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HIGHLIGHTS GRAPHICAL ABSTRACT

e Amazon forest fragmentation shows an
increase in fragments and reduction in
size in three decades.

e The Amazon’s fragmentation trajectory
shifts from Core to Connector to
Background.

e Central Amazon demands target con-
servation to avoid fragmentation like
Eastern Amazon.

e Secondary forest may be used to reverse
fragmentation.

e Fragmentation metrics and trajectory
nourish conservation actions.

ARTICLE INFO ABSTRACT

Keywords: Tropical forests have experienced increasing fragmentation. The trajectory of forest fragmentation (sequence,
Forest fragmentation permanence, and location) offers valuable insights for shaping environmental strategies. We examined frag-
Amazon macroregions mentation trends and metrics in the Brazilian Amazon over a 34-year period, encompassing its macroregions:
}S)z(rl;:;ime Western (WA), Central (CA), and Eastern Amazon (EA). The findings reveal an ongoing fragmentation, char-
Transition acterized by an increase in fragment numbers (WA: +37%, from 49,871 to 68,067 fragments; CA: +82%,
Entropy 72,463-132,051 fragments; EA: +178%, 164,249-456,399 fragments) and a reduction in mean fragment size

(WA: —28%, from 2825.7-2036.8 ha; CA: —48%, 1747.4-905.4 ha; EA: —75%, 651.8-162.3 ha), particularly in
the east. Transitions occurred across few forest classes, typically, from forest Core to connecting forest, and
eventually to anthropogenic areas. The Core class’s permanence was longest in WA (32 years), while anthro-
pogenic areas had the highest permanence in EA (7.6 years) and the lowest in WA (<1 year). Intermediate
fragmentation classes were more prevalent in EA, which also demonstrated higher entropy. CA requires im-
mediate attention actions from decision-makers to prevent the intense fragmentation shown in EA. We suggested
strategies to mitigate Amazon fragmentation, emphasizing integrated metrics and region-specific approaches for
enhanced connectivity and reduced forest loss.
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Introduction

Forests worldwide face an escalating crisis of fragmentation, espe-
cially due to agricultural expansion (FAO and UNEP, 2020). Forest
fragmentation has been defined as “the division of habitat into smaller
and more isolated fragments separated by a matrix of
human-transformed land cover” (Haddad et al., 2015) or other natural
land cover (Ewers and Didham, 2006). While the Amazon is one of the
least fragmented and most contiguous tropical forests, escalating de-
mands for land conversion are triggering swift and profound alterations,
requiring immediate conservation measures (FAO and UNEP, 2020).

Brazil shoulders a substantial responsibility, harboring 61.9% of the
Amazon rainforest, with forest fragmentation emerging as a pressing
(and oft-neglected) challenge alongside deforestation (Montibeller et al.,
2020). While deforestation in the Amazon persists, efforts targeting
forest fragmentation remain lacking (Trejo et al., 2021), creating a gap
in conservation strategies.

The Brazilian Amazon’s fragmentation is intensifying (Montibeller
et al., 2020; Skole and Tucker, 1993). From 2001-2017, the number of
fragments increased by 68.5%, along with a 46.1% reduction in mean
fragment size (Montibeller et al., 2020). Expansion of the agricultural
frontier drives this process, starting from “the Arc of Deforestation” in
the biome’s southern reaches and progressively spreading across the
Amazon (Montibeller et al., 2020; Trindade, 2013; Vedovato et al.,
2016).

Research on fragmentation within the Brazilian Amazon spans
various disciplines and scales, from ecological and political-
administrative analyses to hydrographic studies (Barbosa et al., 2018;
Batistella et al., 2003; Cabral et al., 2018; Coutinho, 2019; Jesus et al.,
2019; Lisboa et al., 2019; Michalski et al., 2008; Montibeller et al., 2020;
Pinheiro, 2019; Skole and Tucker, 1993; Vedovato et al., 2016).
Particularly underexplored is the trajectory of fragmentation in the
Brazilian Amazon — its sequence, duration, and spatial distribution of
changes within the fragmented landscape. Such trajectory analysis has
been increasingly addressed in landscape analysis, including deforesta-
tion (Carrero et al., 2020), secondary vegetation dynamics (Nunes et al.,
2020), forest regeneration (Miiller-Hansen et al., 2017) and land use
changes (Hernandez et al., 2016). Understanding fragmentation trajec-
tory within the Amazon rainforest assumes crucial importance for
planning effective conservation strategies, especially for natural forest
patches.

This study aims to delineate forest fragmentation characteristics
across Brazilian Amazon macroregions over a 34-year span. We used the
trajectory analysis to evaluate the level of forest fragmentation in the
Brazilian Amazon. We further present targeted conservation strategies
aimed at mitigating fragmentation within the Brazilian Amazon, based
on our findings and limited to distinct fragmentation dynamics among
macroregions with divergent development paths.

Material and methods

The Brazilian Amazon Forest Biome (hereafter the Brazilian
Amazon) was divided into three macroregions (Becker, 2005; Trindade,
2013), which reflect historical differences in socioeconomic and envi-
ronmental dynamics: Western Amazon (WA, comprising the states Acre,
Amazonas, and Roraima), Central Amazon (CA, Amapa, part of Ama-
zonas and Pard), and Eastern Amazon (EA, part of Acre, Amap4, part of
Maranhao, part of Mato Grosso, Rondonia, part of Tocantins) (Supple-
mentary Material: study area; Figure S1). WA, with greater forest con-
servation and low human occupation, contrasts with EA, with the largest
human concentration and rampant deforestation. CA, while under high
pressure on natural resources, has several protected areas.

The trajectory of the fragmentation on the Brazilian Amazon and its
macroregions from 1985 to 2018 was analyzed by adapting from Mas
et al. (2019), using the TraMineR package in R (Gabadinho et al., 2011),
along with classes samples from Morphological Spatial Pattern Analysis

105

Perspectives in Ecology and Conservation 23 (2025) 104-109

(MSPA) (Vogt et al., 2007). Fragmentation quantity, mean area, and an
aggregation index were also obtained via FRAGSTATS (McGarigal et al.,
2015). The aggregation index measures a class’s pixel clustering in a
raster image, reaching a maximum (1) when pixels share the most edges
and a minimum (0) when pixels are fully separated. It was calculated as
a percentage (0-100%) (He et al., 2000).

MSPA evaluates spatial patterns in a binary landscape (forest x non-
forest). It outputs seven spatial pattern classes of forest related to
ecological functions in a fragmented landscape (Core, Edge, Perforation,
Bridge, Loop, Branch, and Islet) and a non-forest class denominated
Background (Fig. 1). In our study, forested pixels also include secondary
forest. All anthropogenic land covers were aggregated into the *Back-
ground’ class. Forest Core is the only forest cover class not in contact
with the anthropized areas (Background), thus, it does not experience
edge effects like the other classes. It may be primary or secondary forest
in process of recovery. Edge and Perforation classes serve as transitions
between Core and Background. Bridge and Loop are forest strips con-
necting to Core, potentially acting as ecological corridors. Branch is
connected to Core but mostly surrounded by Background, offering po-
tential for species rescue in anthropogenic matrix. Islets are small forest
remnants, too small to sustain a Core area, but valuable for restoration
and connectivity, functioning as “stepping stones” between fragments.

Input data, for the MSPA classes, comprised MapBiomas-collection
4.0 raster images (89% accuracy for level 2 — a more specific subdivi-
sion of land use and cover classes than level 1) from 1985 to 2018 (Souza
et al., 2020). The pixel size was resized from 30 m to 120 m using the
nearest-neighbor resampling method and the classes were reclassified to
distinguish between anthropogenic cover (assigned value 1, such as
agriculture and infrastructure), forest cover (2) and other natural cover
(0), such as water. As MapBiomas makes no distinction between primary
and secondary forest, in this study we treated them as the same class.

MSPA analysis utilized GuidosToolbox software (Vogt and Riitters,
2017), with Edge Width set at four pixels (480 m), according to the
estimated 400 m edge effect within fragments in the biome (Laurance
et al., 2018). More details about the analysis parameters can be found in
Vogt et al. (2007).

MSPA generated classification results for each year, while the Tra-
MineR package analyzed trajectories based on specific locations,
assigning one class per year to each sequence. This approach limited the

. Core . Perforation D Loop
. Bridge [I Background

Fig. 1. Diagram of output classes in Morphological Spatial Pattern Analysis
(MSPA). See text for details.

W
D Branch . Islet
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analysis of sample patterns with multiple pixels, as it could not account
for areas containing more than one class per year. The samples were
generated from MSPA classes via systematic sampling with fixed cen-
troids using a regular grid (60 x 60 km), generating 1020 samples per
year, where one sample corresponded to one pixel and only one class.
Population proportions and standard errors were conservatively esti-
mated for the random sample design (Cochran, 1977) (Supplementary
Material; Tables S1 and S2). Classes with similar ecological functions
were grouped: Bridge and Loop were grouped into Connector; and Edge
and Perforation were grouped into Edge, resulting in five classes of spatial
pattern.

Samples from MSPA classes were used as input for trajectory analysis
with the TraMineR package, producing outputs like class sequences,
transitions, entropy (location), and permanence — the average time (in
years) a sample stays within a class. Entropy assessed spatial and tem-
poral trajectory variability. Entropy is the diversity of the observed
states of a pixel over its 34 annual time steps, where zero entropy means
no diversity, and its value increases according to the amount of variation
in the states. Derived from this indicator is the transversal entropy,
which measures the variability in the distribution of classes across se-
quences at a specific time point (Gabadinho et al., 2011).

Results
Brazilian Amazon biome

In 1985, forests covered 92% (3.87 million km?) of the Amazon
biome in Brazil (4.2 million km?), while anthropogenic activities
(Background) occupied only 3% (0.14 million km?) of the land. The
remaining 5% comprised other non-forest categories. In 2018, 34 years
later, the area occupied by Background had increased to 14% (0.59
million km?), while forest cover had dwindled to 80% (3.4 million km?).
The annual increase in anthropized areas was 4.5% of its 1984 extent
annually but has stabilized at approximately 1% per year since 2009.

The Core class, dominant throughout the study period, experienced a
15% reduction. Forest classes in contact with anthropogenic activities
were progressively encroached upon by the latter (more details in the
next section). Among these classes, the Connector class consistently held
dominance throughout the period. The fragmentation pattern suggests
patchy deforestation, even in areas with high intensity, where fragments
remain interconnected. Among the regions, the Eastern Amazon (EA)
was most affected by fragmentation, reflecting a development model
that generally promotes forest conversion to other land uses.

Over the entire 34-year time series, the Core had a mean permanence
of 26.7 years, whereas Background had a mean permanence of 2.7 years
(Table 1). Among intermediate classes between Core and Background,
Connector had the longest permanence (3.1 years). This implies that, on
average, Core fragments remained connected for 3 years after the
emergence of the Connector class, a potentially relevant aspect for
conservation and restoration efforts. A similar interpretation can be
applied to other classes. However, the high variance in these estimates
underscores diverse dynamics and necessitates caution in their inter-
pretation. For instance, although permanence of the Core is limited by
the period of this study (34 years), it was lower than the studied period,
indicating that its permanence is reducing and that might be influenced

Table 1
Permanence of classes in years.

Class Mean Variance Standard deviation
Core 26.7 140.5 11.9

Edge 1.0 9.4 3.1

Branch 0.2 2.3 1.5

Connector 3.1 45.9 6.8

Islet 0.2 2.3 1.5

Background 2.7 54.3 7.4
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by transitions in secondary forests within the Core.

Aside from Core, the most prevalent classes were Connector and
Background. Transitions rate among classes were presented in Supple-
mentary Material (Table S3). The main sequence of the fragmentation
trajectory in the Amazon included few classes identified as Core-
Connector-Background. A small part of the Background may revert to
forested classes, especially becoming a Connector. Intermediate classes
like Edge and Connector can also transition to Core.

Brazilian Amazon macroregions

From 1985 to 2018, all three macroregions showed a consistent in-
crease in fragment numbers and a decrease in mean fragment size. This
trend was least pronounced in the WA, with a 36.5% rise in fragment
numbers (from 49,871 to 68,067) and a 28% drop in mean area (from
2825.7 to 2036.8 ha). In contrast, the EA showed the largest changes,
with a 178% increase in fragments (from 164,249 to 456,399) and a
75% reduction in mean size (from 651.8 to 162.3 ha). The CA fell in
between, with an 82% increase in fragment numbers (from 72,463 to
132,051) and a 48% decrease in mean area (from 1747.4 to 905.4 ha).

The EA had the lowest aggregation index values (96% in 1985, and
92% in 2018). In contrast, the WA (99% in 1985 and 99% in 2018) and
the CA (98% in 1985 and 98% in 2018) showed similar values with little
variation over time. Thus, while the EA is comparatively the most
fragmented macroregion, forest aggregation remains relatively high
across all three macroregions. This could come in handy for ongoing
conservation efforts and future restoration measures.

The WA experienced fewer trajectory changes and less anthropo-
genic activity, with low Background and Edge class presence, resulting
in lower fragmentation. In contrast, the CA experienced increased
anthropogenic activity, leading to more Connector and Edge classes. The
EA saw a rise in Background, with increases in Edge, Branch, and Islet
classes, which were rare in the other macroregions. By 2018, the EA
exhibited notably higher values for Edge (8%), Branch (3%), and Islet
(5%) compared to the CA (3%, 1%, and 0.4% respectively) and the WA
(1%, 0.1%, and 0.1% respectively).

Distinct class characteristics across macroregions are also evident in
terms of permanence. In the EA, the shortest permanence for Core (18
years) and the longest permanence for all other classes, underscore the
more advanced stage of fragmentation in this macroregion. Addition-
ally, the sequences of classes also varied across macroregions (Fig. 2a,b).
In the WA, Core predominated with minimal transitions to Connector or
Edge. In the CA, there was a greater transition from Core to Connector,
followed by Connector transitioning to Background. Conversely, in the
EA, there were more substantial changes among the classes, with re-
ductions in Core and increased flows to Connector, Background, Branch,
and Islet, classes with little or no presence in the other macroregions.

In each macroregion, these transitions occur at different frequencies
(Fig. 2b). In the WA, the permanence of Core was positive and signifi-
cantly more frequent (X* = 0.05, Pearson Residuals) compared to the EA
(rare). In addition, the transitions to the other classes in EA, specially to
Connector and Background were positive with lower significant, in
contrats with the same transitions in WA were they were rare. The CA
macroregion remained neutral in both of these scenarios. All values
remain within —2 and +2, meaning not significant under- or over-
representation.

These macroregion variations directly impacted entropy (Fig. 3),
with the EA showing the highest mean value, though overall entropy
remained low across all regions (WA: 0.06, CA: 0.12, EA: 0.28) and
varied widely. Entropy’s spatial distribution best explained macroregion
variation, with high values in the EA and CA. Transversal entropy,
reflecting class variety per year, increased over the study period, stabi-
lizing in the early 2000s, with the EA having the highest values and the
WA having the lowest.
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Fig. 3. Entropy (left) and transversal entropy (right) within the macroregions (CA: Central Amazon; EA: Eastern Amazon; WA: Western Amazon).

Discussion

WA showed the least change. Despite this, forest aggregation remains
relatively high in all regions, indicating opportunities for conservation

The Brazilian Amazon has experienced relevant forest fragmentation
between 1985 and 2018, with fragment numbers rising and sizes
decreasing across all macroregions. The EA was most affected, while the
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and restoration.
Forest connections between large fragments are fragile, as shown by
the short permanence of classes, and are increasingly disrupted by
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deforestation, especially since 2008 (Assis et al., 2019), and may quickly
convert forests into clear-cut areas. In addition to reducing deforesta-
tion, mitigating fragmentation contributes to ecosystem services and
conservation (Mitchell et al., 2015; Ng et al., 2013). Yet, as the Amazon
fragmentation trajectory was short in stages — from Core to Connector to
Background — and permanence, conservation actions have an opportu-
nity to increase effectiveness. For instance, from the perspective of land
sharing/land sparing (Grass et al., 2019), Branch classes may be vital
habitats for species across the landscape. However, efforts for Branch
connectivity or maintenance may fail due to longer planning and
implementation timelines than its permanence at a location (e.g., 0.54
years in the EA), unlike Connector, a more viable option (e.g., 5.4 years
in the EA).

Maintaining high permanence levels reduces entropy, while trans-
versal entropy remains stable. Together with other indicators (e.g., class
frequency), entropy serves as a key metric for monitoring efforts to
reduce fragmentation and enhance connectivity. The transversal en-
tropy increased at the beginning of the time series and stabilized since
early 2000s, especially in the EA. Cause effects may include local
deforestation reduction, deforestation spillover, and secondary forest
recovery (Montibeller et al., 2020; Nunes et al., 2020; Wang et al.,
2020).

The expansion of secondary forest fragments in the Amazon may
exceed those with primary forest (Montibeller et al., 2020; Nunes et al.,
2020). Secondary forests may elucidate the transition dynamics among
classes such as the reversion from the Background class to forested
classes, as well as from intermediate classes (Edge and Connector) to
Core. Moreover, the deforestation-recovery-deforestation cycle can
recur in the Amazon for multiple reasons, including land speculation
(Brito and Barreto, 2020) and abandoned pastures (Wang et al., 2020).
Without protective laws, younger secondary forest classes (<5 years) are
particularly prone to multiple deforestations over time (Nunes et al.,
2020; Wang et al., 2020), collectively contributing to increased entropy.

Integrating fragmentation metrics into conservation strategies can
enhance effectiveness and guide targeted actions. Based on forest frag-
mentation dynamics in the Brazilian Amazon, we propose several policy
recommendations:

a Utilize and conserve secondary forests: Developing a national
legal framework for the management of secondary forests can miti-
gate the effects of fragmentation and promote the long-term persis-
tence of fragment classes, buying time for reforestation, aligning
with species mobility (Laurance et al., 2018) and international forest
protection agreements (Montibeller et al., 2020; Nunes et al., 2020;
Wang et al., 2020). This approach is particularly suitable for the
Amazon biome’s southern reaches (Arc of deforestation).

b Include private forests to enhance connectivity across the
landscape: Amazon private properties also have their share in
mitigation efforts, leveraged by the mandatory maintenance of up to
80% native forests (Trejo and Azevedo-Ramos, 2020). Prioritizing
strategies in large properties may enhance connection of large blocks
of Amazon forests and permanence of forest classes. Environmental
agencies may contribute advising on the spatial allocation of private
forests (Legal reserves) within the properties. This measure is rein-
forced when current connector areas are considered in the strategic
planning, due to their permance, medium-term strategies can be
considered. This approach is particularly suitable for EA.
Expand and strengthen protected areas based on socio-
environmental and economic context: Protected areas strength-
ening is crucial due to their deterrent effect on fragmentation
compared to their surroundings (Cabral et al., 2018; Montibeller
et al., 2020). Moreover, utilizing over 50 million hectares of undes-
ignated public forest in the Amazon can establish new protected
areas, foster connectivity, and curb deforestation and illegal
encroachment (Moutinho and Azevedo-Ramos, 2023). This approach
is particularly suitable for the WA and CA.

(g}
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Giving the rising demand for natural resources, pressure on Amazon
forests is expected to increase. Sustainable development plans should be
tailored to the specificities of macroregions, reinforcing good practices,
social inclusion, and local life quality. Actions should be geared towards
greater protection in the WA and CA and reforestation efforts in the EA.

Conclusion

The Brazilian Amazon Forest Biome has experienced significant
forest fragmentation, with fragments increasing in number and
decreasing in size over a 34-year period. Amazon forest class transitions
were limited to a few stages, mainly from Core forests to Connector
classes, then to anthropogenic areas. Analyzing fragmentation trajec-
tories helps target actions to prevent negative scenarios and improve
connectivity in fragmented or degraded areas.

The Central Amazon’s intermediate fragmentation requires imme-
diate attention to align forest use with conservation. Focus should be on
preserving Core and Connector classes to prevent severe fragmentation,
as seen in the Eastern Amazon. This study highlights how understanding
fragmentation dynamics can improve conservation and restoration
strategies, as rapid class changes often render existing approaches
outdated, leading to resource loss and unmet goals.

Conservation strategies should prioritize enhanced connectivity,
utilizing protected areas, private forests, undesignated public forests,
and secondary forests to mitigate fragmentation and maintain ecosystem
function. We also advocate for a shift toward sustainable development,
as increasing fragmentation demands greater scientific and political
focus.
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