defined

neighborhood clusters, including areas near the main access road and more hard-to-reach or hidden remote

sectors, and were then asked to refer further households. These clusters were defined solely on a geographic
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Figure 2. Methodological workflow applied in this study, from vulnerability assessment and eligibility, through construction of a dynamic
smallholder deforestation baseline and estimation of carbon credits, to a climate-resilience analysis linking potential carbon revenues to
their potential costs in Curiaú.

basis and serve as entry points for recruitment rather than as socio-economic strata. This approach was

chosen for field feasibility and to ensure coverage of both peri-urban and more distant parts of the

community. However, because the sampling was non-probabilistic, some degree of selection bias is likely,

and the resulting sample is interpreted as characterizing the community, rather than providing precise

estimates for specific sub-groups. If treated as a simple random sample, this sample size would correspond to

a 90% confidence interval with a margin of error of 7.7%, but these metrics should therefore be interpreted as

indicative rather than as formal design-based.

Data were collected through face-to-face interviews at the households’ premises using a structured

questionnaire that had been pre-tested and validated and was designed to capture the full spectrum of

livelihood vulnerability [Table 1]. A complete list of survey items and summary statistics is provided in

Supplementary Table 1. Responses were recorded digitally using an open data kit platform on mobile

devices.

https://file.oaecenter.com/published/pdf/d3fe8241abb1a4e9bb31fc328006fa45/1778060215/cf6009-SupplementaryMaterials.xlsx
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Table 1. Overview of the livelihood vulnerability data gathered from the community to determine the composite indices LVI-SF and
LVI-SF-IPCC

Category Livelihood vulnerability data

Socio-demographics

Household structure and dependency ratio
Education of household head and children
Migration and off-farm labour
Knowledge of climate change and weather forecasting
Health and access to healthcare
Safety

Livelihood strategies

Land tenure and ownership
Crops, livestock, and other farm income sources
Production yields and losses
Dependence on external inputs
Water sources and availability
Market access and intermediaries

Basic household needs
Food security and self-sufficiency
Housing quality
Access to drinking water, potable water and energy

Natural disasters and climate variability
Exposure to extreme weather events and related damage
Climate variability

Financial stability
Access to capital
Poverty level
Healthcare costs

Social networks
Participation in agricultural groups, trainings and learning visits
Access to telecommunication

The collected data were normalized to a 0-1 scale to generate two distinct community-level indices. First, the

Smallholder Farmer Livelihood Vulnerability Index (LVI-SF) was calculated by aggregating indicators across

the Sustainable Livelihoods Framework capitals, providing a synthetic measure of overall livelihood

vulnerability on a continuous scale from 0 (least vulnerable) to 1 (most vulnerable). Second, the IPCC

Livelihood Vulnerability Index (LVI-SF-IPCC) was derived by reorganizing the same set of indicators within

the IPCC’s conceptual framework of “exposure-sensitivity-adaptive capacity”
[5]

, following the LVI-IPCC

formulation proposed by Hahn et al.
[45]

, and synthesized in empirical studies as well
[50]

. This formulation

applies equal weighting through simple arithmetic means across subcomponents and introduces the

inversion of some original items that belong to adaptive capacities only at the final aggregation stage. As a

result, the LVI-SF-IPCC yields values ranging from -1, indicating the lowest level of vulnerability, to +1,

representing the highest level of vulnerability. Eligibility for carbon finance is assessed using the operational

vulnerability screening thresholds, with at least moderate thresholds (LVI-SF > 0.30; LVI-SF-IPCC > -0.30)

used to identify contexts in which socio-economic constraints and climate-related exposure and sensitivity

are likely to outweigh adaptive capacity
[42 ,43]

. Additionally, both indexes could further inform the

prioritization of contexts in which socio-economic vulnerability and climate-related risks justify targeted

mitigation, adaptation and livelihood-protection interventions.

Remote-sensing and dynamic baseline data

The dynamic deforestation baseline was conducted in accordance with the standard methodological

requirements, including the definition of the reference region, class reclassification rules, accuracy

assessment and adjusted area estimation. Land-cover and land-use change analyses use the MapBiomas

10-metre land-cover product for Brazil (Collection 2, beta), derived from Sentinel-2 MSI Level 2A imagery at

10-metre resolution and processed according to the Algorithm Theoretical Basis Document for the

MapBiomas 10-metre project. QGIS (version 3.42) was used for spatial preprocessing, such as coordinate

harmonization, polygon preparation, area calculations, raster extraction and class transitions. Project and

reference boundaries were obtained from federal cadastral datasets. The Curiaú Quilombola territory was

sourced from the Cadastro Nacional de Territórios Quilombolas (CNTQ) maintained by the Instituto
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Figure 3. Project area (Curiaú) and reference region, including Quilombola territories and settlements filtered according to SCM0011
robustness criteria, and natural forest formation (2022) used for baseline construction. Data sources: Base imagery from Google Earth
(Google Satellite imagery), accessed November 2025 (https://earth.google.com); Land-cover data from MapBiomas Brazil Collection 10
(10 m resolution) (https://brasil.mapbiomas.org); Quilombola territory boundaries from Instituto de Terras do Amapá (ITER-AP);
Settlement areas from INCRA - National Institute for Colonization and Agrarian Reform (https://www.gov.br/incra); Map prepared in
QGIS v.3.42.1 using the SIRGAS 2000/UTM Zone 22N coordinate system.

Nacional de Colonização e Reforma Agrária (INCRA), and the boundaries of other Quilombola

communities and agrarian-reform settlements were obtained from the Sistema de Informações de Projetos

de Reforma Agrária (SIPRA) and related INCRA public datasets.

Natural forest formations and anthropic land-use classes were defined following the MapBiomas legend and

the reclassification rules
[42]

 [Figure 3]. Natural forest area was mapped for the year 2022, which represents the

baseline observation year adopted in this study, consistent with the subsequent assessment of

forest-to-anthropic transitions in 2022-2023 and with the reference period captured by the livelihood

vulnerability survey. The project area was defined as the largest contiguous block of natural forest within the

officially demarcated Curiaú territory; other land uses and smaller forest fragments inside the legal boundary,

including additional forest patches and agricultural areas, were not included in the project polygon but

remain part of the recognized Quilombola territory. All spatial data were harmonized in a projected

coordinate reference system suitable for area estimation.

https://earth.google.com
https://brasil.mapbiomas.org
https://www.gov.br/incra
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The reference region was defined by selecting Quilombola territories and agrarian-reform settlements whose

land-use systems, tenure and governance arrangements are comparable to Curiaú and that meet the

methodology’s minimum robustness criteria: at least ten units and a total forest area in 2022 of at least fifty

times Curiaú’s 2022 forest area. To exclude extreme outliers in terms of scale, only units whose natural forest

area in 2022 lay between the 5th and 95th percentiles of the distribution across all candidates were retained,

thereby removing very small and very large units while maintaining a coherent sample. The resulting

reference region is used to characterize deforestation dynamics in mosaics dominated by smallholder and

traditional communities.

For each unit in the reference region, the forest area in 2022 and the area of pixels that transitioned from

natural forest in 2022 to anthropic classes in 2023 were computed. For this study, only a single annual

transition, the 2022-2023 forest-to-anthropic change, was considered as an annual deforestation rate. For

each reference unit, an annual deforestation proportion was calculated as the ratio between 2022-2023

deforestation area and 2022 forest area. These proportions were summarized across the reference region,

separately for Quilombola territories and settlements, and an overall reference deforestation rate for

smallholder-dominated mosaics was derived as an area-weighted mean, using each unit’s 2022 natural-forest

area as the weighting factor.

To ensure the integrity of the dynamic baseline, an independent accuracy assessment was conducted through

10-metre land-cover maps. A probability-based stratified random sample of reference points was drawn

across the project area and the reference region, with strata defined by mapped class (natural forest and

anthropic use) and spatial domain (Curiaú and the external reference units). The sample size was chosen to

meet the minimum requirements
[42]

 for each stratum and to allow estimation of user’s accuracy with

reasonably narrow confidence intervals. Each sample point was visually interpreted using multi-temporal

Sentinel-2 MSI Level-2A imagery at 10-metre resolution from the 2022 baseline year, to verify consistency

with the annual land-use and land-cover classification used in the study. Class-specific confusion matrices

were constructed to estimate user’s accuracy for map validation, and were used to support a conservative

accuracy-based adjustment following Olofsson et al.
[29]

 and IPCC guidance
[30]

, together with the overall

accuracy of the map. Unbiased adjusted area estimates were then obtained by applying the overall map

accuracy level to the nominal 2022-2023 deforestation areas in both Curiaú and the reference region. The

numerical results of the accuracy assessment and the magnitude of the adjustments are reported in the

section "RESULTS".

These procedures yield a dynamic “micro-jurisdictional” baseline. Activity data are derived from externally

produced land-cover maps, corrected using probability-based accuracy assessment and design-based area

estimators, and summarized for a locality-matched reference region rather than generated through

counterfactual modelling. For contextual purposes, the resulting baseline structure was qualitatively

compared with other consolidated REDD+ frameworks currently applied in the voluntary carbon market.

Estimation of potential credits and climate-resilience analysis

Potential avoided deforestation is quantified as the difference between the dynamic baseline deforestation

within Curiaú and a project scenario in which deforestation is avoided. For the year applied, avoided

deforestation area is converted into avoided CO
2
 equivalent (CO

2
e) emissions using carbon-stock factors

from the latest Brazilian Forest Reference Emission Level (FREL)
[51]

 for the forest type corresponding to

Curiaú in the official Instituto Brasileiro de Geografia e Estatística (IBGE, the Brazilian national statistical

and geographic agency), vegetation map. Leakage deductions and other conservative adjustments are then

applied, using parameter values that fall within the range typically adopted by major REDD+ standards in the

voluntary carbon market, in order to obtain conservative estimates of net emission reductions that could, in
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Table 2. Curiaú LVIs scores, classifications and thresholds for eligibility

Index Score Vulnerability classification[50] Eligibility threshold[43] Position

LVI-SF 0.39 Vulnerable > 0.30 Above

LVI-SF-IPCC -0.04 Moderate vulnerability > -0.30 Above

A breakdown of indicator and component-level scores for each LVI category is provided in Supplementary Table 1.

principle, be issued as carbon credits - which are labelled as Social Carbon Units (SCUs)
[52]

 under the applied

standard.

Complementarily, Curiaú’s potential carbon credit volumes are linked to an illustrative climate-resilience

analysis focusing on flood-related damage to agricultural plots and on the gradual adoption of regenerative

practices on existing cropland and pasture. The analysis is explicitly stylized and uses only externally sourced

parameters. First, a set of plausible carbon-price scenarios for high-integrity forest and REDD+ credits is

defined based on recent market reports documenting transaction prices for credits with social and

environmental co-benefits. Under each scenario, annual revenues that could flow to the community are

approximated and compared with per-hectare cost benchmarks for re-establishing flood-affected

cassava-based cropping systems, establishing diversified agroforestry and rehabilitating degraded pastures in

Amazonian contexts.

Second, an exploratory regenerative-agriculture component assesses the potential additional contribution of

soil organic carbon (SOC) sequestration in Curiaú’s agricultural mosaic, using indicative sequestration

factors and cost ranges drawn from studies on conservation agriculture, agroforestry and improved pasture

management. This second step provides only order-of-magnitude estimates of additional removals and

associated revenues and is treated as a complementary, hypothesis-generating exploration of how

regenerative practices could form an additional mitigation and finance pillar alongside avoided deforestation,

rather than as a basis for project-level crediting.

RESULTS AND DISCUSSION
This section follows the analytical sequence defined in the study design, progressing from livelihood

vulnerability and eligibil ity to dynamic baseline construction, carbon-credit estimation, and

climate-resilience implications.

Livelihood vulnerability

The LVIs indicate that Curiaú exhibits an overall moderate level of livelihood vulnerability over the survey

period. Because LVI-based metrics are primarily designed to compare vulnerability across communities or

social units within a given study context, rather than to establish universally applicable absolute cut-offs,

their interpretation should be treated as contextual
[45,50]

. In line with this, empirical studies tend to apply

interpretive ranges that vary according to the regional setting, the variables included, and the scale of

analysis
[45,50]

. Accordingly, the thresholds adopted here are interpreted as operational eligibility screening

values under the applied methodology
[43]

, rather than universally applicable benchmarks. Against this

interpretive background, Curiaú is classified as meeting the methodology’s eligibility screening thresholds

[Table 2].

Within the applied methodological framework, livelihood vulnerability is not treated solely as a descriptive

metric, but as a criterion to identify contexts where carbon finance can generate additional social and

land-use decision effects
[42,43]

. In this sense, the use of vulnerability-based eligibility thresholds is consistent

with the broader logic of carbon finance approaches, which prioritize contexts where financial incentives are
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more likely to influence land-use decisions and enhance adaptive capacity, thus reducing reversals and

enhancing permanency.

The LVI-SF equals 0.39, which falls within the vulnerability bands commonly interpreted in empirical

applications as "vulnerable" (0.21 to 0.40)
[50]

, while the LVI-SF-IPCC equals -0.04, which falls within the

"moderate vulnerability" range in IPCC-consistent applications (-0.19 to 0.20)
[50]

. Livelihood strategies,

financial stability, social networks, natural disasters and climate variability, and socio-demographic

characteristics exhibit the highest values, ranging from 0.34 to 0.69 [Table 1; Supplementary Table 1]. These

results indicate moderate to severe vulnerability across multiple livelihood dimensions, with particular

concentration in structural and socio-economic domains. In contrast, basic household needs, such as food,

housing and drinking water display a markedly low score (0.01), reflecting low vulnerability in this domain

and suggesting that the community has access to essential goods and services sufficient to support

developmental processes.

Within the LVI-SF-IPCC framework, the results reveal a moderate yet structurally significant exposure to

climate-related stressors, with the aggregated “Exposure” component reaching 0.34 - the highest among the

IPCC vulnerability components. This exposure profile is consistent with the documented flood-proneness of

Amazonian floodplain and delta systems in the lower Amazon region, where seasonal and extreme flooding

constitute recurrent hazards for agricultural livelihoods and settlement infrastructure
[53-55]

. Perceived impacts

of climate variability are already evident within agricultural production systems, particularly through

constraints on water availability, which show a comparable magnitude (0.24), indicating that exposure is not

merely theoretical but already translates into observable livelihood pressures.

Sensitivity-related indicators further reinforce this interpretation. Elevated scores associated with agricultural

production and market constraints indicate that hydroclimatic shocks are effectively transmitted into

livelihood stress through coupled biophysical and economic pathways. In particular, production and

yield-related indicators average 0.66, reflecting exposure to crop and livestock losses and reliance on external

inputs, while rainfall dependence and episodic water scarcity contribute an additional sensitivity of 0.24.

Market access constraints, although less dominant, remain present, with a market-related sensitivity score of

0.16, indicating that climate-induced production shocks can propagate into income and access pressures.

At the same time, agricultural diversity indicators point to a structural source of sensitivity, with the

agricultural diversity component reaching 0.59 (higher value, lower diversity), indicating limited

diversification of cropping and livestock systems. This constrains households’ ability to absorb and

redistribute production and market shocks under recurrent flooding. This pattern is consistent with

empirical studies from Amazonian floodplain and smallholder systems showing that where present,

diversified cropping portfolios, high on-farm agrobiodiversity and flexible land-use strategies can partially

buffer production and market impacts, even under high flood exposure
[53,56,57]

.

The most binding structural constraint emerges in the adaptive-capacity domain. High pre-inversion scores

in adaptive-capacity-related indicators - particularly those capturing limited access to agricultural training,

weak exposure to alternative production systems and restricted learning and knowledge-sharing networks -

translate into low effective adaptive capacity. This pattern suggests that, while some degree of livelihood

diversification is present, the community’s capacity to anticipate, absorb and transform in response to

recurrent climate stressors remains constrained by institutional and informational barriers.

It is important to note that the LVI applied here represents a time-bound diagnostic, based on recent

household conditions reported in the survey, and therefore does not imply persistence of vulnerability over

time. While livelihood conditions may evolve in response to climatic shocks, market dynamics, or policy
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Table 3. Classification accuracy for the 2022 MapBiomas 10-m land-cover map and global reference

Class Sample size (n) User’s accuracy Overall map accuracy Global reference for overall map accuracy

Natural forest 100 98%
94%

ESA WorldCover 10 m 2020 v100: 74.4%[58]

Anthropic use 100 90% Esri 10 m land use/land cover 2020: 75%[59]

changes, the role of the LVI within the applied framework is to establish initial eligibility and contextualize

additionality at project entry
[43,52]

. The temporal dynamics of land-use outcomes are instead captured through

the annually updated ex post baseline, which operates independently of the LVI and reflects observed

deforestation behavior in the reference region
[43]

. At the same time, socio-economic constraints and

climate-related impacts on livelihoods, such as reduced productive capacity or delayed recovery of

agricultural systems, often persist beyond a single year, reinforcing the relevance of vulnerability as an entry

condition
[36,38,39]

. Under the applied standard, project cycles operate over defined timeframes (e.g., 10 years),

allowing vulnerability to function as an entry condition while enabling its reassessment in subsequent cycles

as socio-economic conditions evolve.

Accuracy assessment and dynamic deforestation baseline

The independent validation of the 2022 MapBiomas 10-m land-cover map using 200 visually interpreted

points yielded an overall accuracy of 94%, with user’s accuracy of 98% for natural forest and 90% for

anthropic classes [Table 3]. These values exceed the class-level user’s accuracy threshold set by the applied

methodology for 10-m products without published regional validation (above 90%) and are within or above

the range of forest and overall accuracies reported for widely used global 10-m land-cover datasets such as

ESA WorldCover and Esri Land Cover
[58,59]

. Binomial 95% confidence intervals for class-level user’s accuracy

were ±2.7% points for natural forest and ±5.9% points for anthropic classes, confirming the adequacy of the

sample size. Although uncertainty was higher for anthropic classes, confidence intervals remained

sufficiently narrow to support the application of the map within the adopted baseline-adjustment framework.

Across the 47 reference units (Quilombola territories and agrarian settlements), encompassing 531,272 ha of

natural forest in 2022, the weighted mean annual deforestation rate between 2022 and 2023 was 0.74%.

Classification error was accounted for using the probability-based area-adjustment procedure defined in the

avoided deforestation framework
[42]

, based on the overall map accuracy and the class-specific confusion

matrix structure. Following this adjustment, the baseline deforestation rate applied to Curiaú was

conservatively rounded to 0.70%.

In 2022, Curiaú’s forest area was estimated at 915 hectares through remote sensing. Based on this dynamic

baseline, an expected deforestation of approximately 6.4 hectares was projected for 2023 in the absence of

targeted interventions. The spatial pattern of 2022-2023 forest loss in a subset of the reference smallholder

and traditional territories is shown in Figure 4.

The official deforestation data for the region of comparison come from PRODES (Satellite Monitoring

Program for Deforestation in the Brazilian Legal Amazon). PRODES provides annual clear-cut deforestation

estimates for the entire Legal Amazon since 1988, based on interpretation of Landsat, CBERS and Sentinel

satellite imagery. For 2022-2023, the published deforestation was approximately 9,000 km
2
, equivalent to

approximately 0.18% of the biome’s total area
[60]

. This macro-scale percentage is not directly comparable to

the proportional 0.74% reference-region rate used in this study, as PRODES measures absolute annual

clear-cutting across the entire Legal Amazon rather than proportional forest loss within mosaics of

smallholder and traditional territories. For contextual comparison at the jurisdictional scale relevant to the

study area, PRODES reports that, in the same monitoring year, the state of Amapá accounted for only
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Figure 4. The dynamic baseline (2022-2023) under the avoided deforestation framework. Light green shows areas mapped as natural
forest formation in 2022, and red pixels indicate forest converted to anthropic land-use classes between 2022 and 2023. Data source:
MapBiomas Brazil Collection 10 (10 m resolution) (https://brasil.mapbiomas.org); Map processed in QGIS v.3.42.1.

15.7 km
2
 of clear-cut deforestation, one of the lowest totals in the region. This places Curiaú and structurally

similar reference territories within a low-deforestation state-level context.

Complementing this, MapBiomas data
[61]

 indicate that the state of Amapá experienced approximately

11,324 ha of vegetation suppression in 2023 (combining primary and secondary vegetation suppression)

against an estimated 11.66 million ha of natural forest in 2022. This corresponds to an annual rate of

approximately 0.10%, which is consistent with PRODES in identifying Amapá as a low-pressure jurisdiction

within the Brazilian Amazon.

While these macro-scale percentages provide important contextual information, they include a large

proportion of intact forest with much lower deforestation rates compared with smallholder-dependent and

currently fragmented forest. The higher proportional rates observed reflect the small-denominator effect

typical of smallholder mosaics. For Curiaú community, the baseline shows a modest deforestation risk,

consistent with a peri-urban Quilombola landscape where forest conservation coexists with increasing
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external pressures. Such results align with recent evidence that carbon losses derived from the edge effect

induced by fragmentation affect 97% of global forest
[62]

. By deriving the baseline solely from recent

transitions from natural forest to anthropic use in structurally similar territories and adjusting for

classification error using design-based area estimation, this dynamic baseline strengthens best practices for

uncertainty-aware deforestation baselines in smallholder landscapes
[15,29]

 and promote the social equality as

well.

We further contrast our approach with consolidated jurisdictional frameworks. In consolidated REDD+

frameworks such as Verra’s VM0048
[63]

 methodology and its VMD0055
[64]

 module, project baselines for

avoiding unplanned deforestation are anchored in observed land-cover change but are constructed at much

larger jurisdictional scale as dynamic baselines that are periodically updated. Jurisdictional activity data on

unplanned deforestation are generated by the owner institution or contracted data service providers using

high-resolution satellite imagery, forest-cover benchmark maps and sample-based area estimation over a

recent historical reference period; The dynamic baseline implemented for Curiaú under our framework

follows the same broad principle of grounding baselines in observed deforestation but does so at a

micro-jurisdictional scale and with a fully ex post temporal framing tailored to smallholder mosaics. Instead

of receiving a multi-year allocation of jurisdictional activity data, Curiaú’s baseline is calculated directly from

last-year forest-to-anthropic transitions observed in a reference region of 47 other, socioeconomically

comparable smallholder territories. All underlying deforestation areas are first corrected using a

probability-based accuracy assessment of the 10 m land-cover maps, so that uncertainty is incorporated

through design-based area estimation rather than post hoc discounting of baseline activity data. Relative to

different REDD+ frameworks such as VM0048 and VMD0055, this approach appears to offer a

comparatively simple, equitable and transparent baseline that can be updated ex post year by year as new

land-cover data become available, while still aligning with emerging integrity expectations by anchoring

baselines dynamically in externally observed behavior beyond the project boundary and limiting the scope

for project-developer discretion in baseline setting.

This temporal design implies that each credited year is benchmarked against observed deforestation

dynamics within the same period, rather than against an aggregated historical average. While multi-year

reference periods can potentially reduce sensitivity to atypical conditions in individual years, they also

smooth temporal variability and introduce assumptions regarding the selection of historical windows. By

contrast, the annual ex post construction adopted here captures year-to-year fluctuations and provides real

carbon emission reduction directly.

Collectively, these design features reinforce the integrity of the carbon emission reduction. The combination

of a dynamic ex post baseline anchored in observed deforestation, locality-matched reference regions that

constrain discretionary baseline setting, and probability-based accuracy assessment with design-based area

estimation strengthens baseline credibility and data robustness in response to concerns that methodological

choices can inflate avoided-deforestation claims
[26-28]

.

Within the applied framework
[42]

, livelihood vulnerability enters the additionality logic as a screening

condition that complements conventional additionality assessment procedures. As in established AFOLU

methodologies, additionality is demonstrated through the identification of plausible alternative land-use

scenarios with the application of structured additionality tests (e.g., barrier or investment analyses)
[42,63]

. The

inclusion of a vulnerability-based filter therefore introduces an additional layer that constrains eligibility to

contexts in which socio-economic limitations, restricted adaptive capacity and non-trivial deforestation

pressure coexist, increasing the likelihood that climate-finance revenues are materially relevant to land-use

decisions. In this sense, the framework differs from actor-neutral REDD+ approaches, including VM0048
[63]

,
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Table 4. Curiaú baseline emissions and potential carbon credits generation

Variable Value

Carbon stock - above and belowground biomass, 2022 108.25 tC ha-1

Equivalent carbon stock - above and belowground biomass, 2022 397 tCO2e ha-1

Curiaú forest area, 2022 915 ha

Baseline deforestation, 2023 6.4 ha

Gross baseline emissions, 2023 2,540 tCO2e

Credited fraction (conservative assumption) 80%

Potential carbon credits, 2023 2,032 tCO2e

not in the structure of additionality demonstration itself, but in explicitly conditioning where it is applied.

This is particularly relevant in light of broader implementation and equity constraints observed in natural

climate solutions and smallholder contexts
[35-37]

. Framed in this way, vulnerability-based screening may

reduce the likelihood of crediting areas where forest retention would plausibly persist in the absence of

carbon revenues,  while a lso helping to counterbalance structural  barriers associated with

transaction-cost-intensive systems that tend to favor larger or better-capacitated landholders
[38,39,41]

. At the

same time, by identifying binding livelihood constraints, it provides a basis for linking revenues to

interventions that address the underlying drivers of land-use change, thereby strengthening the conditions

under which additionality becomes effective in practice
[65]

.

Potential emission reductions and carbon credit generation

The forest-type specific emission factor in alluvial dense ombrophilous forest from Brazil’s national Forest

Reference Emission Level (FREL)
[51]

 is adopted. Total live biomass carbon stocks (above- and below-ground)

is 108.25 tons of carbon per hectare. Applying the dynamic baseline deforestation rate of 0.70% for 2023

yields 2,540 tCO
2
e of baseline emissions [Table 4]. Following a conservative 20% deduction, consistent with

buffer-pool requirements in standards such as Gold Standard
[33]

, the American Carbon Registry
[66]

 and the

UK Woodland Carbon Code
[67]

, 80% of avoided emissions is treated as creditable. This deduction reflects

standard approaches to account for non-permanence and related risks, ensuring that credited volumes

represent net climate benefits after conservative adjustment, in line with the integrity-oriented design

discussed in Section “Accuracy assessment and dynamic deforestation baseline”.

This results in an annual credit of approximately 2,032 tCO
2
e. This volume is much smaller relative to large

project- and jurisdiction-scale REDD+ initiatives that issue millions of credits, such as national and

jurisdictional programs in Guyana and Gabon under ART-TREES standard
[68]

, but it is consistent with and

essential to Curiaú’s forest-dependent smallholders.

Generally, the baseline estimates (Section “Accuracy assessment and dynamic deforestation baseline”),

avoided emissions, and resulting credit potential (Section “Potential emission reductions and carbon credit

generation”) illustrate how the proposed framework operates in a smallholder forest landscape such as

Curiaú. Similar outcomes are expected in settings with comparable livelihood structures and levels of

vulnerability (Section “Livelihood vulnerability”), together with similar ecological conditions - where

equivalent or higher forest carbon stocks and deforestation pressure are present - as observed in other

traditional and Indigenous territories across the Pan-Amazon
[19]

. Under these conditions, the dynamic

micro-jurisdictional baseline can be applied consistently to estimate avoided emissions and potential credits.

By contrast, the climate-resilience finance implications (Section “Climate-resilience finance”) depend more

directly on locally derived vulnerability profiles and livelihood conditions, as reflected in the LVI results.
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Table 5. Estimated carbon credit revenues and restoration area under different price scenarios

Price (US$
tCO2e-1)

Annual credits
(tCO2e year-1)

Annual revenue
(US$ year-1)

Estimated cassava
area (ha)

Estimated agroforestry
area (ha)

Estimated pasture
area (ha)

20 2,032 40,640 28 6.8 136

30 2,032 60,960 42 10.2 203

40 2,032 81,280 56 13.5 271

Climate-resilience finance

Illustrative restoration potential from avoided deforestation credits

Nature-based and forestry credits with strong sustainable-development co-benefits generally were traded at a

premium relative to undifferentiated units. Ecosystem Marketplace’s State of the Voluntary Carbon

Markets
[69]

 reports average prices for forestry and land-use credits in the range of a few US dollars per ton,

with higher-quality segments, such as removals or strong co-benefits, often transacting in the mid-teens to

low twenties (around US$15-25 per ton of equivalent CO
2
, US$ tCO

2
e

-1
). World Bank State and Trends of

Carbon Pricing
[70,71]

 reports highlight that carbon prices compatible with Paris-aligned trajectories need to

move towards at least US$25-50 tCO
2
e

-1
 by 2030. This study hence applies an illustrative credit price band of

US$20-40 tCO
2
e

-1
 for high-integrity, co-benefit-certified avoided deforestation units, which is conservative

relative to compliance market prices yet within the upper range of recent voluntary-market transactions for

premium nature-based credits.

On the cost side, Embrapa studies of family-farming cassava systems in the eastern Amazon report

establishment costs of R$7,400-9,600 ha
-1
 under predominantly manual operations

[72,73]
, which corresponds to

roughly US$1,300-1,700 ha
-1
 in 2022 prices for a representative smallholder cassava field in Pará, neighboring

state of Amapá. Independent economic analyses of smallholder agroforestry systems in Pará, including

cocoa-based arrangements, indicate substantially higher establishment costs: on the order of R$20,000 ha
-1

for a re lat ively s imple cocoa-banana arrangement and R$39,000 ha
- 1

 for a more diversi f ied

cocoa-açaí-cassava-maize system, implying approximately US$4,000-8,000 ha
-1
 depending on the exchange

rate
[74]

. Complementary macro-level estimates from the Brazilian Bioeconomy Observatory and associated

pasture-restoration cost studies suggest that recovering degraded pastures in Brazil typically requires

R$900-R$1,800 ha
-1

 for moderately degraded areas and R$1,500-2,400 ha
-1

 for severely degraded areas,

representing roughly US$180-480 ha
-1
, depending on location and degradation level

[75,76]
.

Taken together, these estimates are consistent with a stylized cost spectrum in which (i) re-establishing

annual cassava-maize plots after a flood or crop failure requires approximately US$1,300- 1,700 ha
-1
, (ii) fully

establishing diversified cacao agroforestry systems requires several thousand US dollars per hectare, typically

around US$4,000-8,000 ha
-1

 over the first three years, and (iii) basic soil and pasture rehabilitation can be

achieved at a few hundred US dollars per hectare - roughly US$180-480 ha
-1
.

Under the dynamic baseline derived in this study, the issuance of 2,032 carbon credits per year would yield

annual gross climate-finance inflows of approximately US$40,640, US$60,960 and US$81,280 at prices of

US$20 tCO
2
e

-1
, US$30 tCO

2
e

-1
 and US$40 tCO

2
e

-1
, respectively [Table 5]. Using the cost benchmarks above,

these amounts would be sufficient, in order of magnitude, to finance the re-establishment of roughly 30-60

ha of cassava-based cropping or about 7-14 ha of diversified agroforestry per year, while basic pasture

rehabilitation could be implemented over on the order of 130-270 additional hectares given its lower

per-hectare cost.
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Limitations of carbon finance and the role of regenerative agriculture

In the Curiaú Quilombola territory, agriculture is dominated by small mosaics of cassava and maize fields

interspersed with grazed pasture. Although land-use strategies vary across families, a severe flood scenario

could affect a substantial share of cultivated and grazed land within a single year. The several dozen hectares

that could be re-established annually with the US$40,000-80,000 would potentially correspond to only a

fraction of the agricultural area on which households depend for food and income. This is because these

illustrative preliminary calculations do not explicitly incorporate other post-event re-establishment costs -

such as housing, basic infrastructure and equipment - the ongoing expenses of maintaining

forest-conservation arrangements, or the transaction, monitoring and certification costs associated with

high-integrity carbon projects. As a result, the net share of carbon-credit revenues that could be directed to

re-establishing production systems is likely to be considerably smaller than the gross figures reported

[Table 5].

For this reason, the analysis refrains from identifying a minimal break-even carbon price based solely on a

small number of hectares of restored production and instead interprets the US$20-40 tCO
2
e

-1
 range as a

normative benchmark under which carbon-credit revenues play a catalytic but clearly partial role. Consistent

with risk-layering approaches in climate and disaster risk finance and in the emerging Loss and Damage

literature, which distinguish resources for risk reduction and transformational adaptation, for managing

residual risks and post-disaster recovery, and for addressing unavoidable losses and damages
[77-79]

, an

illustrative three-pillar allocation can be considered for the specific study case in which approximately one

half of net carbon-credit revenues is directed to the re-establishment of annual cassava-based cropping and

basic pasture rehabilitation after extreme events, while the remaining half is divided equally between

maintaining forest-conservation arrangements (including community monitoring and enforcement) and

financing gradual transitions towards more climate-resilient agroecological and agroforestry systems. This

structure is also coherent with the literature on payments for environmental services and benefit-sharing,

which emphasizes that high-integrity schemes should simultaneously reward the provision of environmental

services, support local livelihoods and invest in longer-term changes in land-use practices
[80,81]

.

Global meta-analyses of agroforestry systems and pasture management indicate that, on average, converting

cropland or pasture to agroforestry and adopting more intensive or otherwise improved grazing

management tend to increase above- and below-ground carbon stocks, while in many cases enhancing

indicators of system resilience and livelihood stability
[82,83]

. Evidence from experimental and farm-level

studies in the eastern Amazon is broadly consistent with these findings, reporting higher biomass and soil

organic carbon, improved soil structure and greater species and functional diversity in agroforestry systems

established on previously degraded pasture, as well as under improved pasture management, when compared

with degraded pasture baselines
[84,85]

. In this sense, directing a defined share of carbon-credit revenues

towards the gradual expansion of agroforestry and improved pasture management can be interpreted as an

investment in both mitigation and adaptation co-benefits, when implemented within the financial and

operational constraints discussed above, rather than as a purely short-term recovery measure.

Beyond the avoided deforestation component, this second mitigation lever in Curiaú, represented by the

gradual adoption of regenerative practices on existing cropland and pasture, is subject to potential additional

removals and incomes through incremental soil organic carbon (SOC) gains. Meta-analyses of cover

cropping, diversified rotations and reduced soil disturbance in croplands generally report SOC sequestration

rates in the upper 0-30 cm on the order of 0.30-0.60 tC ha
-1
 yr

-1[86]
, with mean values around 0.32 tC ha

-1
 yr

-1

for cover crops in global datasets and 0.56 tC ha
-1
 yr

-1
 when pooling a broader set of conservation-agriculture

practices
[87]

. Converted to CO
2
-equivalent, these ranges correspond to approximately 1.1-2.2 tCO

2
e ha

-1
 yr

-1

under well-implemented conservation agriculture on cropland
[86,87]

. Recent syntheses of agroforestry systems
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are broadly consistent with these magnitudes, showing substantial increases in SOC stocks when annual

cropping systems are converted to tree-crop associations, with stock gains on the order of 25%-40% in the

upper soil layers compared to conventional cropland
[88]

 and global assessments highlighting a large technical

potential for additional SOC storage in agroforestry soils
[89]

.

In Brazilian pasture systems, a meta-analysis of 169 paired comparisons across 14 states found that

degradation of grasslands leads to SOC losses of about 0.25 tC ha
-1

 yr
-1

 in the upper 0-30 cm, whereas

recovering degraded pastures to nominal or improved management can sequester SOC at rates of roughly

0.25-0.54  tC ha
- 1

 yr
- 1 [ 9 0 ]

.  Converted  to  CO
2
-equivalent ,  these  gains  correspond to  roughly

0.90-2.0 tCO
2
e ha

-1
 yr

-1
 of additional removals.

Applied to Curiaú’s 2023 land-use structure - where approximately 17 ha of temporary crops and 174 ha of

pasture, as classified in the MapBiomas land-cover dataset
[61]

, constitute the officially titled community area

that is distinct from the 915 ha forest block used in the avoided deforestation analysis - a stylized scenario

used only for order-of-magnitude illustration, in which all cropland shifts to conservation-agriculture

management and all degraded or nominal pasture is restored to well-managed condition, would therefore

imply on the order of 180-350 tCO
2
e yr

-1
 of additional soil-related removals. Under the same illustrative

carbon-price band of US$20-40 tCO
2
e

-1
 used above, this corresponds to a supplementary revenue band of

roughly US$4,000-14,000 yr
-1

, over and above the avoided deforestation potential estimated in Section

“Potential emission reductions and carbon credit generation”.

Taken together, these stylized comparisons reinforce that revenues from avoided deforestation carbon credits

in smallholder-dominated mosaics can play a partial yet potentially catalytic role in supporting

climate-resilient livelihood trajectories in Curiaú community. Even under relatively favorable price

assumptions, such revenues can finance the re-establishment of only a limited area of staple crops and

pasture and the incremental expansion of agroforestry systems, while leaving limited room for covering

transaction, monitoring and certification costs that are necessary for high-integrity projects and for enabling

both forest-conservation and soil-management interventions. In this context, beyond the combination of

high-integrity avoided deforestation and regenerative-agriculture methodologies, complementary private or

public instruments become central. In Brazil, the National Policy on Payment for Environmental Services

(PES) (Law 14.119/2021)
[91]

 and program-level initiatives such as Floresta+ Amazônia
[92]

 explicitly aim to

channel payment-for-environmental-services resources to family farmers and traditional communities and

can, in principle, contribute to covering enabling costs such as technical assistance, organizational support

and certification-related expenses. Aligning methodologies such as SCM0011 with policies and programs

would increase the likelihood that communities can appropriate a larger share of carbon and PES revenues,

strengthening existing forest-conservation practices while facilitating a gradual transition towards

agroecological, agroforestry and other regenerative production systems, in line with broader evidence on the

design of effective payment for environmental services and benefit-sharing arrangements
[80,81]

.

Limitations and implications for implementation

The present application has several limitations that should be made explicit. First, as discussed in Section

“Livelihood vulnerability”, the LVI thresholds used here are operational screening values under the applied

methodology rather than universally valid vulnerability cut-offs
[43,45,50]

. Relatedly, the LVI functions as a

time-bound entry diagnostic, based on recent household conditions, and therefore does not capture the full

temporal evolution of vulnerability over the project duration. Although the applied standard allows

reassessment across project cycles, this design implies a trade-off between operational feasibility and

temporal representativeness in the use of vulnerability as part of additionality. Second, the livelihood

diagnosis is based on a non-probability household sample and should therefore be interpreted as
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characterizing the community rather than providing statistically representative estimates for all sub-groups.

Third, the empirical application is restricted to a single Quilombola territory, which limits direct

extrapolation of the observed LVI profile, baseline behavior and finance implications to other smallholder or

traditional-community settings with different socio-ecological configurations.

Additional limitations arise from the baseline and finance components. As discussed in Section “Accuracy

assessment and dynamic deforestation baseline”, the annual ex post baseline is more responsive to observed

deforestation dynamics than multi-year averaging, but this same responsiveness may generate interannual

variation in baseline levels, credit volumes and expected revenues, which can complicate long-term financial

planning in community-based projects
[28]

. Baseline robustness also remains conditional on the stability and

classification performance of the adopted land-use product, even when conservative accuracy adjustments

are applied
[29]

. In turn, the climate-resilience analysis in Section “Climate-resilience finance” is intentionally

illustrative: it does not fully internalize certification, transaction, monitoring and organizational costs, and

therefore likely overstates the share of gross revenues that could be effectively appropriated for livelihood

recovery and adaptation. The same applies to the regenerative-agriculture component, which is framed as

exploratory and order-of-magnitude only, rather than as a project-crediting estimate. Taken together, these

limitations do not invalidate the proposed framework, but indicate that its strongest contribution at present

lies in structuring a credible and socially targeted entry point for smallholder forest carbon initiatives, rather

than in offering a fully generalizable or financially complete implementation model.

CONCLUSION
The Curiaú case study shows that a vulnerability-based eligibility approach can be effectively operationalized

within a Quilombola territory in a technically rigorous manner, while maintaining social equity as a central

component of project design. The application of the Livelihood Vulnerability Indexes confirms Curiaú
within the moderate vulnerability range according to commonly adopted classifications in the literature,

while also meeting the module-defined thresholds for social eligibility. The results indicate that this approach

is particularly suited to smallholder and traditional-community contexts where livelihood vulnerability,

exposure to climate-related disturbances, and measurable forest-use pressures coexist, as observed in Curiaú,

provided that a representative household-level survey is available to compose the LVI and that accurate

high-resolution land-use and land-cover data are available to construct a dynamic baseline. In practical

terms, this means that the approach is most applicable to forest-oriented communities with predominantly

conservationist land-use dynamics, where baseline deforestation is limited or absent, but where the

surrounding reference still presents sufficient deforestation pressure, as in the Amapá state.

Importantly, the LVIs provide a robust foundation for diagnosis and evaluation of the effectiveness of

interventions, serving as a baseline against which changes in vulnerability can be tracked through repeated

assessments over time. These assessments following interventions - such as the implementation of carbon

credit schemes - can enable the measurement of impacts on community resilience. In this way, the LVIs

function not only as a diagnostic instrument but also as a framework for assessing additionality and project

effectiveness.

Additionally, the construction of an ex post dynamic deforestation baseline using open 10-metre land-cover

data, independent accuracy assessment and design-based area estimation indicates that high-integrity

avoided deforestation accounting is feasible in relatively small, heterogeneous landscapes dominated by

smallholders and traditional communities, such as Quilombola territories. These procedures contribute to

current debates on the integrity and transparency of baselines for small-scale REDD+-type initiatives. In

combination with the LVI, the approach is consistent with core additionality and integrity expectations
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increasingly articulated by the ICVCM while explicitly incorporating social equity considerations. However,

the results also show that the estimated carbon revenues, while relevant, are insufficient on their own to fully

address the identified livelihood constraints, reinforcing their role as a complementary mechanism rather

than a standalone solution.

Taken together, the Curiaú results indicate that maintaining forest conservation emerges as a central priority

for payment for environmental services such as carbon credits, while the allocation of resulting revenues can

directly reflect the key constraints identified at the community level. In this case, this includes directing

support toward the recovery, resilience, and improved management of already converted agricultural areas,

alongside strengthening adaptive capacity through the adoption of regenerative agricultural practices

consistent with the constraints identified by the vulnerability assessment.
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