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Abstract

REDD+ has emerged as a global strategy for reducing CO, emissions from deforestation
and forest degradation and shows great promise for the Extractive Reserves of the Brazilian
Amazon (RESEX). It is essential to assess whether REDD+ projects have effectively con-
tributed to the conservation of these areas over time. To address this issue, we analyzed
land use and cover dynamics in the RESEX Rio Preto-Jacundad (Rondénia) and its surround-
ings from 2004 to 2020 to evaluate the impacts of a certified REDD+ project. The following
two trend scenarios were simulated: (i) pre-implementation (2004-2012), projected to 2020,
and (ii) post-implementation (2012-2020), projected to 2028. Historical maps were derived
from the TerraClass dataset, and future projections were generated using Markov Chains
combined with Cellular Automata. Forest conservation was evaluated through structural
metrics such as the number, size, and shape of forest fragments, and the type, frequency,
and length of boundaries with other land uses, using ArcGIS tools and Patch Analyst.
Carbon sequestration was estimated from the aboveground biomass values of primary and
secondary forests. The results showed that the REDD+ mechanism did not achieve the
expected environmental benefits, with a decrease in carbon stocks over time and potential
negative effects on the richness and composition of local flora.

Keywords: carbon sequestration; extractive reserve; protected area; land use; land cover;
forest fragmentation; greenhouse gas; climate change

1. Introduction

REDD+ Projects (Reduction of Emissions from Deforestation and Forest Degrada-
tion + Conservation of Forest Carbon Stocks, Sustainable Management of Forests, and
Enhancement of Forest Carbon Stocks) are environmental and economic management
instruments that were formalized in 2007, during the 13th United Nations Conference on
Climate Change (COP) [1]. Initially conceived in global climate negotiations as a result-
based mechanism, they aimed to enable high-income countries to compensate low- and
middle-income countries for verified reductions in carbon emissions [2].

Their strategy is to provide predictive analyses of carbon emissions, aiming to fi-
nancially compensate countries that monitor, control, and promote the sustainable use of
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resources by engaging local communities that conserve their forests [1]. Over time, REDD+
has evolved into a hybrid set of policies, programs, and projects operating at multiple scales,
with objectives not only to reduce emissions but also to enhance carbon sequestration in
forests [2].

Results-based payments remain the cornerstone of REDD+ initiatives [2]. Within this
framework, the carbon market gained prominence, where it is possible to receive payment
for the carbon not emitted into the atmosphere [3,4]. Currently, most REDD+ projects are
linked to the voluntary carbon market, which operates under standards set by international
certification entities. In 2016, 99% of carbon credits sold in this market were certified by
third-party standards. Among the 13 standards in use at the time, the Verified Carbon
Standard (VCS) was the most prevalent, certifying nearly 33 MtCO,, equivalent to 58% of
all credits traded [5].

The scientific literature has debated the efficiency of compensating low- and middle-
income countries that seek to meet REDD+ objectives. For some researchers, these projects
can lead to forest conservation and generate benefits such as climate change mitigation,
biodiversity conservation, and poverty reduction [6-9]. However, others raise considerable
criticism regarding their real environmental and social impacts [10-12]. This discussion is
further expanded regarding understanding the impact of REDD+ certification in legally
protected tropical forest areas [10,11].

Simonet et al. (2018) [13] suggest that REDD+ projects may constitute a promising strat-
egy for reducing deforestation rates in the Brazilian Amazon. It is widely acknowledged
that the severity of the environmental crisis that has plagued this region in recent years
is marked by a period of severe dismantling of environmental policies in the country [14].
In 2021 alone, deforestation by clear-cutting in the Brazilian Legal Amazon reached the
alarming figure of 13,235 km? [15]. Between 2019 and 2022, although 51% of deforestation
occurred in public areas, only 29% happened in legally protected areas [16,17]. Thus, it
becomes evident that legal protection can play a crucial role in reducing the likelihood of
new deforestation and changes in land use and cover [17].

In the Brazilian Amazon, legally protected areas for sustainable use, such as the Ex-
tractive Reserves (RESEX) established in the 1970s, have the potential to become a valuable
resource for both forest conservation and traditional extractive populations, who hold
long-term usufruct rights to these public forests [18,19]. The RESEX model tries to reconcile
forest conservation with sustainable use for the benefit of local communities [20]. However,
as pointed out by Freitas et al. (2018) [21], RESEX faces significant challenges, such as im-
proving the socioeconomic conditions of its inhabitants; combating poverty; reducing forest
degradation and biodiversity loss; integrating Brazilian policies for oversight and man-
agement; and addressing the inefficiencies in planning and management of organizations
responsible for environmental policies in the Amazon.

Contrary to expectations, deforestation records from the National Institute for Space
Research (INPE) for the state of Rondonia (RO) indicate that many of its RESEX areas
have permitted activities incompatible with sustainable use, such as cattle ranching and
illegal logging, which may be restricting nature conservation values within their legal
boundaries [15,21]. In 2021, RO was the state with the fourth highest deforestation rate in
the Brazilian Legal Amazon [15], highlighting the importance of clarifying to what extent
a REDD+ project in a protected area in this state, heavily pressured by human activities,
is effectively achieving its objectives of preventing forest degradation and contributing to
forest conservation.

In this sense, this study aimed to assess the impact of a REDD+ project certified in the
RESEX Rio Preto—Jacunda (RO), considering the composition and configuration of land
use and cover before and after the implementation of this environmental and economic
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management instrument. The hypothesis is that the implemented REDD+ Project has
altered the forest conservation trend in this area.

To test the hypothesis, we pursued four specific objectives: (i) to analyze land use and
land cover change before and after the implementation of the project in 2012, identifying
trends in deforestation and forest regeneration; (ii) to model future land cover scenarios,
comparing trajectories with and without REDD+ intervention; (iii) to evaluate forest frag-
mentation and edge effects, to assess changes in landscape integrity and vulnerability
of forest remnants; and (iv) to estimate aboveground biomass (AGB) carbon stocks, as
an indicator of the project’s contribution to climate change mitigation. Together, these
objectives provide crucial information to understand the excessive or disordered land
exploitation, forest degradation conditions, the vulnerability of fragments, and carbon
stocks over time [22-25].

2. Materials and Methods

The RESEX Rio Preto—Jacunda4 is a legally protected area in the Brazilian Amazon,
located in the state of Rondonia (RO), encompassing approximately 1000 km? (Figure 1),
designated for traditional communities to sustainable use. Established in 1996, it includes
two rubber forests for latex extraction [26,27].
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Figure 1. Extractive Reserve (RESEX) Rio Preto—Jacund4, located in the Southern Brazilian Amazon,
in Rondonia state.

This area provides a wide range of ecosystem services. It regulates regional climate
and hydrological cycles, and contributes to soil protection and nutrient cycling. In addition,
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these forests provide cultural and educational values, as well as future potential for genetic
resources and medicinal uses [28]. Furthermore, it belongs to the Mosaic of the Southern
Amazon, which includes 21 other protected areas, making it an important region for
biodiversity conservation and carbon storage, in addition to its relevance for the traditional
population that relies on the forest for subsistence [29].

The population of RESEX Rio Preto—Jacunda is characterized as a low-income ru-
ral community engaged in diverse productive activities. However, it faces significant
challenges in generating sufficient income solely from the sustainable use of natural re-
sources [28]. In addition, low levels of education and precarious living conditions further
constrain development. According to Bernardes et al. (2018), the Amazon, together with the
northeastern semiarid region, is among the areas of Brazil with the highest concentration
of rural populations living in extreme poverty [28,30].

According to the Management Plan of the RESEX, approved in 2017, the area faces
strong pressure from illegal activities such as logging, land invasion for livestock, mech-
anized agriculture, predatory fishing, hunting, and mining, generating significant envi-
ronmental damage [29]. Additionally, its buffer zone is directly influenced by agrarian
settlements, private properties, and roads, which put pressure on the forest edge [29].

To promote sustainable uses and to reduce forest degradation, illegal deforestation,
and greenhouse gas (GHG) emissions, the company Biofilica Ambipar Environment, in
partnership with the residents’ association of RESEX, implemented the REDD+ project in
2012 [31]. Aligned with the Climate, Community & Biodiversity (CCB) and Verified Carbon
Standard (VCS), this initiative focuses solely on carbon credits within the forest area of the
RESEX in 2012, corresponding to 942.89 km?.

To assess the historical trajectories of the land use/land cover (LULC) before and after
the implementation of the REDD+ project in 2012, we used spatial data from the TerraClass
project library (2022) [16], by the Brazilian Agricultural Research Corporation (EMBRAPA,
Brasilia, Brazil) and National Institute for Space Research (INPE, Sao José dos Campos,
Brazil), which employed Landsat 5-8 images and techniques such as linear spectral mixing
models, slicing, and interpretation visual [32]. The thematic categories legend provided
by INPE was adjusted to suit the objectives of this study, combining classes with similar
structural characteristics (Table S1).

Maps of the RESEX and its surroundings from 2004, 2012, and 2020 were generated
using ArcGIS® software version 10.4. We delimited the RESEX perimeter plus a 10 km
buffer zone (BZ), excluding surrounding areas that did not cover the RO state.

With this database, we simulated two trend scenarios of LULC (i): the scenario before
the implementation of the REDD+ project (between 2004 and 2012), with a projection for
2020, and (ii) the scenario after the implementation of the REDD+ project (between 2012
and 2020), with a projection for 2028. These scenarios were built using Markov Chain (CM)
associated with Cellular Automata (CA in QGIS® software version 2.18.18 and using the
MOLUSCE plugin—Modules for Land Use Change Evaluation by the simulation algorithm
Artificial Neural Network (ANN), with input parameters predefined by the plugin.

Evaluation Indicators

For a comprehensive evaluation of land use dynamics, forest conservation, and carbon
outcomes under REDD+ implementation, while enabling comparisons between the RESEX
and its Buffer Zone across different time periods and simulated scenarios, we adopted two
main categories of evaluation indicators: landscape structure and carbon stocks.

Landscape structure indicators were based on trend modeling using transition ma-
trices of historical LULC changes, allowing us to characterize shifts in forest conservation
potential through structural measures of primary forest fragmentation. This included the
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number, size, and shape of patches, as well as the type, frequency, and length of boundaries
with other uses (Table S2). This set of landscape metrics was applied using ArcGIS® tools,
such as the Patch Analyst Plugin and the procedure to identify and quantify the boundaries
of land use/cover described by Hardt et al. (2018) [33]. The study of boundaries between
patches allows us to understand the complexity of landscape interactions, especially those
involved in the anthropogenic use of natural resources, which is a common source of
environmental problems when harnessing landscape services [33].

Carbon indicators were assessed by calculating the carbon sequestration potential of
both primary and secondary forests in historical maps and scenarios, using secondary data
from Aboveground Biomass (ABS) estimates for primary forest (median 399.27 Mg.ha~1)
and secondary forest with 2-18 years (median 90.97 Mg.ha~!) in Rondédnia [34]. The
AGB values of vegetation verified in each LULC map and scenario, for both RESEX and
buffer zone, were converted into carbon stocks (tC.ha~!) by a conversion factor equal to
0.49 [35]. These carbon stocks were then compared to the data provided by the REDD+
Project, indicating an average sequestration rate of 418.7 tCO,.ha ! across all forest types,
including both primary and secondary forests [31].

3. Results
3.1. Assessment of Historical Changes and Future LULC Trends

There was a 7.44% reduction in primary forest cover within the RESEX over the
analyzed period (2004-2012-2020), particularly between 2012 and 2020, although this class
continued to occupy more than 90% of the area (Figures 2 and 3). On the other hand,
secondary forest fragments increased during the same period, partly due to the recovery of
previously deforested areas (Figures 3 and 4a). Meanwhile, the area of pasture within the
RESEX increased by 2016% over the considered period, likely reflecting the 512.6% increase
in pasture around the RESEX (Figures 2, 3 and 4a). It is important to note that occupation
mosaics increased from 2012 onwards, with exposed soil doubling in 2020, primarily in the
central and northern regions of the RESEX (Figures 2 and 3).

Throughout the period analyzed, there was also a reduction in primary forest cover
in the buffer zone (BZ) of the RESEX, with an estimated 29.76% loss of areas (Figure 3).
Many of these areas were converted into pasture, with responses similar to those ob-
served in the RESEX, although with greater intensity in the BZ due to initial expansion
from the southwest portion of the RESEX extending to the entire southern arc of the BZ
(Figures 2, 3 and 4b). Between 2012 and 2020, the coverage of exposed soil and regenerating
areas with pasture increased, mainly due to the deforestation and degradation of primary
forests (Figures 3 and 4b). On the other hand, the occupation mosaics in the BZ decreased
by 95% over the years analyzed, while secondary forests increased by 688.16% (Figure 3).

The comparison of the 2020 reality with the trend scenario corresponding to the period
before the implementation of the REDD+ project (between 2004 and 2012) indicates that
there was a greater-than-expected loss of primary forest for the period: 6.96% within the
RESEX and 19.22% in its BZ (Figure 3). Additionally, the coverages of pasture (5.29%),
pasture with regeneration (0.03%), and secondary forest (2.22%) in 2020 were also higher
than anticipated within the RESEX (Figure 3).

The second trend scenario, corresponding to the period after the implementation of
the REDD+ project (between 2012 and 2020), indicates that by 2028, secondary forest and
pasture classes are expected to continue increasing as more primary forest is lost (Figure 3).
These results suggest that, compared to 2012, the year of the RESEX's establishment, by
2028, there would be a loss of 70.6 hectares of primary forest, with 10.41% occurring within
the RESEX, despite legal protection.
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2020 within the Rio Preto—Jacunda Extractive Reserve (RESEX) (a) and its buffer zone (b), RO—Brazil.

3.2. Evaluation Indicators

Inside the RESEX, between 2004 and 2020, the number of primary forest patches
(NP) increased from 2 to 78, with a 97.6% reduction in their mean patch size (MPS) and a
doubling of edge density (ED), resulting in a 5% decrease in core areas (CAs) (Figure 5).
These values are even more alarming considering that the boundary frequency (BFq) of
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primary forest with other LULC classes increased by approximately 1144%, especially with
pasture areas and secondary forest (Figure 6a), while the boundary length (BL) grew by
345.9% (Figure 6b).

Conservation metrics reveal that the interior of the RESEX had less fragmented forest
than its buffer zone, with a lower number of patches (NP) and a larger mean patch size
(MPS) (Figure 5). In the BZ, between 2004 and 2020, the number of fragments increased by
568.53% and the mean patch size decreased by 90%. Edge density (ED) increased by 82.76%,
as did the frequency and length of boundaries (711.82% and 116.86%), with secondary
forest boundaries accounting for more than 62% of the boundaries around the RESEX in
2020 (Figure 6b).

Comparing the reality with the trend scenario for 2020, which assumes the absence of
the REDD+ project, the trend scenario represents a better forest conservation situation than
what was verified in the actual condition after 8 years of the project. For both the RESEX
and its surroundings, all metrics indicated more positive expectations for primary forest
conservation than what occurred that year (Figure 5). Inside and around the RESEX, the
number of forest fragments (NP) was more than twice the trend values without the project
(Figure 5). Within the RESEX, the frequency of boundaries between the primary forest and
pasture areas was 22.37% higher than demonstrated by the trend scenario (Figure 6b). In
the BZ, the mean patch size (MPS) was 64.1% smaller than expected for 2020 (Figure 5),
with boundary length between primary and secondary forests 7.58% smaller and 12.86%
larger than pastures (Figure 6a).
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Figure 5. Landscape metrics of the primary forest area in the Rio Preto—Jacunda Extractive Reserve
(RESEX) and its Buffer Zone (BZ), RO—Brazil.
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Figure 6. Length (a) and Frequency (b) of boundaries between primary forest and other LULC classes
in the Rio Preto—Jacunda Extractive Reserve (RESEX) and Buffer Zone (BZ), RO—Brazil.

The expectation for 2028 is that forest fragmentation will continue to increase both
within the RESEX and its surroundings, along with edge density, boundary length, and
boundary frequency (Figure 5). Compared to 2004, by 2028, the number of patches (NP)
would increase by 6050% in the RESEX and 860% in the BZ. The core area in the RESEX will
be less than 90% of its area, but the mean patch size (MPS) could be 12.2 times larger within
the RESEX than in its surroundings (Figure 5). Compared to 2012, both the frequency and
lengths of boundaries between primary forests and exposed soils would increase within
the RESEX by more than 20 times and 358 times, respectively, while in the surroundings,
there would be a decrease of 36.87% in frequency and 60.49% in length (Figure 6).

Proportionally, the carbon stock provided by the RESEX forests has always been higher
than that of the BZ (Table 1). Considering that from 2004 to 2028, all results point to a
decrease in primary forest areas and an increase in the fragmentation of remnants, it is
estimated that by 2028, the carbon stock could decrease by 6.95% in the RESEX, 33.93% in
the BZ, and 4.65% in the REDD+ Project polygon. Comparing the reality of 2020 with the
trend constructed for the same year, assuming the project’s absence, the REDD+ Project
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does not have the expected effect on carbon stock, i.e., it does not provide an equal or
higher stock value after 8 years of its implementation, which could also affect the future
trend of forest conservation.

Table 1. Estimate of carbon stock for primary and secondary forest areas within and surrounding
(BZ) the RESEX Rio Preto—Jacunda (according to biomass data from Alves et al., 1997 [34]), and
within the REDD+ Project polygon (according to the project’s biomass data).

Year and Scenario tC.ha—1 RESEX tC.ha—1BZ tC.ha—1 REDD+ Project
2004 191.8 169.97 418.75
2012 191.2 152.5 418.7
2020—(Real scenario, with project) 178.99 114.07 399.65
2020—Trend without project 191.71 151.27 420.5
2028—Trend with project 178.46 112.29 399.27

4. Discussion

The deforestation occurring in the RESEX Rio Preto—Jacundé during the analyzed
period (2004 to 2020) follows the trend observed in most other RESEXs in the state of
Rondénia (RO), as noted by Silveira and Hardt (2023) [11]. This study suggests that, from
2015 onwards, 16 out of 25 of these legally protected areas exhibited deforestation rates
higher than those observed for the entire state. This indicates a possible failure to comply
with their conservation value, attributed to the conduct of activities incompatible with
sustainable use, such as cattle ranching and illegal logging.

In Amazonian RESEXs, deforestation continues to be the greatest threat, mainly due to
extensive cattle production [36-38]. Thus, the 2016% increase in cattle ranching areas from
2004 to 2020, with an equivalent conversion of 5.04% of the area, totaling approximately
5 thousand hectares, is not exclusive to the RESEX Rio Preto—Jacund&. This was also
observed by Spinola and Carneiro Filho (2019) [38] in the RESEX Rio Ouro Preto/Rondénia,
which had 5.3% of its area converted to pasture between 2004 and 2014.

As observed in the RESEX Rio Preto—Jacundd and its Buffer Zone, according to Smith
et al. (2020) [39], secondary forest areas have increased throughout the Brazilian Amazon
due to the abandonment of agriculture in previously deforested areas. It is crucial to legally
maintain and protect the primary forests of this region to mitigate climate change, as they
represent an effective and low-cost nature-based climate solution [39,40]. However, their
continued destruction has been the main contributor to the disruption of the regional
carbon balance.

The situation in the BZ of the RESEX Rio Preto—Jacund4 is concerning due to the
continued reduction in primary forest cover, with a 29.76% reduction between 2004 and
2020, while pasture areas increased. It is noteworthy that the losses in both quantity
and quality of forests in these areas are more significant than those recorded within the
RESEX, highlighting the fundamental role of this RESEX in conservation. When analyzing
the amount of forest in the RESEX Chico Mendes/ Acre, Milien et al. (2021) [41] obtained
results similar to this study, indicating a loss of approximately 30% greater in the immediate
surroundings than within its interior. These results are significant indications that, without
legal protection, environmental degradation in the Brazilian Amazon could be considerably
more intense and detrimental. Furthermore, they highlight the urgency of public policies
and governmental actions to combat anthropogenic pressures on the Buffer Zones of
protected areas, especially in the Southern Arc of deforestation, of which the RESEX Rio
Preto—Jacunda is a part. Considering that the BZ is an area where human activities are
subject to specific regulations and restrictions to minimize negative impacts on the protected
area [18], it is important to highlight that the effective enforcement of Brazilian federal
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legislation could curb illegal deforestation activities. This enforcement would ensure the
conservation of this and other RESEX areas in RO, preventing the advance of both formal
and informal market interests.

The RESEX Rio Preto—Jacunda is also committed to a REDD+ Project with the expecta-
tion of conserving the forest and maintaining its carbon stocks and sequestration. However,
the forecast for deforestation between 2013 and 2028 by the REDD+ Project, before the
commencement of its proposed activities, was 57.8 km? [31], a value lower than the 78 km?
of primary forest loss estimated in this study for the period from 2012 to 2028.

According to West et al. (2020) [10], the RESEX Rio Preto—Jacund4, as well as the
Surui/Rondonia protected area, experienced one of the largest cumulative losses of forest
cover after the implementation of the REDD+ Project. From the perspective of primary for-
est conservation, it was observed that trends before the REDD+ Project were comparatively
more favorable than those observed after its implementation, although it cannot be stated
that the values are of high significance.

The increase in forest fragmentation and the consequent reduction in patch size in the
RESEX and its surroundings indicate a potential impact on forest biodiversity [42]. The
isolation resulting from this fragmentation can trigger substantial changes in the richness
and composition of bird, amphibian, and bee populations in these forests, with a significant
loss of phylogenetic diversity [42,43]. Furthermore, the temporal variations in fragmenta-
tion rates, core area sizes, and forest recovery in the studied area highlight an unbalanced
dynamic in the territory, suggesting the possibility of fire action with seasonal and cyclical
effects, as demonstrated by Valente and Laurini (2023) [44] in territories of the Brazilian
Amazon between 2002 and 2022. The heterogeneity in the transformations observed in the
analysis of LULC dynamics in the RESEX and its surroundings hinders the understanding
of their effects on conservation, as well as complicating planning and management by local
governments. Consequently, the implementation of uniform governmental actions may be
ineffective in curbing deforestation in the region.

Anincrease in the quantity and extent of boundaries between forest and anthropogenic
uses can be interpreted as an indicator of growing external pressures on the forest, which
may result in the continuation of fragmentation processes [33]. This dynamic implies a
situation where human activities are increasingly encroaching on forest areas, thereby
heightening the risks of negative effects and alterations in the structure and function of the
forest ecosystem. According to Mu et al. (2020) [45], in the Brazilian Amazon, boundaries
between primary forest and abandoned pastures, and between primary forest and previ-
ously deforested areas, tend to expand secondary forest areas, as has been occurring in the
RESEX Rio Preto—Jacunda since 2004.

The increase in edge density observed over the years is concerning, as it suggests
that fragmentation in Amazonian forests has increased, facilitating human movement and
resulting in pressures for new deforestation. This necessitates initiatives for the restoration
or preservation of contiguous forests [46]. Furthermore, the edge areas of tropical forests
are also critical as they are sources of carbon emissions due to the potential increase in tree
mortality [47]. According to Haneda et al. (2025) [48], REDD+ projects covering smaller
areas in the Brazilian Amazon are more vulnerable to carbon losses caused by the edge
effect, with a 100 ha project potentially losing up to 5% of its carbon stock.

The decrease in carbon stock in RESEX can be primarily attributed to the occupation
of boundaries. This may have hindered the efforts of the REDD+ Project to reduce GHG
emissions by more than 3 million tCO, between 2013 and 2020 [31]. Despite this decrease,
it was found that the carbon stock estimates in the REDD+ Rio Preto—Jacund4 Project
across the RESEX are not accurate, with value discrepancies that can be explained by the
conduct of distinct forest inventories based solely on random sampling units (plots) for
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forest areas. Other works could integrate field inventory plots with measurements of
vegetation structure collected by airborne Light Detection and Ranging (LiDAR) to estimate
aboveground carbon with more fidelity [48,49].

In this regard, Asner et al. (2013) [49], when analyzing a REDD+ Project in Panama,
found that carbon inventories based only on a few field plots as sampling units did not
accurately reflect the heterogeneity of carbon stocks. This discrepancy between actual and
estimated values can compromise the integrity of global carbon stock mappings, which
should be conducted with high fidelity to advance the management of these resources
and encourage international actions for climate change mitigation [49]. Nonetheless, in
the specific case of the RESEX Rio Preto—Jacund4, even considering these limitations that
must be acknowledged, the gap between actual carbon stock values and those predicted by
the 2020 and 2028 scenarios is alarming. Although projections to 2028 provide valuable
insights, they are subject to uncertainties inherent to predictive models, especially in
dynamic frontier regions like Rondénia, where deforestation is influenced by multiple
factors, including economic pressures, land use dynamics, and, most importantly, policy
changes [11,50,51].

According to Zwick (2019) [52], for REDD+ Projects to be effective in reducing de-
forestation while simultaneously generating income for traditional communities, it is
necessary to have adaptable baselines and methodologies, diversified funding sources,
integration into a jurisdictional approach, governmental cooperation, and simplification
of these projects. In contrast, Furtado et al. (2024) [53] argue that policies based on forest
carbon offsets and the carbon market do not contribute to reducing deforestation, generate
territorial conflicts, and further intensify extractive capitalism in the Brazilian Amazon.
Local communities’ rights, livelihoods, and benefits must be at the center of REDD+ projects
to avoid causing or worsening social conflicts [54].

In this context, whether REDD+ is worth preserving will depend primarily on its
ability to address not only technical aspects of carbon accounting and environmental
integrity but also its social justice dimensions [55]. The importance of a comprehensive
and collaborative approach is highlighted by these considerations to address challenges
and promote environmental and socio-economic sustainability, both regionally and for
protected areas such as the RESEX Rio Preto—Jacunda. Although our study did not assess
the social dimension directly—e.g., through engagement with traditional communities or
surveys—the literature suggests that addressing social aspects is crucial for the long-term
effectiveness of REDD+ projects.

Despite the efforts of REDD+ projects to meet these needs, research such as that by
Correa et al. (2020) [56] highlights that even the world’s largest REDD+ Project, the Amazon
Fund, has failed to demonstrate the effectiveness of its impacts on forest conservation. The
authors note that the low deforestation rates in the municipality of Alta Floresta/MT
are not positive consequences of this instrument. On the other hand, there are studies
demonstrating that these projects can conserve tropical forest cover when incentivized,
particularly through the legal regulation by governments [7,57,58].

Regarding these considerations, Gallo, Brites, and Micheletti (2020) [59] believe that,
although REDD+ Projects in Brazil bring visibility to the importance of combating defor-
estation and forest degradation, they will only be effective when the country addresses the
deep-rooted causes and drivers of deforestation through regulatory frameworks and politi-
cal commitment. Overall, our results suggest that the levels of deforestation, fragmentation,
and carbon loss observed post-2012 remain higher than ideal for a conservation unit with a
REDD+ Project. In contrast, the Buffer Zone highlights that areas outside strict protection
are subject to much greater pressures, underscoring the need for complementary strategies
to ensure the broader landscape can maintain forest cover and carbon stocks.
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5. Conclusions

The indicators of this study suggest a trend of reduced forest conservation both
within and around the RESEX Rio Preto—Jacundd between 2004 and 2028. Although the
expectation of conservation for the RESEX is relatively more optimistic than for its Buffer
Zone (BZ), a greater-than-expected loss of forest was observed for a protected area with the
occurrence of a REDD+ Project.

The comparison of trends before and after the implementation of the REDD+ Project
demonstrated that this instrument may not be achieving its objectives of generating environ-
mental benefits, particularly in mitigating climate adversities. Despite being established for
8 years (2012-2020), in 2020, both the study area and its surroundings were still experienc-
ing the conversion of primary forests into pastures and secondary forests, demonstrating
that substantial challenges remain, particularly regarding landscape fragmentation and
pressures from the surroundings.

The structural changes observed in primary forests, particularly the continuous in-
crease in the number of fragments and the frequencies and lengths of boundaries between
the forest and anthropogenic uses, indicate a future scenario prone to negative ecological
effects on the richness and composition of the local flora. Additionally, this scenario may
affect carbon stocks in the RESEX Rio Preto—Jacunda and thus alter the expected decrease
in tons of carbon per hectare, rendering the REDD+ project’s expectation of reducing GHG
emissions by more than 3 million tCO; between 2013 and 2020 unrealistic. The data col-
lected for both the RESEX and its BZ highlight the lack of public policies for sustainable
development that combine conservation with the social and territorial interests of this
region. This lack of integration represents a significant challenge in the search for effective
conservation strategies and the sustainable use of natural resources, as proposed by the
RESEX protection model in Brazil.

The main driver of deforestation in the RESEX Rio Preto—Jacunda remains cattle
ranching, intensified by weak enforcement and limited public policies. For REDD+ to
be more effective in this context, it must move beyond technical carbon accounting to
incorporate stricter legal enforcement, sustainable land use alternatives, and the active
engagement of traditional communities, aligning conservation goals with local social and
economic realities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/earth6040128 /s1, Table S1: Legend of adjusted thematic classes
in land use and land cover maps of the RESEX Rio Preto-Jacunda and its surroundings, RO—Brazil
(adapted from TerraClass, 2022 [16]). Table S2: Description of selected Landscape Metrics to charac-
terize forest conservation potential [60,61].

Author Contributions: Conceptualization, G.S. and E.H.; methodology, G.S. and E.H.; software,
G.S,; validation, G.S., EEL.P-S., REd.S. and E.H.; formal analysis, G.S.; investigation, G.S. and E.H.;
resources, G.S. and E.H.; data curation, G.S. and E.H.; writing—original draft preparation, G.S.;
writing—review and editing, G.S., EEL.P-S.,, REd.S. and E.H.; visualization, G.S., EEL.P--S.,, REd.S.
and E.H.; supervision, E.H.; project administration, E.H.; funding acquisition, G.S. and E.H. All
authors have read and agreed to the published version of the manuscript.

Funding: G.S. is supported through PhD grant 2025.03430.BD, funded by FCT—Fundacao para a
Ciéncia e a Tecnologia.

Data Availability Statement: All data used in this article are publicly available and can be accessed
online as open data.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/earth6040128/s1
https://www.mdpi.com/article/10.3390/earth6040128/s1

Earth 2025, 6, 128 14 of 16

References

1. La Vina, A.G.M.; Leon, A.d.; Barrer, RR. History and future of REDD+ in the UNFCCC: Issues and challenges. In Research
Handbook on Redd-Plus and International Law; Edward Elgar Publishing: Cheltenham, UK, 2016; pp. 11-29. [CrossRef]

2. Angelsen, A. REDD+ as result-based aid: General lessons and bilateral agreements of Norway. Rev. Dev. Econ. 2016, 21, 237-264.
[CrossRef]

3. UN, United Nations. Bali: Framework Convention on Climate Change. In Proceedings of the Conference of the Parties, Bali,
Indonesia, 3-14 December 2007; 60p.

4. West Thales, A.P. Indigenous community benefits from a de-centralized approach to REDD+ in Brazil. In Climate Policy; Informa
UK Limited: London, UK, 2015; Volume 16, pp. 924-939. [CrossRef]

5. Hamrick, K,; Gallant, M. Unlocking Potential: State of the Voluntary Carbon Markets 2017; Ecosystem Marketplace: Washington, DC,
USA, 2017.

6.  Angelsen, A.; Brockhaus, M.; Kanninen, M; Sills, E.; Sunderlin, W.D.; Wertz-Kanounnikoff, S. Realising REDD+: National Strategy
and Policy Options; Cifor: Bogor, Indonesia, 2009.

7. Roopsind, A.; Sohngen, B.; Brandyt, ]. Evidence that a national REDD+ program reduces tree cover loss and carbon emissions in a
high forest cover, low deforestation country. Proc. Natl. Acad. Sci. USA 2019, 116, 24492-24499. [CrossRef] [PubMed]

8.  Garcia, B.; Rimmer, L.; Canal Vieira, L.; Mackey, B. REDD+ and forest protection on indigenous lands in the Amazon. Rev. Eur.
Comp. Int. Environ. Law 2021, 30, 207-219. [CrossRef]

9. Malan, M.; Carmenta, R.; Gsottbauer, E.; Hofman, P; Kontoleon, A.; Swinfield, T.; Voors, M. Evaluating the impacts of a large-scale
voluntary REDD+ project in Sierra Leone. Nat. Sustain. 2024, 7, 120-129. [CrossRef]

10.  West, T.A.P; Borner, J.; Sills, E.O.; Kontoleon, A. Overstated carbon emission reductions from voluntary REDD+ projects in the
Brazilian Amazon. Proc. Natl. Acad. Sci. USA 2020, 117,24188-24194. [CrossRef] [PubMed]

11. Silveira, G.D.P; Hardt, E. Impacto da certificagdo REDD+ nas taxas de desmatamento da RESEX Rio Preto-Jacundd na Amazoénia.
Ambiente Soc. 2023, 26, €0210. [CrossRef]

12.  Fawzy, S.; Osman, A.L; Doran, ]J.; Rooney, D.W. Strategies for mitigation of climate change: A review. Environ. Chem. Lett. 2020,
18, 2069-2094. [CrossRef]

13. Simonet, G.; Subervie, J.; Ezzine-De-Blas, D.; Cromberg, M.; Duchelle, A.E. Effectiveness of a REDD+ Project in Reducing
Deforestation in the Brazilian Amazon. Am. J. Agric. Econ. 2018, 101, 211-229. [CrossRef]

14. da Fonseca, LF; Lindoso, D.P.,; Bursztyn, M. (Falta de) controle do desmatamento na Amazonia brasileira: Do fortalecimento ao
desmantelamento da autoridade governamental (1999-2020). Sustain. Debate 2022, 13, 12-31. [CrossRef]

15.  INPE, Instituto Nacional de Pesquisas Espaciais. Estimativa de Desmatamento por Corte Raso na Amazonia Legal para 2021 é de 13.235
km?; Ministério de Ciéncia, Tecnologia e Inovagdes do Governo Federal Brasileiro: Sao José dos Campos, Brazil, 2021.

16. INPE; EMBRAPA. TerraClass: Organizagao, Acesso e Transparéncia. Available online: https:/ /www.terraclass.gov.br/ (accessed
on 19 March 2022).

17. Alencar, A.; Silvestrini, R.; Gomes, J.; Savian, G. Amazonia em Chamas: O Novo e Alarmante Patamar do Desmatamento na Amazoénia;
Instituto de Pesquisa Ambiental da Amazoénia: Brasilia, Brazil, 2022.

18. Lein®9.985 de 18/07/2000, Lei n.® 9985 (2000, 19 de julho) (Brasil). Didrio Oficial da Unido. Available online: https:/ /legis.senado.
leg.br/norma/551861 (accessed on 15 March 2021).

19. Fadigas, A.B.d.M.; Garcia, L.G. Uma andlise do processo participativo para a conservacao do ambiente na criacao da Reserva
Extrativista Acat-Goiana. Soc. Nat. 2010, 22, 561-576. [CrossRef]

20. Hall, A. Extractive Reserves: Building natural assets in the brazilian amazon. In Reclaiming Nature: Environmental Justice and
Ecological Restoration; Boyce, ] K., Narain, S., Stanton, E.A., Eds.; Anthem Press: London, UK, 2007; pp. 1-400.

21. Freitas, ].D.S,; Filho, M.C.E,; Homma, A.K.O.; Mathis, A. Reservas extrativistas sem extrativismo: Uma tendéncia em curso na
amazoOnia? Rev. Gest. Soc. E Ambient. 2018, 12, 56-72. [CrossRef]

22. Hardt, E.; dos Santos, R.E,; de Pablo, C.L.; de Agar, PM.; Pereira-Silva, E.FL. Utility of landscape mosaics and boundaries in
forest conservation decision making in the Atlantic Forest of Brazil. Landsc. Ecol. 2013, 28, 385-399. [CrossRef]

23. Braga, W.T.; Hermuche, PM.; Guimaraes, R.F.; de Carvalho Janior, O.A.; de Oliveira, S.N.; Gomes, R.A.T. Anélise das métricas
dos fragmentos florestais e dos padroes espaciais morfolégicos no municipio de Sao Pedro-SP/Analysis of forest fragmente
metrics and spatial morphological patterns in the municipality of Sao Pedro-SP. Rev. Espac. E Geogr. 2018, 21, 139-166. [CrossRef]

24. Rex, EE; Dalla Corte, A.P,; Satomi Kazama, V.; Sanquetta, C.R. Andlise métrica da cobertura florestal da bacia hidrogréfica do rio
pequeno-pr. BIOFIX Sci. |. 2018, 3, 184. [CrossRef]

25. Saito, N.S.; Moreira, M.A; Santos, A.R.d.; Eugenio, F.C.; Figueiredo, AC. Geotecnologia e ecologia da paisagem no monitoramento
da fragmentacao florestal. Floresta E Ambiente 2016, 23, 201-210. [CrossRef]

26. Cria no Municipio de Machadinho D’Oeste, Estado de Rondonia, a Reserva Extrativista do Rio Preto, Jacund4, e d4 Outras

Providéncias., Decreto n.® 7.336 (1996) (Rondodnia) (Brasil). Available online: https://documentacao.socioambiental.org/ato_
normativo/UC/3472_20180606_153128.pdf (accessed on 15 December 2022).


https://doi.org/10.4337/9781783478316.00013
https://doi.org/10.1111/rode.12271
https://doi.org/10.1080/14693062.2015.1058238
https://doi.org/10.1073/pnas.1904027116
https://www.ncbi.nlm.nih.gov/pubmed/31740591
https://doi.org/10.1111/reel.12389
https://doi.org/10.1038/s41893-023-01256-9
https://doi.org/10.1073/pnas.2004334117
https://www.ncbi.nlm.nih.gov/pubmed/32929021
https://doi.org/10.1590/1809-4422asoc2021210r2vu2023l4ao
https://doi.org/10.1007/s10311-020-01059-w
https://doi.org/10.1093/ajae/aay028
https://doi.org/10.18472/SustDeb.v13n2.2022.44532
https://www.terraclass.gov.br/
https://legis.senado.leg.br/norma/551861
https://legis.senado.leg.br/norma/551861
https://doi.org/10.1590/S1982-45132010000300012
https://doi.org/10.24857/rgsa.v12i1.1388
https://doi.org/10.1007/s10980-013-9845-5
https://doi.org/10.26512/2236-56562018e40127
https://doi.org/10.5380/biofix.v3i1.58382
https://doi.org/10.1590/2179-8087.119814
https://documentacao.socioambiental.org/ato_normativo/UC/3472_20180606_153128.pdf
https://documentacao.socioambiental.org/ato_normativo/UC/3472_20180606_153128.pdf

Earth 2025, 6, 128 15 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Coordenadora de Unidades de Conservacao Rondonia. Reserva Extrativista Rio Preto Jacunda. Available online: https:
/ /www.sedam.ro.gov.br/post/cuc-reserva-extrativista-rio-preto-do-jacunda (accessed on 15 December 2022).

Silveira, G.; Hardt, E. Reserva extrativista rio preto-jacundéd (RO): Uma revisao bibliografica e andlise critica. Desenvolv. E Meio
Ambiente 2023, 62, 86400. [CrossRef]

Centro de Estudos Rio Terra; Governo do Estado de Rondoénia. Plano de Manejo de Uso Muiltiplo: Reserva Extrativista Estadual rio
Preto Jacundd; Coordenadoria de Unidade de Conservacgao: Porto Velho, Brazil, 2016.

Bernardes, R.S.; Da Costa, A.A.D.; Bernardes, C. Projeto Sanear Amazénia: Tecnologias sociais e protagonismo das comunidades
mudam qualidade de vida nas reservas extrativistas. Desenvolv. E Meio Ambiente 2018, 48, 263—280. [CrossRef]

Biofilica. Projeto REDD+ RESEX Rio Preto-Jacundé. Ccb Standards. 2016. Available online: https://verra.org/wp-content/
uploads/2016/06/CCB_PROJ_DESC_POR_1503_16JUNE2016.pdf (accessed on 15 March 2021).

de Almeida, C.A.; Coutinho, A.C.; Esquerdo, ].C.D.M.; Adami, M.; Venturieri, A.; Diniz, C.G.; Dessay, N.; Durieux, L.; Gomes,
A.R. High spatial resolution land use and land cover mapping of the Brazilian Legal Amazon in 2008 using Landsat-5/TM and
MODIS data. Acta Amaz. 2016, 46, 291-302. [CrossRef]

Hardt, E.; Lépez de Pablo, C.T.; Martin de Agar, P; Santos, R.; Pereira-Silva, E.F. Gis-based detection and quantification of
patch-boundary patterns for identifying landscape mosaics. Appl. Ecol. Environ. Res. 2018, 16, 1381-1398. [CrossRef]

Alves, D.; Soares, ].V.; Amaral, S.; Mello, E.; Almeida, S.; DA Silva, O.F,; Silveira, A. Biomass of primary and secondary vegetation
in Rondénia, Western Brazilian Amazon. Glob. Change Biol. 1997, 3, 451-461. [CrossRef]

Eggelston, S.; Buendia, L.; Miwa, K.; Ngara, T.; Tanabe, K. 2006 IPCC Guidelines for National Greenhouse Gas Inventories; IPCC:
Hayama, Japan, 2006.

da Silva Freitas, J.; Homma, A.K.O.; Farias Filho, M.C.; Mathis, A.; dos Santos, K.M. Socioeconomic development and controlled
deforestation important for the sustainability of the Extractive Reserve Rio Cajari? Cad. Geogr. 2023, 33, 226-243. [CrossRef]
Skidmore, M.E.; Moffette, F.; Rausch, L.; Christie, M.; Munger, J.; Gibbs, H.K. Cattle ranchers and deforestation in the Brazilian
Amazon: Production, location, and policies. Glob. Environ. Change 2021, 68, 102280. [CrossRef]

Spinola, J.N.; Carneiro Filho, A. Criagao de gado em Reservas Extrativistas: Ameaga ou necessidade? O caso da reserva extrativista
tapajés-arapiuns, Pard, Brasil. Desenvolv. E Meio Ambiente 2019, 51, 224-246. [CrossRef]

Smith, C.C.; Espirito-Santo, ED.B.; Healey, ].R.; Young, PJ.; Lennox, G.D.; Ferreira, J.; Barlow, J. Secondary forests offset less than
10% of deforestation-mediated carbon emissions in the Brazilian Amazon. Glob. Change Biol. 2020, 26, 7006-7020. [CrossRef]
Heinrich, V.H.A ; Dalagnol, R.; Cassol, H.L.G.; Rosan, TM.; de Almeida, C.T.; Junior, C.H.L.S.; Campanharo, W.A.; House, ].L;
Sitch, S.; Hales, T.C.; et al. Large carbon sink potential of secondary forests in the Brazilian Amazon to mitigate climate change.
Nat. Commun. 2021, 12, 1785. [CrossRef]

Milien, E.J.; Rocha, K.d.S.; Brown, LF,; Perz, S.G. Roads, deforestation and the mitigating effect of the Chico Mendes extractive
reserve in the southwestern Amazon. Trees For. People 2021, 3, 100056. [CrossRef]

Luther, D.A.; Cooper, W.].; Wolfe, ].D.; Bierregaard, R.O.; Gonzalez, A.; Lovejoy, T.E. Tropical forest fragmentation and isolation:
Is community decay a random process? Glob. Ecol. Conserv. 2020, 23, e01168. [CrossRef]

Moulatlet, G.M.; Ambriz, E.; Guevara, J.; L6pez, K.G.; Rodes-Blanco, M.; Guerra-Arévalo, N.; Ortega-Andrade, H.M.; Meneses, P.
Multi-taxa ecological responses to habitat loss and fragmentation in western Amazonia as revealed by RAPELD biodiversity
surveys. Acta Amaz. 2021, 51, 234-243. [CrossRef]

Valente, F.; Laurini, M. A spatio-temporal analysis of fire occurrence patterns in the Brazilian Amazon. Sci. Rep. 2023, 13, 12727.
[CrossRef]

Mu, Y.; Biggs, T.; Stow, D.; Numata, I. Mapping heterogeneous forest-pasture mosaics in the Brazilian Amazon using a spectral
vegetation variability index, band transformations and random forest classification. Int. J. Remote Sens. 2020, 41, 8682-8692.
[CrossRef]

Jaffé, R.; Nunes, S.; Dos Santos, J.F.; Gastauer, M.; Giannini, T.C.; Jr, W.N.; Sales, M.; Souza, C.M.; Souza-Filho, P.W.; Fletcher,
R.J. Forecasting deforestation in the Brazilian Amazon to prioritize conservation efforts. Environ. Res. Lett. 2021, 16, 084034.
[CrossRef]

Fischer, R.; Taubert, F.; Miiller, M.S.; Groeneveld, J.; Lehmann, S.; Wiegand, T.; Huth, A. Accelerated forest fragmentation leads to
critical increase in tropical forest edge area. Sci. Adv. 2021, 7, eabg7012. [CrossRef]

Haneda, L.E.; Brancalion, PH.; Valle, D.; Silva, C.A.; Gorgens, E.B.; Prata, G.A.; Kamimura, R.A.; Gomes, S.H.; Sanchez, A.K,; de
Almeida, D.R.A. Edge effect impacts on forest structure and carbon stocks in REDD+ projects: An assessment in the Amazon
using UAV-LiDAR. For. Ecol. Manag. 2025, 585, 122646. [CrossRef]

Asner, G.P.; Mascaro, J.; Anderson, C.; Knapp, D.E.; Martin, R.E.; Kennedy-Bowdoin, T.; van Breugel, M.; Davies, S.; Hall, J.S.;
Muller-Landau, H.C; et al. High-fidelity national carbon mapping for resource management and REDD+. Carbon Balance Manag.
2013, 8, 7. [CrossRef] [PubMed]

Sathler, D.; Adamo, S.B.; Lima, E.E.C. Deforestation and local sustainable development in Brazilian Legal Amazonia: An
exploratory analysis. Ecol. Soc. 2018, 23, 30. [CrossRef]


https://www.sedam.ro.gov.br/post/cuc-reserva-extrativista-rio-preto-do-jacunda
https://www.sedam.ro.gov.br/post/cuc-reserva-extrativista-rio-preto-do-jacunda
https://doi.org/10.5380/dma.v62i0.86400
https://doi.org/10.5380/dma.v48i0.58510
https://verra.org/wp-content/uploads/2016/06/CCB_PROJ_DESC_POR_1503_16JUNE2016.pdf
https://verra.org/wp-content/uploads/2016/06/CCB_PROJ_DESC_POR_1503_16JUNE2016.pdf
https://doi.org/10.1590/1809-4392201505504
https://doi.org/10.15666/aeer/1602_13811398
https://doi.org/10.1046/j.1365-2486.1997.00081.x
https://doi.org/10.5752/P.2318-2962.2023v33n72p226
https://doi.org/10.1016/j.gloenvcha.2021.102280
https://doi.org/10.5380/dma.v51i0.62902
https://doi.org/10.1111/gcb.15352
https://doi.org/10.1038/s41467-021-22050-1
https://doi.org/10.1016/j.tfp.2020.100056
https://doi.org/10.1016/j.gecco.2020.e01168
https://doi.org/10.1590/1809-4392202004532
https://doi.org/10.1038/s41598-023-39875-z
https://doi.org/10.1080/2150704X.2020.1802529
https://doi.org/10.1088/1748-9326/ac146a
https://doi.org/10.1126/sciadv.abg7012
https://doi.org/10.1016/j.foreco.2025.122646
https://doi.org/10.1186/1750-0680-8-7
https://www.ncbi.nlm.nih.gov/pubmed/23866822
https://doi.org/10.5751/ES-10062-230230

Earth 2025, 6, 128 16 of 16

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

Reydon, B.P; Fernandes, V.B.; Telles, T.S. Land governance as a precondition for decreasing deforestation in the Brazilian Amazon.
Land Use Policy 2020, 94, 104313. [CrossRef]

Zwick, S. The Surui Forest Carbon Project: A Case Study; Forest Trends: Washington, DC, USA, 2019.

Furtado, EP.; Gibson, M.L.; Junior, O.A.d.B.; Torres, P.P. In the name of the climate: Extractive capitalism and the forest carbon
offsets market in the amazon. Ambiente Soc. 2024, 27, €00170. [CrossRef]

Alusiola, R.A ; Schilling, J.; Klar, P. REDD+ conflict: Understanding the pathways between forest projects and social conflict.
Forests 2021, 12, 748. [CrossRef]

Osborne, T.; Cifuentes, S.; Dev, L.; Howard, S.; Marchi, E.; Withey, L.; da Silva, M.S.R. Climate justice, forests, and Indigenous
Peoples: Toward an alternative to REDD + for the Amazon. Clim. Change 2024, 177, 128. [CrossRef]

Correa, J.; Cisneros, E.; Borner, J.; Pfaff, A.; Costa, M.; Rajao, R. Evaluating REDD+ at subnational level: Amazon fund impacts in
alta floresta, brazil. For. Policy Econ. 2020, 116, 102178. [CrossRef]

Carrilho, C.D.; Demarchi, G.; Duchelle, A.E.; Wunder, S.; Morsello, C. Permanence of avoided deforestation in a Transamazon
REDD+ project (Para, Brazil). Ecol. Econ. 2022, 201, 107568. [CrossRef]

Guizar-Coutifio, A.; Jones, J.P.G.; Balmford, A.; Carmenta, R.; Coomes, D.A. A global evaluation of the effectiveness of voluntary
REDD+ projects at reducing deforestation and degradation in the moist tropics. Conserv. Biol. 2022, 36, €13970. [CrossRef]
[PubMed]

Gallo, P; Brites, A.; Micheletti, T. REDD+ Achievements and Challenges in Brazil: Perceptions Over Time (2015-2019); Center for
International Forestry Research (CIFOR): Bogor, Indonesia, 2020; Volume 1, pp. 1-8. [CrossRef]

Rempel, R.S.; Kaukinen, D.; Carr, A.P. Patch Analyst and Patch Grid; Ontario Ministry of Natural Resources, Centre for Northern
Forest Ecosystem Research: Thunder Bay, ON, Canada, 2012.

Silva Maria, S.E,; Souza, R.M. Spatial patterns of forest fragmentation in the Flona Ibura-Sergipe. Mercator 2014, 13, 121-137.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.landusepol.2019.104313
https://doi.org/10.1590/1809-4422asoc01701vu27l3oa
https://doi.org/10.3390/f12060748
https://doi.org/10.1007/s10584-024-03774-7
https://doi.org/10.1016/j.forpol.2020.102178
https://doi.org/10.1016/j.ecolecon.2022.107568
https://doi.org/10.1111/cobi.13970
https://www.ncbi.nlm.nih.gov/pubmed/35713105
https://doi.org/10.17528/cifor/007628
https://doi.org/10.4215/RM2014.1303.0009

	Introduction 
	Materials and Methods 
	Results 
	Assessment of Historical Changes and Future LULC Trends 
	Evaluation Indicators 

	Discussion 
	Conclusions 
	References

