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The world has entered the United Nations Decade on Ecosystem Restoration
(2021-2030), yet many regions of the world still face environmental degradation.
In this context a question arises: under what conditions may a given
region shift from a trajectory of environmental degradation to environmental
recovery? Answering this question constitutes an important endeavor for the
scientific community, policymakers, and organizations leading the planning and
implementation of restoration projects. This study examines some of the human-
environment conditions underpinning the net gains in natural forest cover in
a region that has experienced environmental degradation: the Atlantic Forest
biome, Brazil. Using land-use/cover (LULC) data, we assessed the loss and
successive gain in forest cover during the 1987-2001 and 2001-2015 periods.
Municipality-level statistics on agriculture and economy, together with LULC
and biophysical data, were used to develop models for assessing forest cover
trajectories. Of the 1,972 municipalities experiencing net forest loss during
the 1987-2001 period, 59% shifted their trajectory to a net gain during the
2001-2015 period. This shift, known as forest transition, followed a complex
socio-economic pathway characterized by (i) the stagnation of traditional
agricultural activities favoring the replacement of pasturelands by mechanized
agriculture, and (ii) the emergence of non-agricultural rural activities together
with multifunctional landscapes. Furthermore, a trend of decrease in precipitation
seems to be associated with land abandonment, thus, favoring the return of
natural vegetation. Our findings suggest that forest transition at the biome level
is possible if environmental and land regulations take advantage of specific
context-dependent situations that foster net forest gains.
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1. Introduction

The loss of forests around the globe constitutes a major
consequence of human agency during the last century (Curtis
etal., 2018), which has important implications for conservation and
sustainability worldwide (Ouyang et al., 2001; Burgess et al., 2002;
Miranda et al., 2017; Liu, 2023). However, while the resilience and
related regenerative capacity of forests after human disturbance are
still debated (Safar et al., 2020; Poorter et al., 2021), many studies
have demonstrated the capacity of natural forests to recover (Silva
et al., 2016; Crouzeilles et al., 2017; Calaboni et al., 2018). The
phenomenon of net forest cover gain after a previous period of net
forest loss is known as “forest transition” (Mather, 1992; Meyfroidt
and Lambin, 2011; Liu et al., 2018a). Generally, forest transition
theory predicts two different pathways a region can go through
after a deforestation period toward forest cover regrowth: the forest
scarcity pathway and the economic pathway (Rudel et al., 2005).
The former theorizes that deforestation provokes forest-based
product shortages fostering the need for reforestation to renew
forest supplies, while the latter theorizes that industrialization and
economic development push rural out-migration leaving empty
rural areas (land abandonment) that will follow natural forest
regeneration. Forest transition is, therefore, particularly important
given that the world is currently in the United Nations’ “Decade
on Ecosystem Restoration (2021-2030),” a key global initiative for
the sustainability of human-environment systems (IPCC, 2021).
However, a large amount of financial investment is needed to
implement ecosystem restoration (Crouzeilles etal., 2020; Garibaldi
et al, 2020; Pinto and Voivodic, 2021). Hence, knowledge of
natural regeneration capacity of forest ecosystems, together with
underpinning human dimensions, are key for leveraging future
plans and actions favoring ecosystem restoration (Yang et al., 2013;
Chazdon and Uriarte, 2016).

Focusing on the Brazilian Atlantic Forest biome, here we
consider the forest transition phenomenon as an indicator of
tropical forest resilience—i.e., the system’s capacity to recover after
disturbance (Nave et al., 2016; Chazdon et al., 2020; Poorter et al.,
2021). Previous studies in this biome (Baptista, 2008; Farinaci
and Batiatella, 2012; Silva et al., 2016; Calaboni et al., 2018) have
demonstrated the occurrence of a forest transition at different
scales (e.g., state, region, watershed), and as a response to land
abandonment of former agricultural areas due to changes in
socioeconomic conditions. Therefore, forest transition constitutes
a reliable land change process that can be used to assess the
regenerative capacity of forests in the biome.

This study aims to understand the conditions under which a
human-environment system, characterized by a net loss of natural
forest cover (NFC) shifts its trajectory to one that favors a net gain
of NFC. To this effect, we analyzed a set of socioeconomic and
environmental factors to identify the conditions under which either
a net NFC loss or gain occurs over an observed time period. The
Atlantic Forest is the most threatened biome in Brazil [e.g., over
80% of natural vegetation has been replaced by human land uses
(Rezende et al., 2018)], despite its importance as a key hotspot
of tropical biodiversity, and home to 70% of the Brazilian human
population (Marques and Grelle, 2021). Using a set of thematic
land-use and land-cover (LULC) maps based on Landsat satellite
image time series, we assessed deforestation and NFC net gain
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at the municipality level between 1987 and 2015. These results,
together with national statistics on agriculture and economy, and
climate data, were used to evaluate forest change processes in
the biome. Considering the complexity and the multiple pathways
associated with forest transition, our spatiotemporal modeling
approach deals with major factors associated with NFC change,
suitable for developing knowledge for future management actions
toward the recovery of one of the most endangered hotspots of
biodiversity on Earth.

2. Materials and methods

This study was conducted through a series of spatial
econometric models and statistical analyses applied to a multi-
source dataset of variables consisting of a time series of
thematic land-use and land-cover (LULC) maps, socioeconomic
and agricultural statistics, and precipitation data. These datasets
were aggregated to the municipality level (i.e., unit of analysis
of our modeling approach). In Figure 1 we present the major
methodological steps conducted.

2.1. Data sources

2.1.1. Land-use and land-cover data

Obtained from MapBiomas' level 2 products at a 30 m pixel
resolution, the LULC datasets from 1987 to 2015 derived from
v.5.0 have an accuracy of 86.5% for the Atlantic Forest biome. This
constitutes the highest accuracy among all MapBiomas collections
for this biome (including the most recent v.7). Thus, we chose
MapBiomas v.5.0 to be used in this study. The original level 2 classes
of “pasture,” “forest plantation,” water;” and
“natural forest” were adopted. The level 2 classes of “agriculture”

» «

urban infrastructure,

and “mosaic of agriculture and pasture” were merged into a single
“cropland” class. In addition, we named the “urban infrastructure”
class as “built-up area,” and “pasture” as “pastureland.” We also
grouped other non-vegetation and anthropic classes into “other”
(they represent only 1% of the study area). In Supplementary
material we provide a brief description of the classes (SM—
LULC data). The net change in natural forest cover (NFCNC) was
calculated using the ‘natural forest’ class.

2.1.2. Statistical survey and biophysical data

From the agricultural statistics of the Brazilian Institute of
Geography and Statistics (IBGE, 2012), we used a time series from
1987 to 2015 of the Municipal Agricultural Production survey—
PAM (IBGE Table 5457) to derive data on agricultural production
(i.e., crop diversity, and yield). The cattle statistics (e.g., number of
animals) are available at the IBGE, Municipal Livestock Production
survey—PPM (IBGE Table 3939). Forestry production data were
provided by IBGE through the Vegetal Extraction and Forestry
Production survey—PEVS (IBGE Table 291). The Socioeconomic
statistics on formal jobs were obtained from the Annual Report
on Social Information—RAIS of the Ministry of Economy—ME.

1 https://mapbiomas.org
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Methodological steps conducted in the study (municipality groups: PD—persistent deforestation, FT—forest transition).

Raster data at the 1 km/pixel resolution of the average annual
precipitation were obtained from the Center for Weather Forecast
and Climate Studies (2021). We also used the Municipal Gross
Domestic Product—GDP (IBGE Tables 5938 and 21) of the industry
sector, and urban population data from the Population Census—
PC (IBGE Table 200). From the TOPODATA geomorphometric
information system of Brazil, we downloaded a digital elevation
model (DEM) at 30 m pixel resolution derived from Shuttle Radar
Topographic Mission (SRTM) data (Valeriano, 2008). For more
details on these variables see Supplementary material (SM—
Dataset).

2.2. Study area (forest transition and
persistent deforestation groups)

The last 15 years of the 20th century were characterized by
major political changes in Brazil, starting, in 1984 with the end of
the Brazilian dictatorship, followed by the public participation of
broad segments of society in social and environmental affairs (Seino
et al, 2013). This political context (termed re-democratization)
led to the promulgation of the new National Constitution of
1988, which established the obligation of the state to secure a
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healthy environment for all Brazilian citizens, and included the
protection of all Brazilian biomes (Article 225). In 1990, the social
organization SOS Mata Atlantica in partnership with the National
Institute for Space Research (INPE), published the first report
on the conservation status of the Atlantic Forest biome. Results
presented in this report not only alarmed but also motivated public
authorities and the public at large to address the environmental
degradation of this biome, which culminated in a series of national
decrees over the 1990s to cope with deforestation and to stimulate
the environmental recovery of the biome (Silva et al., 2017a). These
decrees were later formalized into the Atlantic Forest Law of 2006
(Law n° 11428/2006). This period was fundamental to precede
regeneration trends in the Atlantic Forest as these sociopolitical
changes slowed-down deforestation at significant levels (Silva et al.,
2017a; SOS Mata Atlantica, and INPE, 2022). During the first two
decades of the 21st century, Brazil engaged in the international
environmental governance agenda (Viola and Gongalves, 2019),
which included the implementation of sustainable environmental
certification systems (Silva et al., 2019), switching from being a food
importer to becoming a major global food supplier (Schierhorn
et al., 2016), and making significant changes in the agricultural
sector toward highly intensified production systems (Buainain
et al, 2014). This period was also marked by the emergence of
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urban centers with high labor demands driving rural out-migration
(Alves and Marra, 2009). All these factors fostered changes in land
and social systems with impacts on the environment. The Atlas
da Mata Atlantica, a deforestation monitoring system (SOS Mata
Atlantica, and INPE, 2022) shows that 2001 had the largest drop in
deforestation rates in the Atlantic Forest (since 1985), indicating a
turning point for LULC trajectories in the biome. In this context,
and considering historical deforestation trends throughout the
Atlantic Forest biome (Silva et al.,, 2020b) and its regional forest
cover dynamics (Baptista, 2008; Farinaci and Batiatella, 20125 Silva
et al,, 2016; Calaboni et al,, 2018), we verified and analyzed forest
transition trends at the municipality level (3,083 municipalities in
total). Given the above-described sociopolitical context and based
on this empirical evidence of changes in deforestation trends, we set
the 2001 as the theoretical “inflection point” [i.e., year of the change
from net forest loss to net gain (Mather, 1992; Wilson et al., 2017)]
in the forest transition pathway.

To define the set of municipalities undergoing forest transition,
we analyzed the NFC dynamics during the previous 15 years
(1987-2001) in all municipalities of the Atlantic Forest biome
(3,082). We then selected only the municipalities with observed
deforestation (i.e., net loss) during the first period 1987-2001 as
our units of analysis (Figure 2A)—1,972 (63%). We then split
these municipalities into two groups according to the observed
NEFC trajectory through the second period 2001-2015: (1) forest
transition (hereafter FT, n = 1,180) and (2) persistent deforestation
(hereafter PD, n = 792). To define both processes (i.e., NFC
net loss and net gain) at the municipality level, we evaluated
NEC net change (NFCNC) by computing the difference (in
hectares) in NFC during the 1987-2001 and 2001-2015 period
[NFCNC = NFCf;4~NFCipjsig]. Positive (negative) values indicate
an NFC net gain (loss) in the municipality. To allow for a more
robust characterization of the NFC trajectory and verify that net
gains and losses followed a steady trend in each period, and to
verify that the ‘inflection point’ truly defined a transition, we
accounted aggregated NFC (ha) annually for both groups (FT and
PD), between 1987 and 2015. Hence, our data highlights a clear
pattern of forest transition with an ‘inflection point’ in 2001 for
the FT group, and also a persistent deforestation trend in the PD
group (Figure 2B). These results justify the selection of the spatial
(i.e., municipality) and temporal (i.e., 1987-2001, 2001-2015 time
periods) units of analysis utilized in the study. We recognize
that different successional stages of the NFC may have different
ecological values, with early stages having the lowest value (Poorter
et al., 2021). However, in this study we focused on all successional
stages of the NFC. This was important because according to
the Atlantic Forest Law, NFC patches at any successional stage
(from pioneer to old-growth forests) are protected by law and no
deforestation actions are permitted. This legal condition has been
demonstrated to be a pivotal factor in supporting the empirical
evidence of the forest transition in this biome (Silva et al., 2017a).

2.3. Spatial econometric models

The spatial econometric models incorporate underlying driving
forces (e.g., economic dynamics that underpin human actions)
and proximate causes (e.g., immediate human actions such as
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agricultural expansion) to understand the phenomenon under
investigation (Geist and Lambin, 2002). Thus, they constitute
representations of complex human-environment systems (Liu et al.,
2007). Variables representing land uses (pastureland, cropland,
forest plantation, natural forest, and built-up area) were treated
as proximate factors, while biophysical (ie., precipitation) and
socioeconomic (i.e., cattle stocking rate, crop yield, and formal jobs)
variables were treated as underlying factors.

For the modeling of the spatiotemporal relationships among
forest cover dynamics and independent variables, our study
adopted the spatial error model (SARerr), which incorporates
autoregressive processes in the error term to account for spatial
trends (Gupta and Mackenzie, 2016). The SARerr model is
described as:

Ay = AXif +u ¢8)
With
u= AWu+e

g~ N(0, og Iy)

Where B is the own-region vector of parameters (regression
coeflicients), y is the vector of observations of the dependent
variable, € is the disturbance vector of random errors from the
regression model, X is the autoregressive coeflicient of the error
terms, u is a vector of independent and identically distributed
error terms, N represents the set of neighbors, X is the matrix
of observations of independent variables, W is the standardized
spatial weights matrix, and I is the identity matrix (Saputro et al,
2019).

Our modeling approach applied a first-order contiguity-based
spatial weights matrix (“Queen” contiguity type) to account for
spatial autocorrelation among municipalities (Chen et al., 2017).
For all cases we applied diagnostic tests for spatial autocorrelation
by the Robust Lagrange Multiplier, and Global Moran’s I test
(Anselin, 1995). To avoid multicollinearity among independent
variables, we set the variance inflation factor (VIF) value of 5
as the limit of acceptance (Garrett et al., 2018). Each model
(three in total) used the same set of independent variables against
the dependent variable (i.e., NFC net gain, NFC net loss), with
corresponding variable values for each respective period of analysis.
Hence, we obtained three models, one single model for the group of
municipalities under NFC net loss from 1987 to 2015 (PD group—
i.e., 29 years of change) and two models (one for the 1987-2001
period and another for the 2001-2015 period—i.e., 15 years of
change each period) for the group of municipalities that changed
from NFC net loss in 1987-2001 to net gain in 2001-2015 (FT
group).

The selection of independent variables was based on previous
studies on tropical forest cover change (Geist and Lambin, 2002;
Silva et al., 2016; Crouzeilles et al., 2020; Espirito-Santo et al., 2020;
Saraiva et al., 2020; Garcia et al., 2021; Rosa et al., 2021). Among the
independent variables, we have a set representing changes through
the 15-years of each period (for the FT group), represented by

variable (Ay5) = EVﬁnul = EVinitial (2)

where EV is the independent variable value. For municipalities in
the PD group, the period was represented by (Arg), from 1987
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FIGURE 2

(A) Map with the location of the Atlantic Forest biome within the Brazilian territory, and the municipalities within study area divided in two groups
(forest transition—FT, and persistent deforestation—PD). (B) Line charts show the temporal trajectory of natural forest cover for the FT and PD
groups, annually, from 1987 to 2015, with the “inflection point” in the FT group in 2001.

to 2015. The variables represented by changes in the FT group
(Ans) [or (Apg) in the PD group] are “pastureland,” “cropland,’
“forest plantation,” “built-up area” (both measured in ha), “non-
agricultural jobs” and “agricultural jobs” (both in number of
people), crop yield (kg/ha), and “cattle stocking rate” (number of
animals per hectare of pastureland). The initial NFC (ha) for each

period was also used as an independent variable in all three models.

Frontiers in Forests and Global Change
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The variables “crop diversity” and “annual precipitation” were
introduced in the models with the respective mean value over
each period of analysis. From the information on planted area
(PAM data) of temporary and permanent crops we calculated
the crop diversity index [i.e., Shannon Diversity Index (Aguilar
et al, 2015; Silva et al., 2020a)]. Crop yield (PAM data) was
represented by the sum of the annual yields of major annual crops
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(SM—Crop data). In our models, “slope” and “elevation” were used
as time-invariant variables (i.e., held constant across the study).
Topography is known to be an important factor associated to
natural vegetation cover dynamics in Atlantic Forest and then a
key controlling factor (Silva et al., 2020b). From the DEM, we
calculated the mean ‘slope’ and ‘elevation’ of every municipality in
both groups. For instance, NFC regeneration has been observed in
hilly terrain due to lower agricultural suitability (Piffer et al., 2021),
while lower elevations are associated with greater natural vegetation
production (Scaranello et al., 2012; Martins et al., 2015). Water
availability is key for tillage agriculture and animal husbandry,
thus, we used precipitation as an indicator of this availability
(Espirito-Santo et al., 2020) and its impacts on NFC dynamics.
Land use has direct effects on NFC, with major changes in LULC
classes impacting the net changes in NFC (Silva et al., 2017b). The
forest transition phenomenon has been noted in different parts of
the world and has been associated with different socioeconomic
factors (Lambin and Meyfroidt, 2010). Hence, agricultural (e.g.,
crop yield), demographic (e.g., population density), and economic
indicators (e.g., jobs) may exhibit significant associations with
the forest transition phenomenon. Given the unavailability of a
suitable temporal time series data for industrial GDP, forestry
(PEVS), and urban population (PC), we developed a supplementary
spatial model for testing NFC net gains (forest transition model
for the FT group in the period 2001-2015) with additional
socioeconomic variables (SM—Supplementary model). Hence, the
Supplementary model uses the same set of variables presented in
the original FT model 2001-2015, but with the addition of the
variables “industrial GDP;” “Eucalyptus cellulose pulp production,”
“Pinus cellulose pulp production;” and “Population density.” The
temporal approach incorporated into the econometric model is
suitable for our study once NFC dynamics are linked with different
social and economic processes at different temporal scales (Perz
and Skole, 2003; Baptista, 2008; Lambin and Meyfroidt, 2010;
Espirito-Santo et al., 2020). Hence, changes, such as NFC net
gains (i.e., primarily driven by natural regeneration) over 15-year
periods, may be addressed through this land change modeling
framework (Baptista, 2008; Silva et al., 2017a; Crouzeilles et al.,
2020; Piffer et al., 2021; Simiski et al., 2021).

2.4. Land-use and land-cover change
and statistical analysis

Based on the same set of variables used in the spatial
econometric models, we evaluated LULC and developed descriptive
and inferential statistical analyses. This methodological step
supports variable selection to the models and helps elucidating
potential associations among independent variables, thus better
interpretation of the results obtained from the models. While
the spatial econometric models provide the significance of each
independent variable on the NFC dynamics under a set of
factors (Carlson et al., 2018), information obtained from statistical
tests, and descriptive statistics increase the understanding of the
dynamics of each specific variable, as well as the correlations among
them. Hence, we performed t-tests to assess significant changes in
precipitation levels throughout the study period. We also applied
Spearman “rho” correlation tests (if Shapiro-Wilk tests rejected
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normal distribution at p < 0.05; Silva et al., 2020b) between
variables, to test their associations at the municipality level (See SM
for detailed results). For this methodological step we analyzed data
from PEVS (i.e., timber and cellulose pulp production, and types of
tree species), GDP and PC to develop descriptive statistics.

3. Results

3.1. Human-environment interactions
and natural forest cover outcomes

Based on municipality level data, our models show that the
same set of variables (i.e., initial forest cover, pastureland, cropland,
and forest plantation) were positively correlated with forest net
loss for both the FT group (deforestation 1987-2001) and the PD
group (deforestation 1987-2015; Figure 3). These results indicate
that deforestation trends in the municipalities investigated in
the Atlantic Forest shared similar contexts associated with this
process—i.e., an increase in the given independent variables is
associated with an increase in NFC net loss (positive association).
More interesting is that some variables not associated with NFC net
loss in the models (i.e., crop diversity), or positively correlated with
that process are now positively and significantly associated with
NEC net gain in 2001-2015 (i.e., forest plantation, built-up area,
and initial forest cover). This result, revealing variables that were
associated with deforestation and now with forest cover increase,
indicates a change effect of these variables on NFCNC trajectory
(Figure 3). Our results indicate that higher precipitation levels were
positively associated with NFC net loss in the FT group, and an
expansion of livestock and cropland activities over natural forests
in areas with higher agricultural suitability in the 1987-2001 period.
However, precipitation was negatively and significantly associated
with NFC net gain (Figure 3), revealing that lower precipitation
levels during 2001-2015 were associated with the return of natural
vegetation.

These that
experiencing a forest transition, those with a higher crop diversity

results suggest among the municipalities
and with lower levels of average annual precipitation were more
likely to exhibit higher net gains in NFC. In the FT group models,
the pastureland variable has a similar relationship as that found for
precipitation. Hence, while in 1987-2001 the increase of grazing
areas led to increases in NFC net loss (deforestation effects), in
2001-2015 an opposite trend was observed where decreases in
pastureland led to increases in NFC net gain.

In the FT group we found that agricultural jobs negatively
correlated with NFC net gain, indicating that a decrease in the
number of rural employees at the municipality level was associated
with net increases in NFC. It is interesting to note that the same
independent variable was positively correlated with NFC net loss
in the PD group (Figure 3), where agricultural activities expanded
during the study period. This result reveals that in municipalities
under persistent deforestation trends, increases in the number
of rural employees was associated with higher NFC net losses.
A similar association was found for the crop yield in the PD
group. Interestingly, in our Supplementary model two additional
variables were found to be positively and significantly correlated
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FIGURE 3

Spatial Error model results. To access the coefficient effects of each variable in the models, see SI—Model results.

with NFC net gain (FT group): industrial GDP growth and cellulose
pulp from eucalyptus (SM—Supplementary model).

To avoid multicollinearity, the variable cropland was not used
in the NFC net gain model (Figure 3) given its high correlation
with pastureland. For all other variables, the VIF values were lower
than 5 in all three models. In addition, both the LM and Moran’s I
tests were significant (p < 0.01), indicating the need for the use of
SARerr (error model) models in our study.

3.2. Land-use and land-cover dynamics

During the 1987-2001 period, a total of 3.3 Mha (1.4 Mha in
the FT, and 1.9 Mha in the PD group) of NFC were lost. However,
in the following period (2001-2015), the FT group (i.e., 1,180
municipalities) had an NFC increase of ca. 8%, or ca. 800,000 ha,
while in the PD group (i.e., 792 municipalities) ca. 905,000 ha
experienced NFC loss (Figure 4A). The LULC changes revealed
that over the entire period (1987-2015), forest plantations, as
well as built-up areas and cropland, increased in both groups
(Figure 4A). Pastureland in the FT group slightly increased along
the first period while sharply decreased between 2001 and 2015.
Cropland area in the same group increased between 2001 and
2015 compared to the previous period, and was significantly and
negatively correlated with the pastureland area change (rho —0.85,
p < 0.01). LULC changes are fully described for both groups
through transition matrices (SM—Transition matrices). From the
PAM data we found sugarcane as the major crop representing
the cropland class in the FT group (SM—Crop data). In the
PD group, the pastureland area change was lower and negatively
correlated with the cropland area expansion (rho —0.52, p < 0.01)
between 2001 and 2015. At the municipality level, pastureland
area decreased in the PD group (pushing stocking rate increase,
Figure 4B) when compared to the areal change in both periods
(1987-2001 and 2001-2015), however it was 2.6 times lower than
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the observed decreasing rates in the FT group during the 2001-
2015 period.

The increasing stocking rates in the PD group were positively
and significantly correlated with NFC net loss in 2001-2015
(rho 0.14, p < 0.01), and with cropland (rho 0.23, p < 0.01)—
the last indicating the intensive livestock (i.e., higher number
of cattle per land unit) tending to occur in areas over higher
expansion of crop production, which replaced pasturelands. In the
PD group we found soybean as the major production associated
with the cropland class (SM—Crop data). Interestingly, we found
higher precipitation levels positively and significantly correlated
to the expansion of agropastoral activities (SM—Precipitation and
agricultural trends). Additionally, precipitation was significantly
higher (p < 0.01—t-test) in the PD group than in the FT group,
however, in both groups, precipitation significantly decreased
(p < 0.01—paired t-test) during the 2001-2015 period (Figure 4C).

From the 1987-2001 period to the 2001-2015, built-up areas
experienced a reduction in their areal expansion in the FT group,
from an average of around 216 ha (1987-2001) to an average of
173 ha (2001-2015) per municipality, but still higher (2 times)
than in the PD group. The opposite trend was observed in forest
plantations in the same FT group, which increased the expansion
from an average of 230 ha per municipality during the 1987-
2001 period, to 578 ha in 2001-2015. However, the expansion
of forest plantations in the PD group was 2.1 times higher than
in the FT group during the 2001-2015 period. This LULC class
had a greater acceleration in the PD group, from an average of
661 ha per municipality between 1987 and 2001 to an average
of 1,773 ha in 2001-2015. Through the PEVS data we found
two major tree species associated with forest plantations in the
study area (i.e., Pinus spp. and Eucalyptus spp.) and each one
with different distribution and uses among municipalities [e.g., PD
group exhibited more Pinus used for wood and charcoal; FT group
exhibited more Eucalyptus used for cellulose pulp production
(SM—Forestry production)]. For industrial GDP, the FT group
accounted for 63% of the study area in the period 2001-2015,
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while accounting for 64% of the human population in 2010 (SM—
People and GDP). In Figure 5 we present the spatial distribution of
municipalities the respective natura forest cover net change of each
period.

4. Discussion

4.1. Human-environment dimensions of
forest transition in the Atlantic Forest

Over the last three decades the Brazilian Atlantic Forest biome
as a whole has exhibited a general steady-state in the conservation
of natural areas (Silva et al., 2020b), which conceals multiple natural
forest cover (NFC) trajectories at the municipality level, as revealed
by this study. Our biome-scale analysis demonstrated that while
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some municipalities experienced a forest transition (i.e., net gain in
NEC after a period of net loss) during the first 15 years of the 21st
century, other municipalities persisted on a trend of forest net loss
over the last 30 years (Figure 5), thus keeping the pressure on their
remaining natural forests. These results show that the remaining
patches of natural forest in the biome, which have high ecological
value (Rosa et al., 2021), are still threatened.

Our results from spatial econometric models provide evidence
that decreasing trends of agricultural activity are significantly
correlated with NFC net gain in municipalities under forest
transition—e.g., larger decreases in agricultural jobs are associated
with NFC net gain (Figure 3). Agricultural labor data reinforce
the evidence obtained from land-use and land-cover dynamics,
where agricultural land uses (i.e., forest plantation, pastureland,
and cropland combined) in the FT group lost 1.1 Mha in 2001-
2015, and were mainly substituted by new NFC areas. This
evidence supports the idea that decreases in rural labor favor the
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abandonment of less suitable agricultural areas (Macdonald, 2017;
Abson, 2019). This land abandonment phenomenon is common
in many parts of the globe (Chen et al., 2012; Li et al,, 2013),
thus is crucial for allowing natural vegetation recovery (Chazdon
et al, 2020), and constitutes a key component of the regional
forest transition observed in the Atlantic Forest (Silva et al., 2017b;
Calaboni et al,, 2018). Previous studies in the Atlantic Forest
have also demonstrated that socioeconomic changes from the
1960s onward (i.e., industrialization) triggered the emergence of
large urbanized areas (i.e., built-up class—significant and positively
correlated with forest net gain, Figure 3) followed by a sharp rural
out-migration process (Bacninger, 2005; Teixeira, 2005; Silva et al.,
2017a). This phenomenon is attributed by landowners in the Sao
Paulo Atlantic Forest as a reason for the lack of rural labor—
i.e.,, a major factor for land abandonment and the return of NFC
(Silva et al., 2018). Our Supplementary data (SM—Supplementary
model) also shows that in the FT group during the 2001-2015
period, industrial GDP growth was positively associated with NFC
net gain, which supports an economic development pathway of the
forest transition theory.

Models for the FT group revealed precipitation as a key
factor associated with NFCNC for both processes—i.e., net gain
and loss. In the forest net loss model (Figure 3) we observed
that higher precipitation is associated with deforestation at the
municipality level, which is expected as it has been reported that
high precipitation values are positively associated with agricultural
expansion (Millington et al., 2021). Our data also demonstrated
a significant correlation between higher precipitation levels and
the expansion of cropland and cattle (SM—Precipitation and
agricultural trends). However, precipitation levels significantly
decreased in this group of municipalities during the 2001-2015
period (Figure 4C), which we found to be negatively correlated
with NFC net gain (Figure 3). Municipalities experiencing lower
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average annual precipitation in the FT group may have reduced
rain-fed cropping or cattle-ranching activities, leading to the
abandonment of marginal lands and favoring the return of NFC.
A similar trend already observed in tropical dry areas in Brazil
(Espirito-Santo et al., 2020). Notice that precipitation levels were
significantly lower in the FT group compared to PD group
(Figure 4C). To reinforce this perspective, our Supplementary
results (SM— Precipitation and agricultural trends) showed
that increased yields, cropland area, and stocking rates were
significantly associated with higher precipitation levels at the
municipal level (i.e., better climate conditions seem to favor the
expansion of agricultural activities). Previous studies in tropical
regions have demonstrated that reductions in rainfall negatively
affect agricultural revenues by decreasing agricultural productivity
(Leite-Filho et al., 2021), thus compromising crop, pasture and
cattle production, such as in the Atlantic Forest biome (Glickhouse,
2015; Silvaetal., 2018; Castro, 2021). For instance, Silva et al. (2018)
noted that producers in the Atlantic Forest biome are prone to
abandon less suitable agricultural areas during periods of drastic
rainfall shortages. This result is even more meaningful given the
significant decrease in precipitation between the two periods of
analysis (Figure 4C), leading municipalities with low precipitation
levels in 1987-2001 to even lower levels in 2001-2015. Here
we hypothesize that climate change (manifested by a significant
decrease in precipitation) may also enhance natural forest regrowth
through negative socio-ecological feedback mechanisms (e.g.,
agricultural abandonment), potentially leading to higher biomass
production and carbon sequestration, thus reducing some of the
negative effects of climate change.

As predicted by previous studies (Robinson et al, 2015;
Silva et al., 2016; Vina et al., 2016; Garcia et al., 2021), the
presence of NFC areas was positively and significantly correlated
with both trajectories, forest net loss and net gain. Our results
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(Figure 3) indicate that in municipalities experiencing a forest
transition, the larger the areas of remaining forest, the higher
the likelihood of increasing NFC. This relationship is explained
by the fact that natural forest remnants support secondary
succession and ecological restoration, due to their role as seed
sources, enhancement of soil conditions in surrounding areas, and
facilitating vital ecological interactions (Chazdon, 2003; Uriarte
et al., 2011; Crouzeilles et al., 2017).

In municipalities experiencing a forest transition, a more
diverse crop production was positively correlated with larger
increases in NFC. Prior studies in Brazil have shown that
land owned by small and medium farm producers, as well as
municipalities with smaller areas per producer, tend to exhibit
higher crop diversity (Silva et al., 2020a; Ricciardi et al.,, 2021).
Additionally, beyond crop diversification, multi-functional rural
landscapes are being developed toward the promotion of economic
activities such as tourism, attracted by local food, traditions and
scenic landscapes (Huylenbroeck et al., 2007; Barbieri and Valdivia,
2010). Thus, the transition of former agriculture-based rural areas
to more multifunctional landscapes favor the emergence of non-
agricultural rural economic activities (e.g., rural/eco-tourism and
outdoor activities) allied to more diversified economic activities
(Jongeneel et al., 2008; Jansuwan and Zander, 2022). In the Atlantic
Forest biome (e.g., Paraiba Valley of Sdo Paulo state) it has been
noted that landowners of rural properties with tourist attractions
are more prone to afforest and to conserve natural areas (Silva et al.,
2018). This enhances the notion of NFC as a major asset for rural
development.

The role of planted forests as a variable significantly correlated
with both forest net loss and gain (Figure 3) helps us understand
a key aspect of globalized supply-chains (Liu et al., 2013, 2018b;
Kapsar et al., 2019). Based on the IBGE PEVS data (SM—Forestry
production), we found that while in the FT group eucalyptus was
the dominant tree species of the forest plantation class, in the PD
group pine was the most dominant. As eucalyptus cellulose pulp
(short-fiber pulp) produced in Brazil is mostly destined for global
markets, its production is not only influenced by international
demand (Ibd, 2019), but also by the commitment to sustainable
production standards defined by the certification of the Forest
Stewardship Council (FSC, since 2002). In 2019, 4.4 Mha (48%)
of Brazilian forest plantations were certified by international eco-
certification standards (Ibd, 2020). This has fostered the regrowth
of natural vegetation in the Brazilian Atlantic Forest biome in
recent decades (Silva et al., 2019). In contrast, pine plantations—
the second largest tree species used in Brazilian forest plantations
after eucalyptus and mostly occurring in the control group—
are less committed to sustainable practices as they are largely
destined for domestic consumption (Ib4, 2019). Furthermore, from
the total charcoal production (derived mainly from eucalyptus)
in the study area (ie., accounting for both FT and PD groups
of municipalities) in 2015, over 80% was produced in the PD
group. Charcoal production [highly demanded (90% of Brazil’s
production) by the national steel industry (Ministry of Energy
[MME], 2018)] is a less regulated forestry sector, given the high
costs associated with sustainability standards that are usually not
paid-off by charcoal revenues, as it is a lower priced product.
This dis-incentivizes the adoption of eco-certification approaches
(Albuquerque, 2019). Our supplementary econometric results
corroborate this association by showing cellulose pulp production
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from eucalyptus positively correlated with NFC net gain (SM—
Supplementary model). These results on the impacts of forest
plantations on NFC dynamics agree with the environmental
impacts associated with the agricultural production for domestic
and international markets, previously noted for beef (Zu Ermgassen
et al., 2020).

4.2. Land-use and land-cover dynamics
in the Atlantic Forest

The land-use and land-cover data also revealed that in the
group of municipalities under persistent deforestation (PD group),
land-use classes such as forest plantation increased at higher rates
compared to the levels observed in the municipalities under forest
transition (FT group). Although pastureland area decreased in
both groups from 2001 to 2015 (Figure 4A), in the PD group the
decrease was 3.6 times lower than in the FT group. Regarding this
land-use class, we also found the cattle stocking rate significantly
increased in PD municipalities and also with higher increases in
cropland. This result suggests that when cropland is expanding,
grazing areas decrease, leading rural producers to intensify their
cattle production in more confined areas, although not necessarily
inducing the return of NFC areas. In fact, this complex relationship
seems to be inducing deforestation in neighboring municipalities,
as it can be seen by the regional patterns observed in Figure 5 (PD
group). A similar phenomenon was observed in agricultural areas
in the Amazon and Cerrado biomes where increases in soybean
production stimulated deforestation in neighboring municipalities
(Silva et al., 2021). This is likely to be a major process occurring
in the PD group, since increases in crop yield (Figure 3), where
soybean is the major crop (SM—Crop data), were significantly
correlated with NFC net loss.

Here we highlight a possible “rebound” effect of intensification
(i.e., high yield increases) which instead of sparing land for
conservation, drives more agricultural expansion (leading to more
deforestation), as agricultural agents see intensification as a great
economic opportunity (Garrett et al,, 2018). This seems to foster an
agricultural expansion leading to more deforestation (Hubert et al.,
20105 Garcia et al,, 2020; Millington et al., 2021). Regarding changes
in crop yield observed in the FT group, no significant correlation
with NFC gain during 2001-2015 was observed (Figure 3). This
result suggests that the forest transition process observed in the
study area was not related with land sparing effects due to crop
intensification.

In non-agricultural land use areas (i.e., forest plantation,
pastureland, and cropland combined), where the PD group
exhibited an increase of 300,000 ha during 2001-2015 while the FT
group exhibited a decrease of 1.1 Mha (Figure 4A), built-up areas
increased 2 times more in the FT group than in the PD group. This
result suggests that built-up areas in the FT group represent larger
centers of socioeconomic development [and with higher shares of
population and industrial GDP compared to the PD group (SM—
People and GDP), while GDP was positively associated with NFC
net gain (SM—Supplementary model)], a key component of the
forest transition development pathway (Mather, 1992; Meyfroidt
and Lambin, 2011; Wilson et al., 2017). These major land changes
highlight previous observations supporting regional Atlantic Forest
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transition pathways of economic and social development (Baptista,
2008; Silva et al., 2016).

4.3. Insights to enhance environmental
governance toward forest transition

Garibaldi et al. (2020) found that “working landscapes”—
farming, ranching and forestry activities—need the conservation
of at least 20% of native habitats to promote healthy landscapes
capable of supporting sustainably the human society. The FT
group (1,180 municipalities) exhibited an average of ca. 20% of
natural forest cover (NFC), although 743 municipalities exhibited
lower values. Hence, our results support that the presence of local
natural forest remnants with at least this minimum threshold may
enhance biodiversity conservation (e.g., favoring natural vegetation
regrowth) in landscapes dominated by agricultural activities. On
this regard, we recall the “windows of opportunities” concept from
the adaptive governance literature, which refers to the “existence of
circumstances or events that trigger and promote governance changes
to manage ecosystems and common-pool resources more sustainably”
(Lorenzen et al., 2021). Thus, we argue that adaptive governance
[the act of governing landscapes as complex human-environmental
systems with the capacity to respond to ecosystem-wide changes
(Schultz et al,, 2015)] approaches do not necessarily have to emerge
as a response to crises or to negative environmental outcomes,
but may also emerge from positive changes, such as the forest
transition. Since deforestation is still ongoing in many parts of the
Atlantic Forest biome, processes that enhance a forest transition
need to be considered within contemporary governance systems,
including sectorial voluntary agreements (e.g., eco-certifications),
technical assistance to promote informed decisions regarding the
use of land and natural resources in rural settings, together with
social engagement to promote a steady and long-term transition
process.

We also call for the need for policies incentivizing the
abandonment of areas less suitable for agricultural production,
such as those with significant decreases in precipitation levels.
From the adaptive governance perspective, policymakers and
other stakeholders could take advantage of the potential negative
socio-ecological feedback of precipitation to foster land-use
abandonment of lower precipitation areas to allow for natural forest
regeneration. The inclusion of payment for ecosystem services
programs together with enhanced local food production systems
under place-based public policy frameworks, would foster the
transition of rural areas toward coupled rural-urban systems (Silva
etal,, 2017¢). Such rural-urban linkages at local and regional scales
may incentivize outdoor activities (e.g., cycling, trekking, camping),
rural tourism, and respect for local cultures, which are associated
with an increase in conservation values (Silva et al., 2017c¢).
These relationships provide a feedback mechanism that promotes
environmental conservation actions by landowners, hence favoring
a forest transition.

5. Concluding remarks

Forest transition is an important outcome that not only
contributes to ecosystem restoration, but also constitutes a
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valuable approach for the tasks proposed by the UN Decade on
Ecosystem Restoration (2021-2030). Previous studies have noted
that biophysical factors such as slope and proximity to water and
natural vegetated areas contribute to forest regeneration (Borda-
Nifo et al, 2019). This study demonstrates that in addition to
those factors, changes in the precipitation regime (ie., reduced
precipitation) also contribute to this land change phenomenon.
Furthermore, in municipalities experiencing forest transition,
significant changes in agricultural activities were observed in
the form of decreases in agricultural land area and rural jobs,
while urban areas are increasing at the same time, favoring
natural forest net gain. These findings can be used to help design
policies that enhance forest transition not only in the Atlantic
Forest biome but also in other tropical areas, as agro-pastoral
activities and environmental conservation actions can both thrive
under better-planned landscapes. Such landscapes can be obtained
through the implementation of policies that orient and organize
human occupation and land uses, while also vigorously adopting
sustainable production systems.
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