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Keywords: Anthropization is a major driver of environmental change in tropical forests and is influenced by non-random
Anthropogenic pressure factors, including topographic constraints. The Brazilian Atlantic Forest (BAF) is a highly fragmented biodi-
Deforestation

versity hotspot facing intense anthropogenic pressure. Here, we evaluated how elevation and slope mediate

f:‘;atlis: atterns anthropization patterns across the BAF ecoregions. We quantified overall anthropized land (mostly farming and,
Slope P secondarily, urban), slope, and elevation within a 100-km? hexagonal grid. A generalized least squares (GLS)

model indicated that overall anthropization was driven by slope and elevation, without interaction with ecor-
egions. Anthropization (65% of the BAF) decreased with increasing slope and elevation, with slope having a 2.7-
times stronger and less variable effect than elevation. Farming, responsible for 97% of all anthropized areas,
followed the overall pattern. Urban land-use was driven by a slope x ecoregion interaction, with no detectable
effect of elevation. Protected areas were disproportionately concentrated in steeper terrain, which also favors
natural regeneration. In contrast, anthropization is most intense in flatter, low- and moderate-elevation regions,
driven primarily by farming expansion. This mismatch reveals a persistent topographic bias: protected areas tend
to safeguard lands of low farming suitability, while leaving the most pressured landscapes underrepresented and
with ecosystem services most threatened. Addressing this imbalance is essential for promoting more effective and
equitable conservation strategies in the BAF.
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Introduction

Tropical forests are among the most critical biodiversity refuges
globally (Barlow et al., 2018; Pillay et al., 2022). However, they are also
undergoing extensive deforestation because of expanding anthropiza-
tion through different human activities such as urban development and
farming (Global Forest Watch, 2024; Hansen et al., 2013). Deforestation
in tropical forests is typically non-random and is influenced by economic
interests, accessibility, topography, and road infrastructure (Geist and
Lambin, 2002). Understanding the spatial drivers of deforestation is
critical for conservation and restoration efforts.

The Atlantic Forest (AF) is one of the most biodiverse tropical forests
in the world, harboring about 8% of the planet's biodiversity (Silva and
Casteleti, 2003; Myers et al., 2000). However, it is also one of the most
impacted by human occupation (Joly et al., 2014; Ribeiro et al., 2011).
Originally, the AF extended across eastern Brazil, northern Argentina,
and southeastern Paraguay (Muylaert et al., 2018), with at least eight
biogeographic sub-regions identified (Silva and Casteleti, 2003; Olson
et al., 2001; Tabarelli et al., 2010). However, human occupation over
the past 12,000 years, along with Portuguese colonization, industriali-
zation, and urbanization, has significantly altered the AF’s natural
habitats (Dean, 2003; Joly et al., 2014; Solérzano et al., 2021).
Currently, estimates indicate that about 28-36.3% of the original AF
natural vegetation cover remains (Rezende et al., 2018; Vancine et al.,
2024), as a mosaic of highly fragmented remnants separated by a matrix
of degraded areas (Joly et al., 2014).

Given its high levels of diversity, endemism, and habitat loss, the AF
is recognized as a global biodiversity hotspot (Myers et al., 2000;
Rezende et al., 2018; Ribeiro et al., 2011). This combination provides a
strong rationale for investigating the factors driving anthropization (i.e.,
human-induced land-use change) in AF, as anthropization is driven by
non-random factors (Busch and Ferretti-Gallon, 2017; Tabarelli et al.,
2010). Due to the AF’s topographic complexity (Peres et al., 2020) and
the historical exploitation of natural resources, biophysical factors,
especially elevation and slope, have influenced deforestation patterns
(Tabarelli et al., 2010). Although some studies have documented asso-
ciations between anthropization and topographic variables, particularly
the tendency of higher altitudes and steeper slopes to retain more forest
cover (e.g., Precinoto et al., 2022; Santos et al., 2024; Teixeira et al.,
2009), these patterns were reported only in local scales. To date, no
study has yet directly quantified the potential associations between
anthropization and elevation or slope across AF ecoregions.

Here, we identified the main topographic drivers of anthropization in
the AF ecoregions, by analyzing the relationships between anthropiza-
tion, elevation, and slope. We hypothesized that anthropization would
decrease with increasing slope and elevation. In addition, we expected
that ecoregions with greater topographic complexity would exhibit
more heterogeneous patterns. Our goal was to characterize anthropo-
genic land-use patterns, and the distribution of protected areas across AF
ecoregions, and to assess their relationships with topographic factors to
inform conservation planning in this complex tropical forest.

Methods

The AF originally covered approximately 1.62 million km? within its
integrative boundaries (Muylaert et al., 2018). The AF’s elevation
ranges from sea level to 2,891 m, encompassing a wide variety of
topographic features (Silva and Casteleti, 2003). Analysis were con-
ducted within the biogeographic ecoregions of the AF (Olson et al.,
2001) using the integrative boundaries (Muylaert et al., 2018). We
excluded portions of Argentina and Paraguay and created a hexagonal
grid (100 km? per hexagon) for the Brazilian Atlantic Forest (BAF). We
removed hexagons that were (i) not entirely within the BAF (<100 km?),
(ii) overlapped more than one ecoregion, or (iii) fell within the Cerrado
biome. We also restricted the analyses to ecoregions with >100 valid
hexagons. The final study grid comprised 8683 valid hexagons across
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eight BAF ecoregions (Fig. 1).

Land-use, elevation, and slope rasters at 1 arc-second (~30 m) res-
olution were obtained for Brazil (MapBiomas Collection, 2025; Top-
odata, 2024). The mean values of anthropized area, elevation, and slope
were calculated for each hexagon. Slope is expressed as percentage: 100
x (rise/run), where rise is the vertical elevation difference between
adjacent pixels and run is the horizontal distance (Valeriano, 2008;
Valeriano and Albuquerque, 2010). This percentage can be converted to
degrees using arctan(rise/run). In our dataset, the maximum mean slope
among hexagons was 56%, which corresponds to ~29°. No anomalous
values were detected.

For the land-use map, we reclassified the original 38 categories into
four classes: (1) non-anthropized areas (forests, other natural vegetation
categories, lakes, beaches), (2) farming areas (all agricultural and
pasture categories combined), (3) urban areas, and (4) other anthrop-
ized areas (mining, aquaculture, and photovoltaic plants). Overall
anthropization was defined as the sum of the three anthropized classes
(farming + urban + other). Agriculture and pasture were aggregated as
farming because they were indistinguishable in many pixels. Thus, mean
overall anthropization in hexagons ranged from 0 to 1, with continuous
values, where 0 indicated no anthropization and 1 indicated full
anthropization (Fig. 1B). We focused on overall anthropization as the
dependent variable rather than native vegetation cover, because it re-
flects human-induced land-use changes more comprehensively, whereas
native vegetation does not account for non-native, non-anthropized
areas (e.g., lakes).

For descriptive summaries and maps, hexagon values for each pre-
dictor (slope and elevation) were ordered from minimum to maximum
and partitioned into three quantile-based categories, each containing
~1/3 of all hexagons (n ~ 2894 per class). This approach avoids uneven
sample sizes and arbitrary class boundaries. For slope, the resulting
categories were Low Slope (1.79-9.56%), Moderate Slope
(9.57-20.07%), and Steep Slope (20.08-56.66%) (Fig. 1C). For eleva-
tion, the resulting categories were Low Elevation (3.66-392.32 m),
Moderate Elevation (392.44-697.82m), and High Elevation
(698.06-1585.86 m) (Fig. 1D).

We first built a set of Generalized Least Squares (GLS) models to test
for the best structure to account for spatial autocorrelation in overall
anthropization (first GLS round). Overall anthropization was treated as a
continuous dependent variable. Elevation and slope were included as
continuous independent variables, because they were only weakly
correlated (Pearson’s r = 0.21); their interaction with ecoregion was
also considered, resulting in a full “interaction” model. Several spatial
correlation structures were tested for this model, including exponential,
linear, Gaussian, spherical, and ratio. A null model without spatial
structure was also included. AICc comparisons identified the exponen-
tial correlation structure as the best-performing option, and the resulting
model presented normally distributed residuals (Table Al). Subse-
quently, we fixed the exponential structure and tested a second suite of
GLS ecological models, containing all combinations of elevation, slope,
ecoregions, and their interactions (second GLS round). Ten candidate
models plus a null model were evaluated in this second step. The
geographic coordinates (latitude and longitude) of each hexagon’s
centroid were used in the spatial autocorrelation analyses.

We repeated the same analyses for farming and urban separately,
treating each as continuous dependent variable. Farming was strongly
correlated with overall anthropization (r=0.96), whereas urban
showed a weak correlation (r = 0.12). The exponential structure was
again the best-fitting spatial model for both farming and urban (Tables
A2, A4). The “other” category was not analyzed with GLS models
because it occupies a negligible portion of the biome (0.06% of all pixels;
Table A6), resulting in extremely sparse and zero-inflated distributions
unsuitable for model fitting.

After selecting the best ecological model for each response variable
(overall anthropization, farming, and urban), we quantified standard-
ized effect sizes to compare the relative importance of elevation and
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slope. Standardized coefficients were computed by multiplying each raw
coefficient by the ratio of the predictor’s standard deviation to the
standard deviation of model-predicted values. Standardized coefficients
thus express how much anthropized or farming or urban area changes
(in SD units) in response to a one-standard-deviation increase in each
predictor.

Although the best-fit ecological model for overall anthropization did
not include interactions with ecoregions, we used the full interaction
model (including both predictors and their interactions with ecoregion)
for visualization purposes (see second-ranked model in Table 1). This
interaction model allowed us to illustrate how slope and elevation ef-
fects vary for each dependent variable across ecoregions. Ecoregion-
specific effects were summarized using a forest plot of standardized
coefficients from the interaction model. We then generated partial-effect
plots for slope and elevation by predicting overall anthropization while
holding the non-focal predictor (either slope or elevation) at its median.
Partial residuals (predicted + residual) were added to illustrate within-
ecoregion variation. We repeated this approach using the interaction
model for farming and urban areas (Tables A3 and A5).

Additionally, we identified hexagons that were entirely or partially
within Brazilian protected areas (MapBiomas, 2024) to investigate po-
tential topographic biases in protection. For each slope and elevation
quantile class, we quantified the proportion of protected hexagons and
calculated cross-class means (i.e., mean slope within elevation classes
and mean elevation within slope classes). These summaries allowed us
to assess whether protection was disproportionately concentrated in
steep or high-elevation terrain. We also calculated the total area of
protected areas within the integrated BAF boundaries. All spatial data
and analyses were projected using the Albers Equal Area Conic Brazil
(ESRI:102033) coordinate system and the QGIS 3.40.1 software. All
analyses were performed in R 4.5.0 using the nlme, MuMIn, and ggplot2
packages. Data and reproducible scripts are available in an online re-
pository (see Data Availability Statement; https://github.com/guilher
mrs/BAF-Anthropization).

Results
Overall anthropization

The model containing elevation + slope, without interactions, had
the lowest AICc and was selected as the best-fit ecological model for
explaining overall anthropization in the BAF (Table 1). Standardized
coefficients showed that slope had the strongest negative effect on
anthropization (-0.88 + 0.02), whereas elevation also contributed
substantially but with a more moderate and variable effect (-0.32
+ 0.04). A one-standard deviation increase in slope (~10.16%) reduced
anthropization by 0.11 (=11 percentage points), whereas a one-
standard deviation increase in elevation (~290 m) reduced anthrop-
ization by 0.04 (~4 percentage points). Thus, slope exerted an effect
approximately 2.7 times stronger than elevation across the BAF.

Table 1
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Fig. 2. Standardized effects of elevation and slope on overall anthropization
across the Brazilian Atlantic Forest ecoregions. Standardized coefficients were
extracted from the second-ranked GLS full interaction model (see Table 1). Each
point represents a standardized coefficient, with bars indicating 95% confi-
dence intervals. Coefficients represent the expected change in overall
anthropization (in standard deviation units) for a one standard deviation in-
crease in either elevation or slope. Negative coefficients indicate a decrease in
anthropization with increasing elevation or slope values.

Observed patterns across slope and elevation classes (Tables A6 and
A7) reinforced the outcomes of the GLS models. Mean anthropization
was 65.34% across the BAF, declining from 73.03% to 57.47% along the
low-to-steep slope gradient, and from 70.74% to 57.53% along the low-
to-high elevational gradient. Farming was the predominant activity
within anthropized land (97.42% of all anthropization; 63.65% of total
land cover) and also declined consistently with increasing slope and
elevation (Table A8). Natural vegetation (34.66% on average) increased
correspondingly. Urban areas (1.63%) and other uses (0.06%) remained
minor in area, though both increased slightly at higher elevations.

To visualize variation in slope and elevation effects across ecor-
egions, we used the second-ranked (full interaction) model (Table 1).
Overall, slope showed stronger and more consistent negative effects on
anthropization across ecoregions (Figs. 2 and 3), whereas elevation ef-
fects were weaker and more heterogeneous, including a weak positive
effect in Alto Parana (Figs. 2 and 4).

Results of the model selection based on Akaike Information, used to evaluate the factors influencing overall anthropization in the Brazilian Atlantic Forest. The models
are ranked from best to worst based on AAICc values. The columns represent the model structure, degrees of freedom (df), log-likelihood (logLik), corrected AIC (AICc),

difference in AICc relative to the top model (AAICc), and model weight.

Model combination df logLik AlCc AAICc Weight
Elevation + Slope 5 7941.788 —15873.6 0 1
Elevation + Slope + Ecoregion: Elevation + Ecoregion:Slope 19 7947.508 —15856.9 16.64 0
Elevation + Slope + Ecoregion 12 7940.035 —15856 17.53 0
Slope 4 7909.67 —15811.3 62.23 0
Slope + Ecoregion 11 7910.358 —15798.7 74.88 0
Slope: Ecoregion 18 7903.584 -15771.1 102.48 0
Elevation:Ecoregion 18 7416.131 —14796.2 1077.39 0
Elevation 4 7332.27 —14656.5 1217.03 0
Elevation + Ecoregion 11 7332.064 —14642.1 1231.47 0
None 3 7200.799 —14395.6 1477.97 0
Ecoregion 10 7201.185 —14382.3 1491.22 0
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Farming and urban classes

Farming responded similarly to overall anthropization, with the
same additive model (elevation + slope) identified as the most plausible
(Table A3). Standardized coefficients were —0.86 + 0.03 for slope and
-0.36 £ 0.04 for elevation. A one-SD increase in slope reduced farming
by ~9 percentage points, while a one-SD increase in elevation reduced
farming by ~3.8 points. In the full interaction model used for visuali-
zation, slope responses remained relatively consistent across ecoregions,
whereas elevation responses showed stronger variation. Even so,
farming declined with increasing slope and elevation in nearly all re-
gions (Figs. A1-A3).

For the urban class, the model containing only a slope x ecoregion
interaction was the most plausible, indicating that elevation had no
detectable effect (Table A5). Standardized slope coefficients varied
widely (-0.07 to -2.53; mean -0.95 + 0.29), indicating strong
regional dependence: declines were strongest in Serra do Mar, Per-
nambuco interior, and Alto Parana, and minimal in Atlantic Dry Forests.
A one-SD increase in slope (~10.16%) reduced urban cover by
0.14-4.69 percentage points (Table A9). Visualization panels (Figs.
A4-A6) corroborated these results: elevation was consistently unrelated
to urbanization, whereas slope showed negative but heterogeneous
effects.

Protected areas biases

The integrated BAF boundary contained 263,419 km? of protected
areas (16.26% of the total area). Across the study domain, 21.19% of all
hexagons partially or fully overlapped with protected areas. Protection
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patterns were unevenly distributed across topographic gradients (Tables
A10-A11). Along the slope gradient, Steep hexagons held the largest
fraction of protected hexagons (29.88%), followed by Moderate
(18.11%) and Low slopes (15.58%). Mean elevation varied across these
slope classes (Low = 328 m, Moderate = 470 m, Steep = 660 m), but
the values remained near the biome’s intermediate elevational range
(~521 m), indicating that protection patterns were primarily associated
with slope.

Along the elevational gradient, Low-elevation hexagons contained
the highest proportion of protected areas (24.78%), closely followed by
High-elevation hexagons (23.56%), whereas Moderate elevations had
the lowest protection (15.24%). Within all elevation classes, protected
hexagons tended to occur in steeper terrain, with slope values near or
above the biome-wide average (~17%): Low = 19.32%, Moder-
ate = 26.74%, and High = 27.55%. This indicates that protection is
concentrated in steeper areas across the elevational gradient.

Discussion

Our results show that overall anthropization within the BAF ecor-
egions is strongly structured by topography, with markedly lower levels
in steeper and higher-elevation areas. Because farming is by far the
dominant land-use type within the BAF (63.65% of the study area) and
accounts for nearly all anthropized land (97.42%), the spatial pattern of
overall anthropization largely reflects the distribution of farming in-
tensity. Accordingly, natural vegetation increased systematically along
both slope and elevation gradients. On average, natural areas covered
34.66% of the study area, closely matching the ~36.3% of remaining
natural vegetation in the AF reported by Vancine et al. (2024). These
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broad spatial patterns are consistent with the historical occupation of
the BAF, which was initially concentrated in coastal flat lowlands and
later intensified across low- to moderate-elevation areas with gentle
slopes through colonial and post-colonial land conversion (Solorzano
et al., 2021; Tabarelli et al., 2010), as detailed below.

Human societies have occupied the BAF for at least 12,000 years,
progressively converting original vegetation into secondary forests.
Early settlements were mostly concentrated on flat, low-elevation
coastal plains, as documented for Sambaqui populations (Dean, 2003).
By ~5000 years ago, slash-and-burn agriculture by Tupi groups had
expanded into lowland and upland forests, reinforcing the preferential
use of accessible terrain (Dean, 2003; Solorzano et al., 2021). Portu-
guese colonization from the 16th century onward further intensified
deforestation in these lowlands through brazilwood extraction and
sugarcane plantations, a crop strongly associated with lower elevations
(Ross, 2006).

In the 18th and 19th centuries, coffee cultivation advanced into
submontane regions, whereas higher elevations remained compara-
tively less affected (Solorzano et al., 2021). Subsequent urbanization
and industrialization increased energy demand and added pressure on
forests via charcoal production, particularly on accessible slopes and
foothills near urban centers (Rodrigues et al., 2019; Solorzano et al.,
2021). These historical trajectories match our findings: anthropization
remains highest in flat and low-elevation areas, where land-use profit-
ability has long been concentrated, and declines with increasing slope
and elevation. This pattern is also consistent with global evidence that
deforestation tends to decrease at steeper slopes and higher elevations
(Busch and Ferretti-Gallon, 2017).

Across the BAF, slope emerged as the dominant topographic
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constraint on overall anthropization and farming, a pattern clearly
supported by the best-fit GLS model. Standardized coefficients showed
that slope had a negative effect 2.7 and 2.4 times stronger than eleva-
tion, for overall anthropization and farming, respectively. Observed
patterns across slope classes mirrored these effects, with overall
anthropization decreasing by 16% and farming by 14% from low to
steep slopes. In addition, the exploratory full interaction model used to
visualize differences among ecoregions showed little variation in slope
effects at the ecoregion level, reinforcing the biome-wide consistency of
slope as a constraint on land conversion. This consistency aligns with
previous studies in the BAF that have shown that vegetation loss pre-
dominantly occurs in areas with gentle slopes (Espirito-Santo et al.,
2020; Precinoto et al., 2022; Rodrigues et al., 2019; Santos et al., 2024;
Teixeira et al., 2009).

Our results also reveal a consistent decline in overall anthropization
and farming with increasing elevation across most of the BAF, as indi-
cated by both GLS predictions and quantile-based summaries. From low
to high elevation classes, overall anthropization decreased by 13.2
percentage points, with an almost identical reduction in farming. This
pattern is consistent with previous studies reporting that the highest
elevations, although spatially restricted, retain disproportionately large
forest remnants in the BAF (Da Silva et al., 2020; Precinoto et al., 2022;
Ribeiro et al., 2011; Tabarelli et al., 2010). Despite this general ten-
dency, elevation had weaker and more variable effects than slope (SE:
elevation = 0.04; slope = 0.02), indicating that elevational responses
are more heterogeneous across ecoregions. Exploratory coefficients
from the second-ranked (full interaction) model reinforce this inter-
pretation, showing substantially larger variation among regions. The
Alto Parana ecoregion illustrates this clearly: it is the only ecoregion
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where anthropization increases from low to higher elevations. This
pattern, also shown in quantile-observed anthropization values, reflects
the exceptionally fertile soils and extensive flat plateaus of this ecor-
egion, which enable highly mechanized agriculture (Graeff, 2015). In
this setting, slope becomes the dominant physical constraint, a trend
also noted by Mohebalian et al. (2022).

Urbanization exhibited a markedly different pattern compared to
overall anthropization and farming. Elevation had no detectable influ-
ence on urbanization, whereas slopes had heterogeneous effects that
varied across ecoregions. This indicates that elevation per se is a poor
predictor of urban land-use in the BAF. Although early occupation was
concentrated in coastal lowlands, where most coastal state capitals are
located, subsequent economic expansion into the interior resulted in
major urban centers at mid to high elevations (Dean, 2003). Major
metropolitan capitals, such as Sao Paulo (~800 m; Serra do Mar ecor-
egion) and Curitiba (~900 m; Araucaria ecoregion), illustrate this
pattern: they occur at high elevations, but in relatively flat terrains.
Against this historical background, slope emerges as the key topographic
constraint on urbanization, rather than elevation. Ecoregions with his-
torically intense urban development, such as Serra do Mar, showed the
strongest slope effects on urbanization: each one-SD increase in slope
reduced urban cover by ~5%. In contrast, Atlantic Dry Forests showed
weak slope effects simply because urban land-use was minimal
(<0.31%).

The divergent responses of farming and urban land-use to topog-
raphy indicate that distinct anthropization processes operate under
different physical and economic constraints. For farming, steep slopes
reduce mechanization efficiency, lower soil fertility, and increase
erosion risk (Jasinski et al., 2005; Trigueiro et al., 2020; Weintraub
et al., 2015), while legal restrictions further limit deforestation on steep
terrain (Brancalion et al., 2016). In contrast, urbanization imposes
mixed but structurally different influences. Although urban areas
occupy a relatively small fraction of the landscape, their demographic
and economic growth can indirectly increase farming demand and drive
land conversion elsewhere (Seto et al., 2012). At the same time, urban
centers tend to concentrate governance, environmental education, and
enforcement capacity, which can enhance compliance with environ-
mental legislation and promote ecosystem restoration (Brancalion et al.,
2016). In this sense, our results likely capture this duality: urban
expansion can act as a distal driver of anthropization while simulta-
neously creating institutional and social conditions that favor
conservation-oriented initiatives.

Implications for conservation

Our findings reveal clear topographic biases in conservation patterns
across the BAF. Protected areas (PAs) were still disproportionately
concentrated in steep terrain: nearly 30% of steep-slope hexagons
overlapped with PAs, compared to only 18% in moderate-slope and 16%
in low-slope areas. Mean elevation within slope classes varied but
remained near the biome’s intermediate elevational range. This in-
dicates that protection patterns did not reflect an independent eleva-
tional bias, but rather the strong association between protection and
slope. A similar, though weaker, bias emerged along the elevational
gradient: low- and high-elevation classes had nearly identical PA
coverage (24.78% and 23.56%, respectively), whereas the moderate-
elevation band showed the lowest protection (15.24%). This pattern
reflects a non-monotonic relationship, meaning that protection does not
follow a simple increasing trend with elevation. Importantly, even
within each elevational class, protected hexagons tend to occur in
steeper terrain, indicating that the non-monotonic elevational pattern is
secondary and masks an underlying topographic bias driven by slope.
These patterns reinforce the tendency for protected areas to be more
frequent in steeper areas, where land is less profitable for farming
(Joppa and Pfaff, 2009; Precinoto et al., 2022; Vieira et al., 2019).
Because flatter lowlands and submontane areas concentrate both
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agricultural pressure and biodiversity loss, these biases leave these most
threatened landscapes systematically underprotected.

In addition, natural ecosystem recovery also exhibits a strong topo-
graphic signature. Global syntheses and regional studies in the BAF
show that natural regeneration and forest persistence occur dispropor-
tionately in marginal terrain, steeper, rougher, or less accessible areas
where farming profitability is limited (Espirito-Santo et al., 2020; Li and
Li, 2017; Piffer et al., 2022; Wagner et al., 2020). While these areas
function as important refuges for biodiversity, relying on passive
regeneration alone reinforces the same topographic biases observed in
the PAs network. Simply allowing forests to regenerate in naturally
unprofitable lands does little to improve protection in flat and produc-
tive lowlands, where anthropization is most intense and ecosystem
services are most threatened.

Therefore, effective conservation planning must explicitly coun-
teract these biases. Restoration and protection efforts should prioritize
flatter, low-elevation and submontane landscapes, precisely where
human pressure is greatest and where natural regeneration is least likely
to occur without intervention. Policy mechanisms such as carbon mar-
kets, environmental reserve quotas, and incentives for assisted natural
regeneration (Bicudo Da Silva et al., 2025; Crouzeilles et al., 2020;
Young and de Castro, 2021) offer promising avenues to redirect con-
servation toward these high-priority areas. A more spatially balanced
conservation network, integrating active restoration into accessible
flatlands with the protection of naturally regenerating highland refuges,
is essential to ensure long-term biodiversity persistence and ecosystem
resilience in the BAF.
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