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Abstract
Although deforestation remains widespread in the tropics, many places are now experiencing significant forest recovery (i.e., forest transition), offering an optimistic outlook for natural ecosystem recovery and carbon sequestration. Naturally regenerated
forests, however, may not persist, so a more nuanced understanding of the drivers of
forest change in the tropics is critical to ensure the success of reforestation efforts
and carbon sequestration targets. Here we use 35 years of detailed land cover data
to investigate forest trajectories in 3014 municipalities in the Brazilian Atlantic Forest
(AF), a biodiversity and conservation hotspot. Although deforestation was evident in
some regions, deforestation reversals, the typical forest transition trajectory, were
the prevalent trend in the AF, accounting for 38% of municipalities. However, simultaneous reforestation reversals in the region (13% of municipalities) suggest that these
short-term increases in native forest cover do not necessarily translate into persistent
trends. In the absence of reversals in reforestation, forests in the region could have
sequestered 1.75 Pg C, over three times the actual estimated carbon sequestration
(0.52 Pg C). We also showed that failure to distinguish native and planted forests
would have masked native forest cover loss in the region and overestimated reforestation by 3.2 Mha and carbon sequestration from natural forest regeneration by
0.37 Pg C. Deforestation reversals were prevalent in urbanized municipalities with
limited forest cover and high agricultural productivity, highlighting the importance
of favorable socioeconomic conditions in promoting reforestation. Successful forest
restoration efforts will require development and enforcement of environmental policies that promote forest regeneration and ensure the permanence of regrowing forests. This is crucial not only for the fate and conservation of the AF, but also for other
tropical nations to achieve their restoration and carbon sequestration commitments.
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2007; Lambin & Meyfroidt, 2011). The majority of natural ecosystems across the globe have been transformed to varying degrees

The extent, rate, and magnitude of human-driven land modification

with less of 20% currently considered as wildlands or without clear

has reached unprecedented levels in human history (Foley et al.,

intervention of human impact, including tropical forests (Ellis et al.,

Glob Change Biol. 2021;00:1–14.
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2021). Forest loss has major ecological consequences, directly af-

With ambitious international restoration and tree planting com-

fecting biodiversity, carbon budgets and watershed conservation

mitments to combat climate change and prevent species extinc-

(Redo, Grau, et al., 2012). Tropical regions are the last agricultural

tions such as the Bonn Challenge, the World Economic Forum, and

frontier (DeFries & Rosenzweig, 2010), and tropical forests around

the upcoming United Nations’ Decade on Ecosystem Restoration

the globe are threatened by high rates of habitat conversion from

(Fagan et al., 2020; Rosa et al., 2021), accurately mapping native for-

the expansion of agricultural and urban frontiers (Lewis et al., 2015).

est regeneration is critical, as many nations are also relying on tree

A better understanding of the multiple drivers of forest change in

planting to meet their current restoration goals (Holl & Brancalion,

the tropics is critical for slowing down tropical deforestation and

2020). Native forest regeneration is not only one of the most cost-

identifying potential hotspots for forest regeneration (Curtis et al.,

effective ecological restoration management strategies but also a

2018; DeFries & Rosenzweig, 2010).

cornerstone for achieving forest restoration goals and biodiversity

Although deforestation is still widespread in the tropics (Asner

conservation (Crouzeilles, Beyer, et al., 2020). In contrast, many

et al., 2009; DeFries et al., 2010; Hansen et al., 2008, 2010), many

large-scale tree plantation programs rely on one or a few nonnative

places are now experiencing significant forest recovery, suggest-

tree species (Holl & Brancalion, 2020). Native second-growth for-

ing that forest transitions are occurring over short timescales (Aide

ests and monoculture tree plantations have distinct consequences

et al., 2013; Hansen et al., 2013; Nanni et al., 2019; Schwartz et al.,

for landscape management and ecosystem services provision (Baral

2020; Sloan et al., 2019; Song et al., 2018). The term forest transition

et al., 2016; Brockerhoff et al., 2013; Chazdon, 2008; Sloan et al.,

denotes a shift from net deforestation to net reforestation, usually,

2019). Although forest plantations can restore ecosystem services

but not always, associated with economic development (Barbier

in degraded lands, they experience high rates of failure (Brancalion

et al., 2010; Lambin & Meyfroidt, 2010; Mather, 1992; Rudel et al.,

& Holl, 2020; Cao et al., 2011), rapid clearing, and, more impor-

2005, 2010). This process can be attributed to a variety of factors,

tantly, their expansion often occur at the expense of native forest

including among others, agricultural intensification, scarcity of rural

cover (Heilmayr et al., 2020). Moreover, monoculture tree planta-

labor or forest products, lack of rural economic opportunities, and

tions have a lower capacity to sustain biodiversity (Iezzi et al., 2018)

urbanization (Barbier et al., 2010; Rudel et al., 2005, 2020). Forest

and can negatively impact water resources (Feng et al., 2016).

transitions can occur at various scales, from local and regional refor-

Therefore, accurately distinguishing second-growth from planted

estation processes to country-wide shifts in forest dynamics, usually

forests is a crucial undertaking to guide future ecosystem resto-

following a period of significant decline in forested land (Rudel et al.,

ration initiatives.

2005).

Here, we rely on a long-term, annual time series (1985 to 2019) of

Shifts from net deforestation to net reforestation, which have

Landsat-derived land cover maps to investigate native forest change

been predominant in developed regions in the past (Nanni et al.,

trajectories across the Brazilian Atlantic Forest (AF), a hotspot for

2019), are now occurring in developing tropical countries, partic-

Neotropical reforestation (Nanni et al., 2019). We then estimate car-

ularly in Latin America, where recent agricultural intensification

bon sequestration potential in the region under a scenario where re-

has resulted in forest regrowth in less productive marginal areas

generated forests persist versus the actual observed sequestration.

with steeper slopes, which are less suitable for large-scale mecha-

We also investigate the consequences of failing to distinguish forest

nized agriculture (Aide et al., 2000, 2013; Asner et al., 2009; Costa

plantations from native forests for the study of native forest cover

et al., 2017; Crk et al., 2009; Grau & Aide, 2008; Nanni & Grau,

trajectories and carbon sequestration potential of restored forests.

2014; Parés-Ramos et al., 2008; Redo, Grau, et al., 2012; Yackulic

Finally, we evaluate the biophysical and socioeconomic factors as-

et al., 2011). Although reports on forest recovery in tropical regions

sociated with observed native forest transitions. Until recently,

give cause for optimism, since second-growth forests have a vast

continental-scale studies in Latin America only covered relatively

potential for carbon sequestration, biodiversity conservation and

short periods (e.g., 10–15 years), and did not distinguish plantations

climate regulation (Barlow et al., 2007; Chazdon, Broadbent, et al.,

from native forest regrowth with high accuracy due to methodolog-

2016; Chazdon et al., 2009; Pan et al., 2011; Poorter et al., 2016;

ical issues (Aide et al., 2013; Clark et al., 2012; Hansen et al., 2013;

Schwartz et al., 2017; Silver et al., 2000; Strassburg et al., 2016),

Nanni et al., 2019; Schwartz et al., 2020; Song et al., 2018). However,

the drivers of forest regrowth are highly variable and still poorly

recent studies based on a new long-term time series of detailed land

understood (Asner et al., 2009; Chazdon, Brancalion, et al., 2016;

cover data for all Brazilian ecosystems (MapBiomas initiative), in

Nanni et al., 2019). Recent studies have shown that regrowing or

which native and exotic tree covers are successfully differentiated,

restored forests have a high probability of being cleared within a

showed that the AF is experiencing substantial increases in forest

few years of establishment (Nunes et al., 2020; Reid et al., 2017,

cover in recent years, mostly associated with second-growth re-

2018; Schwartz et al., 2017) and reversals of reforestation trends in

generation (Crouzeilles, Beyer, et al., 2020; Rosa et al., 2021). This,

the tropics may be common (Schwartz et al., 2020). Understanding

associated with numerous reports of forest regrowth occurring at

the trajectories and drivers of forest transitions in the tropics is

local or regional scales (Baptista, 2008; Baptista & Rudel, 2006;

thus critical to ensure the success of tropical reforestation and the

Bicudo da Silva et al., 2017; Calaboni et al., 2018; Costa et al., 2017;

persistence of its contribution to climate change mitigation and bio-

de Rezende et al., 2015; Farinaci & Batistella, 2012; Ferreira et al.,

diversity conservation.

2014; Molin et al., 2017; Silva et al., 2016), calls for a biome-wide
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analysis to determine if forest transitions are regionally restricted or

region, with significant differences in economic activity, degree

are occurring more broadly across the entire AF.

of development, climate and seasonality across the AF. The south
and southeast portions of the biome are highly industrialized and

2
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2.1 | Study area

densely populated, with heavily mechanized agriculture and forestry
sectors (Barretto et al., 2013; Lapola et al., 2014; Martinelli et al.,
2011). Approximately 83% of the remaining forest cover in the AF
is located in the southern and southeastern portions of the biome
(Figure 1) while about 15% still remains in the northeast portion of

The Brazilian AF is one of the world's most ecologically diverse and

the biome, where agriculture is dominated by family-owned farming

threatened ecosystems (Ribeiro et al., 2009). Originally occupying

and the industrial sector is still under development (IPEA, 2020).

an area greater than 150 Mha (Figure 1), the region is home to more
than 125 million people and highly developed, contributing to 70%
of the Brazilian GDP and about two thirds of the country's industrial

2.2 | Forest cover data

production (Rezende et al., 2018). The AF has a long history of land
use change and widespread deforestation. Forest cover has been

Native forest cover and forest plantation data was obtained from the

drastically reduced to 28% (32 Mha) of its original extent (Rezende

MapBiomas project, which used Landsat imagery and the Random

et al., 2018), resulting in highly fragmented landscapes and cur-

Forest algorithm (Breiman, 2001) to derive annual land use cover

rently over 80% of remnant forest is composed of patches <50 ha

maps from 1985 to 2019 for all Brazilian biomes (see Souza et al.,

(Rezende et al., 2018; Ribeiro et al., 2009), posing extra challenges

2020 for details). Global accuracy for the AF land use and land cover

for the biome's conservation.

maps is 90.7% (Legend Level 1; Rosa et al., 2021). The MapBiomas

The AF is an ideal region to explore forest transition processes.

product is an unprecedented tool for understanding forest dynamics

Reforestation in the region occurred after original forest cover was

in the AF (Rosa et al., 2021). Unlike recent continental-scale studies

drastically reduced (Rezende et al., 2018). The region has also ex-

(Aide et al., 2013; Clark et al., 2012; Hansen et al., 2013; Nanni et al.,

perienced recent urbanization, industrialization and agricultural in-

2019; Schwartz et al., 2020; Song et al., 2018), it accurately distin-

tensification, all potential drivers of forest transitions (Rudel et al.,

guishes native forest cover from forest plantations, allowing for more

2005). These changes, however, have not occurred equally in the

consistent and accurate estimations of native forest cover changes

F I G U R E 1 Land use cover map of the Atlantic Forest for the year 2019 (a), and Brazilian administrative regions, states, and the
3014 municipalities analyzed in the present study (b)
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in the region, such as seen in the studies by Crouzeilles, Beyer, et al.

agricultural production in tons for each municipality (annual and

(2020) and Rosa et al. (2021). The ability to distinguish native forest

perennial crops combined) by the total harvested area. Since de-

cover from monoculture tree plantations in MapBiomas is consistent

forestation and reforestation are also associated with biophysical

throughout the entire time series, with a global accuracy mean value

characteristics of the landscape (Aide et al., 2013), we also calcu-

of 96% for all years (Rosa et al., 2021).

lated average elevation and slope, and percent initial forest cover.

To quantify changes in vegetation cover in the AF from 1985 to

Average slope and elevation for each municipality was calculated

2019, we calculated yearly native forest cover and forest plantations

using the ALOS Global Digital Surface Model with 30 m of spatial

for all 3014 municipalities within the biome using the Collection 5

resolution.

from MapBiomas (Figure 1). All analyses were conducted at the municipality scale. Native forest area for each municipality was obtained
by summing all the native forest pixels (pixel ID = 3) within a munic-

2.4 | Statistical analyses

ipality boundary and transforming the final pixel count into an area
measurement. The same was done to calculate forest plantation area

2.4.1 | Forest cover trends

for each municipality (pixel ID = 9). We only included the portions
of each municipality that were within the AF limits (IBGE, 2019).

To study trends in forest cover in the AF, we used a shape selec-

Calculations were conducted using the Google Earth Engine platform.

tion algorithm designed for fitting trajectories to time-series data
(Moisen et al., 2016), following a similar approach to Schwartz et al.

2.3 | Socioeconomic and landscape data

(2020). The algorithm uses nonparametric statistical methods to fit
a set of discrete possible shapes or trajectories to a time series of
data; it picks the optimal shape based on goodness of fit and a pen-

Socioeconomic data at the municipality scale were obtained from

alty for model complexity (Moisen et al., 2016). We considered five

the periodical national census surveys conducted by the Brazilian

possible trajectories for our 35-year time series of forest cover data

Institute of Geography and Statistics (IBGE). We collected data

(Appendix Figure S1): (1) flat; (2) decreasing; (3) increasing; (4) defor-

from the National Agrarian Census Surveys for the years 1985,

estation reversal (vee); and (5) reforestation reversal (inverse vee).

1996, 2006, and 2016 and from the Demographic Census Surveys

The best fit for each municipality was determined using Bayesian

for the years 1980, 1990, 2000, and 2010. All data are freely

information criterion (BIC). We first ran the algorithm with the com-

available for download at the SIDRA IBGE database (https://

plete time series of native forest cover data (1985–2019) for each

sidra.ibge.gov.br). We collected data at the municipality scale

of the 3014 municipalities in the AF. Since the algorithm assigns a

(Table 1) related to agricultural activity, population demographics

shape to a time series regardless the magnitude of the change or

and economic development to investigate the potential drivers of

consideration of outliers, we applied a bootstrapping procedure to

forest transitions in the AF, including: (1) population density; (2)

avoid identification of spurious trajectories. For each municipality,

rural–u rban population ratio; (3) per capita GDP; and (4) agricul-

we randomly removed 5 years from the time series and reran the

tural yield. We calculated agricultural yield by dividing the total

algorithm, repeating this procedure 300 times. We then compared

Explanatory variables

Reasoning for inclusion in the analysis

Socioeconomic
Population density

Concentration of population in in urban areas decreases the
pressure on agricultural lands (Rudel et al., 2005)

Rural–urban
population ratio

Lower rural population density decreases pressure on
agricultural lands leading to abandonment of marginal and
less productive lands (Rudel et al., 2005)

Per capita GDP

Economic development leads to rural–urban migration and
agricultural mechanization, reducing the pressure on land
(Rudel et al., 2005)

Agricultural yield

Increase in productivity due to mechanization leads to
abandonment of marginal lands (Calaboni et al., 2018)

Biophysical
Average slope

Forests are more likely to regenerate on steeper slopes (Teixeira
et al., 2009)

Average elevation

Forests are more likely to regenerate on higher elevation areas
(Aide et al., 2013; Asner et al., 2009)

% Initial forest cover

Proximity to existing fragments facilitates native forest
regrowth (Schwartz et al., 2017)

TA B L E 1 Socioeconomic and
landscape variables used in the analysis,
hypothesized relationship between forest
cover change and each of the drivers, and
rationale for inclusion

|
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the results from the 300 iterations with the best fit shape using the

carbon sequestration from reforestation that occurred after 1986

complete time series (1985–2019). Municipalities in which less than

and ignored emissions due to deforestation, as our goal was to quan-

90% of the iterations matched the best fit shape using the complete

tify the carbon sequestration potential lost due to the re-clearing of

time series were classified as “low confidence.” We also used the al-

new forests. This approach analyzes the time series of yearly for-

gorithm to extract the year of inflection for every municipality clas-

est cover for each municipality in a process analogous to a stage-

sified as either deforestation reversal (vee) or reforestation reversal

structured population model (Schwartz et al., 2020). In the first

(inverse vee). Finally, we repeated this analysis using combined cover

scenario (observed carbon sequestration), change in forest cover (r)

for native forest and forest plantations. We used these results to

was calculated as:

examine the consequences of failing to distinguish between these
two land cover types for understanding forest cover dynamics and
estimating the area and carbon sequestration potential of natural
forest regeneration in the AF.

rt = ft − ft−1 if ft ≥ f0 ,
rt = 0 if ft < f0 ,

where f is the forest cover (in hectares) and f 0 is the initial forest

2.4.2 | Carbon sequestration potential

cover in 1985. This only considers reforestation and re-clearing of

To quantify the carbon sequestration implications of the re-

ber of hectares of new forests are added to the previous stage class

clearance of newly regenerated forests, we used the bookkeeping

and a negative r t is subtracted from the existing “population.” After

approach developed by Schwartz et al. (2020), which compares two

the final time step, we calculated the total observed carbon stored

scenarios: (1) the amount of carbon that would have been seques-

in second-growth forest for each municipality. We first estimated

tered by new forests without re-clearing (i.e., total carbon potential

the rate of carbon sequestration for each municipality (zonal av-

of forest regeneration) and (2) observed carbon sequestration by

erage) using values for total aboveground biomass after 20 years

new forests when accounting for re-clearing. We only considered

of forest regrowth from the study by Poorter et al. (2016). Since

forests that were emerged after 1985. When r t is positive, the num-

F I G U R E 2 Trajectories of forest cover changes in the Atlantic Forest for the two scenarios: (1) native forest cover (left); and (2) native
forest and forest plantations combined (right). Both show a prevalence of deforestation reversals between 1985 and 2019, which is
exacerbated when forest plantations are not properly distinguished from native forest

6
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regrowth in the first 20 years is approximately linear (Poorter et al.,

forest cover between 1985 and 2000 (~3.5 Mha) and 26.54% experi-

2016), we approximated annual rates of biomass accumulation as

enced net gains (~500 Kha; Appendix Figure S5). Between 2000 and

1/20th of this quantity. We then multiplied the accumulated area

2019, however, 58.4% of municipalities had net gains in forest cover

of secondary forests in hectares by the calculated aboveground

(~1.2 Mha) while 41.4% experienced net losses (~1.45 Mha). Most of

biomass values and divided the result by 2 to estimate stored car-

the states in the AF experienced net gains in forest cover between

bon, under the assumption that carbon makes up 50% of biomass

2000 and 2019 compared to the earlier period (Appendix Figure S6).

(Schwartz et al., 2020).
For the second scenario (carbon sequestration potential), r t was

Deforestation reversals, the typical forest transition curve, were
the predominant trajectory of forest cover change between 1985
and 2019, occurring across the entire AF and accounting for 38% of

calculated as follows:

the 3014 municipalities (Figure 2). Decreasing or continuous forest

rt = ft − ft−1 if ft > ft−1 and ft ≥ f0 ,

loss trends were observed in 23% of the municipalities, with a higher

rt = 0 if ft ≤ ft−1 or ft < f1 .

eastern state of Bahia (Figure 2; Appendix Figure S8). Reversals in

prevalence in the southern portions of the biome and in the northreforestation occurred in 13% of the municipalities in a clustered

No deforestation occurs under this scenario and all new forests

pattern across the biome, and were more common in the southeast,

are added to the “population” until the end of the study period. We

mainly in the state of Minas Gerais (Appendix Figure S8). Less than

then repeated the carbon sequestration analysis using the combined

1% of the municipalities experienced either a sustained increase

dataset of native forest cover and forest plantations.

(n = 14) or no change in forest cover (n = 15). The remaining 25% of
the municipalities were classified as “low confidence.” Reversals in
deforestation occurred mostly between 1990 and 1995, while rever-

2.4.3 | Drivers of forest trends

sals in reforestation trends were more common between 2010 and
2015 (Appendix Figure S9).

We used one-way ANOVA and post hoc Tukey's test to investigate

In municipalities where deforestation reversals occurred, 47.5%

the relationships between socioeconomic and landscape variables

of 1135 municipalities had net losses in forest cover relative to 1985,

and the different trajectories of native forest cover change identi-

while 52.5% had net gains. As a consequence, native forest cover

fied by the shape selection algorithm. Because we were interested

decreased by 1,703,060 ha before the trend reversed, with a subse-

in the factors that influence natural forest regeneration, we only

quent gain of 1,175,209 ha, resulting on a net loss of 527,851 ha of

conducted this analysis with the trajectories of native forest cover,

native forest cover by 2019 relative to 1985. In municipalities where

but not for the combined dataset of forest cover and plantations

reforestation reversals occurred, 62% of 400 municipalities had net

(Scenario 1). We excluded from this analysis the municipalities that

gains in forest cover relative to 1985, while 38% had net losses. In

were classified as “low confidence” after the bootstrapping proce-

these municipalities, native forest cover increased by 760,010 ha

dure and restricted the analysis to the three trends that accounted

before the trend reversed, with a subsequent loss of 575,247 ha,

for over 99% of the remaining municipalities (decreasing, defor-

resulting on a net gain of 184,763 ha of native forest cover relative

estation reversal, and reforestation reversal). Socioeconomic vari-

to 1985.

ables from different years were highly correlated (Pearson's r > .85),

Running the shape selection algorithm with the combined data-

so used values from the earliest available and reliable data for all

set of native forest cover and forest plantations increased the num-

3014 municipalities (1990 Demographic Census and 1996 National

ber of municipalities with deforestation reversal trends by 26% and

Agrarian Census) in order to reflect the conditions of each munici-

reduced the number of decreasing trajectories by 41% (Figure 2). We

pality at the beginning of our study period (Table 1).

also observed a small decrease in the number of reforestation reversal trends (Figure 2). The municipalities that changed trend and were

3
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3.1 | Patterns of change in forest cover

classified as deforestation reversals when not distinguishing native
forests from forest plantations replaced 173 municipalities with decreasing trends, 27 with reforestation reversals, and 134 municipalities with low confidence trends (Figure 2).
The analysis of net gains and losses in forest cover with the

Native forest cover in the AF is unevenly distributed and concen-

combined dataset of native and planted forests led to an underes-

trated in the south and southeast regions (~83%; Figure 1; Appendix

timation of native forest loss in municipalities with reforestation

Figure S2). We observed a steady decrease in forest cover between

reversals of 512 Kha, where native forest loss was largely compen-

1985 and 2019 (~3.28 Mha), with a slight, temporary increase be-

sated by the expansion of forest plantations (Table 2). In municipali-

tween 2004 and 2015 (~435 Kha), which was followed by a second

ties with deforestation reversals, the loss of initial forests increased

period of forest loss through 2019 (~526 Kha) Appendix Figure S3).

by 770 Kha. This was expected considering that most of the new

Forest loss in the AF decreased after 2000 (Appendix Figure S4).

deforestation trends occurred in municipalities with decreasing

We found that 73.16% of the 3014 municipalities had net losses in

trends, accentuating this initial loss. The net losses in forest cover

|
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TA B L E 2 Comparison of the net gains
and losses in forest cover in municipalities
with deforestation and reforestation
reversal trends for the two explored
scenarios of native forest and native and
planted forests combined

Deforestation reversal (vee)

7

Reforestation reversal (Invee)

Changes in forest
cover

Native forest

Native + planted
forests

Native
forest

Native + planted
forests

Initial gain/loss

−1.7 Mha

−2.47 Mha

+760 Kha

+681 Kha

Subsequent gain/
loss

+1.17 Mha

+2.39 Mha

−575 Kha

−63 Kha

Net change

−527 Kha

−77/7 Kha

+185 Kha

+628 Kha

Number of
municipalities
with net gains

539 (of 1135)

801 (of 1343)

246 (of 400)

282 (of 384)

Number of
municipalities
with net
losses

597 (of 1135)

633 (of 1343)

152 (of 400)

80 (of 364)

F I G U R E 3 Observed carbon sequestration by new forests when re-clearing is present (a), potential carbon sequestration had no
re-clearing of reforestation occurred (b), and percent potential lost due to re-clearing of reforestation (c)

in municipalities with deforestation reversals in this second scenario

have been higher, 0.89 Pg of carbon between 1985 and 2019 versus

was just 77.7 Kha from the original 527 Kha from the analysis that

the original 0.52 Pg (Figure 4). In this second scenario, the potential

only used native forest cover, emphasizing that failing to distinguish

carbon sequestration without re-clearing would have been 3.29 Pg

between these two land cover types would significantly mask native

of carbon, still with a similar proportional loss in carbon potential of

forest loss in the AF (Table 2).

reforestation (73%; Appendix Figure S10). The almost twofold difference in observed and potential carbon sequestration between

3.2 | Carbon sequestration potential

both scenarios shows that failure to distinguish between these land
cover types leads to significant overestimations of the magnitude of
carbon sequestration from forest regeneration.

Forests that were established between 1985 and 2019 had sequestered 0.52 Pg of carbon (Figure 3a) by the end of the study period.
Without re-clearing, new forests would have sequestered 1.75 Pg

3.3 | Drivers of forest cover change

of carbon (Figure 3b), which represents a loss of almost 70% of the
carbon potential of reforestation in the AF over the past 35 years

Deforestation reversals were more prevalent in municipalities

(Figure 3c). If forest plantations were not distinguished from native

with lower elevations, flatter slopes and low forest cover (Table 3;

forest cover, however, our estimates of carbon sequestration would

Appendix Figure S11). Deforestation reversals were also more

8
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F I G U R E 4 Comparison of observed carbon sequestration for native forest cover (a) and native forest and forest plantations combined (b)
and net change in planted forests between 1985 and 2019 (c). Note that municipalities with an increase in observed carbon sequestration
in scenario (b) coincide with areas of expansion of planted forests (c), leading to an overestimation of carbon sequestration of forest
regeneration when these two types of forest formation are not properly distinguished

Predictor variable

Decreasing

Deforestation
reversal

Mean elevation (m)

542.80 (±12.28)a

473.99 (±7.53)b

Mean slope (degrees)
Percent initial forest cover
Rural–urban population ratio
Agricultural yield (tons/ha)

Reforestation
reversal
625.53 (±15.39)c

10.28 (±0.16)a

8.75 (±0.15)b

11.52 (±0.25)c

a

b

30.34 (±1.09)c

1.63 (±0.11)a

0.92 (±0.04)b

1.19 (±0.07)c

a

b

12.58 (±1.06)c

39.88 (±0.81)
10.65 (±0.65)

20.74 (±0.47)
18.41 (±0.67)

Per capita GDP

5076.5 (±157.83)

5146.4 (±154.75)

5033.7 (±318.54)

Population density

186.73 (±35.77)

116.61 (±15.71)

106.82 (±20.75)

TA B L E 3 Mean and standard error
showing the differences between the
three major trajectories (decreasing,
deforestation reversal, and reforestation
reversal) for socioeconomic and landscape
variables

Note: Letters indicate significant differences between means from the ANOVA at p < .001. We did
not find significant differences for per capita GDP and population density.

common in municipalities with low rural–urban population ratios

2015 led to the recovery of almost 430 Kha in native forest cover.

(Table 3; Appendix Figure S12). Agricultural intensification was

Nearly 58% of the municipalities in the AF had net gains in forest

another important driver of forest transition, as deforestation re-

cover after the early 2000s, casting a positive outlook for the bi-

versals occurred at higher yields (Table 3; Appendix Figure S12).

ome's conservation. However, re-clearance of regenerated forests

We did not find discernible patterns or significant differences

in the region reduced carbon sequestration in regrowing forests to

between the three predominant forest trends (decreasing, defor-

roughly one third of their potential. Deforestation reversals in the

estation reversal and reforestation reversal) in per capita GDP and

region were predominant in municipalities with low forest cover, low

population density.

elevation, and flatter slopes. Municipalities with low rural–urban
population ratios and high agricultural yield were also more likely to

4
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DISCUSSION

undergo forest transitions.
Natural tropical regeneration has been increasingly recognized
as an emergent phenomenon in Latin America (Nanni et al., 2019)

Our analysis of forest cover change in the AF over the past 35 years

and our study revealed that the AF is a hotspot for forest transitions.

revealed that reversals of forest cover trajectories, either deforesta-

Deforestation reversals, the typical forest transition trajectory, was

tion or reforestation, prevailed across the biome, with a prevalence

the predominant trend in the biome, accounting for 1135 of the

of deforestation reversals. The region was on the verge of a for-

3014 municipalities, particularly in the southern and southeastern

est transition by early 2000s, as reforestation between 2004 and

portions of the biome, where local forest transition processes have
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been recently observed (Bicudo da Silva et al., 2017; Calaboni et al.,

raises questions on the long-term effectiveness of large-scale natu-

2018; de Rezende et al., 2015; Farinaci & Batistella, 2012; Ferreira

ral regeneration as a solution for climate change mitigation (Chazdon

et al., 2014; Molin et al., 2017; Silva et al., 2016). Deforestation re-

& Brancalion, 2019). Although estimates of carbon sequestration

versals played a crucial role in the recent forest recovery in the AF,

from reforestation in the Amazon can vary (Bullock & Woodcock,

as gains following the transition amounted to over 1 Mha of forest

2021), recent studies demonstrate that re-clearing of secondary for-

cover in these municipalities, largely compensating for losses since

ests in the Amazon significantly reduced the carbon sequestration

1985.

potential of these new forests in the region (Heinrich et al., 2021;

Although this scenario gives hope for the conservation of the AF,

Smith et al., 2020; Wang et al., 2020). Without permanence, sec-

our results also demonstrate that gains from reforestation might be

ondary forests remain relatively small carbon sinks (Nunes et al.,

ephemeral. Even though we observed a net gain of almost 430 Kha

2020), and the contribution of reforestation to climate mitigation

of forest cover at the biome scale between 2004 and 2015, forest

will be severely reduced (Schwartz et al., 2020; Wang et al., 2020).

loss after 2015 nearly canceled the recovery. Reforestation reversals

Re-clearance in the AF, and in the tropics in general, also has drastic

occurred in 13% of the municipalities in the AF, mainly focused in

consequences for habitat loss, landscape connectivity, and biodiver-

the southern and southeastern states, suggesting a strong influence

sity conservation (Crouzeilles, Beyer, et al., 2020). Furthermore, it

of regional and local context on land cover dynamics, as suggested

also compromises the conservation potential and quality of regen-

by Schwartz et al. (2020) for Latin America. Reversals in reforesta-

erated forests, as these are occurring in areas of low forest cover

tion have been observed in other tropical countries such as Panama,

with reduced species diversity (Banks-Leite et al., 2014; Crouzeilles,

where forest regrowth in uncultivated lands were later re-cleared

Maurenza, et al., 2020). Ensuring that regenerated forests persist

for agriculture or forest plantations (Sloan, 2016), and in Costa Rica,

over time is crucial for a sustained ecosystem services provision

where pressures from agricultural development on land increased

from landscape forest restoration.

deforestation after a period of forest recovery (Fagan et al., 2013).

Recent studies highlighted the value of the MapBiomas to map

The presence of forest plantations in municipalities with reforesta-

and quantify forest regeneration in Brazil, particularly with regard

tion reversals suggests that planted forest could also be replacing

to the ability to distinguish between native secondary forests and

native forests in these areas, as highlighted by Rosa et al. (2021).

exotic commercial forest plantations (Crouzeilles, Beyer, et al., 2020;

Although these reversals occurred in only a relatively small percent-

Nunes et al., 2020; Rosa et al., 2021; Silva Junior et al., 2020; Smith

age of the municipalities in the AF, they could become pervasive if

et al., 2020). A comparison of our results with previous studies

effective policies are not put in place to protect these new emerging

using lower resolution imagery (MODIS 250m) shows that most of

forests (Crouzeilles et al., 2019).

the reforestation previously reported in the South Region is proba-

In the tropics, both rapid deforestation and forest regrowth can

bly an artifact of the presence of new forest plantations that were

occur simultaneously (Nanni & Grau, 2014; Redo, Grau, et al., 2012),

not properly distinguished from native forests (Nanni et al., 2019).

resulting in a shifting land use dynamics where new emerging for-

Forest plantations also account for deforestation reversals observed

ests replace older forests that were cleared for agriculture (Asner

in the region by Schwartz et al. (2020), as we observed a prevalence

et al., 2009; Rosa et al., 2021; Rudel et al., 2016). Concomitant de-

of decreasing trends instead. These studies corroborate the results

forestation and reforestation have been reported for several regions

with the combined dataset of native and planted forests, where we

in Latin America (Aide et al., 2013; Clark et al., 2012), including parts

saw that most of the decreasing trends in the southern portions

of Central America (Redo, Grau, et al., 2012), northern Argentina

of the biome were replaced by deforestation reversals. The area

(Nanni & Grau, 2014), and tropical and subtropical Andes (Aide et al.,

of forest plantations (mostly Eucalyptus) almost quadrupled in the

2019). Our results showed that, despite the widespread occurrence

AF between 1985 and 2019 (Appendix Figure S13), mostly in the

of reforestation in the region, continuous deforestation remains per-

south and southeast, often at the expense of native forest cover

vasive in certain parts of the AF, especially in the South Region in

(Rosa et al., 2021; Souza et al., 2020). Most importantly, our re-

Brazil, where forest loss reached almost 2 Mha between 1985 and

sults demonstrate that failing to distinguish forest plantations from

2019, mostly driven by the expansion of plantation forestry and ag-

second-growth forests would have led to an overestimation of total

riculture in the region (Rosa et al., 2021), similar to the dynamics re-

reforested area by more than 3 Mha and substantially masked native

ported in the Argentinian portion of the AF by Izquierdo et al. (2008).

forest cover loss in some areas in the AF that were dominated by de-

Re-clearance of native secondary forests greatly limited carbon

creasing trends, highlighting the importance of using land use cover

sequestration in the AF. Our estimates of carbon sequestration in

data that can successfully differentiate native from planted forests

secondary forests for the AF (0.52 Pg C) are similar to recent es-

for accurately assessing the area and carbon sequestration potential

timates for the Brazilian Amazon (~0.33 Pg C; Nunes et al., 2020;

of forest regeneration in tropical regions. This issue is also critical

Smith et al., 2020). Without re-clearance, second-growth forests in

for biodiversity conservation since monoculture tree plantations do

the region could have sequestered over three times more carbon

not typically sustain the same levels of biodiversity as native forests

between 1985 and 2019 than the actual estimated carbon seques-

(Brockerhoff et al., 2013; Iezzi et al., 2018).

tration. The loss of almost 70% of this potential (1.23 Pg C) is compa-

Forest transitions occurred in municipalities with low eleva-

rable to the estimates of Schwartz et al. (2020) for Latin America and

tion and flatter slopes, which is contrary to previous findings of
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forest regeneration occurring predominantly at higher elevation

environmental conservation is not a priority and deforestation

and steeper slopes throughout Latin America (Aide et al., 2013,

rates are increasing nationally (Rosa et al., 2021; Souza et al., 2020).

2019; Borda-Niño et al., 2020; Crk et al., 2009; Nanni & Grau, 2014;

Moreover, forest losses and gains in the region are extremely sen-

Redo, Aide, et al., 2012, 2013), including in the AF (Calaboni et al.,

sitive to political context and election cycles (Ruggiero et al., 2021).

2018; Molin et al., 2017; Teixeira et al., 2009). However, our re-

The decline in deforestation rates and increases in reforestation

sults suggest that, in a region with a long and pervasive history of

rates in Brazil occurred in a period of relative political and economic

land cover changes, forest transitions are occurring in areas that

stability (2004–2015), and were sustained by a strong commitment

have been heavily altered by past agricultural activity, which are

to reduce deforestation, coupled with the expansion of protected

predominant at lower elevations and flatter slopes. Over the last

areas and aggressive law enforcement (Nepstad et al., 2009; Tacconi

decades, large areas of pasturelands were replaced by intensive

et al., 2019). The AF still has a vast supply of suitable land for for-

agriculture in the AF, resulting in abandonment of less productive

est regeneration (Brancalion et al., 2019; Crouzeilles, Beyer, et al.,

and marginal agricultural lands, where native forest regeneration

2020) and forest recovery we observed in the region between 2004

has taken place (Rosa et al., 2021). Native forest regeneration in

and 2015 highlights the importance of environmental policies, such

riparian buffers, protected as areas of permanent vegetation by

as the Atlantic Forest Law created in 2006, for the biome's conser-

federal legislation, was also an important factor in flatter areas, ac-

vation (Calmon et al., 2011; Rezende et al., 2018). Future policies

counting for almost 300 Kha of regenerated young forests between

should aim to not only promote forest regeneration, but also ensure

1985 and 2019 (Rosa et al., 2021). Deforestation reversals also

the conservation and permanence of existing forest, both old and

occurred in municipalities with lower percentage of forest cover

new. This approach is also paramount for Brazil to reach its national

(i.e., scarcity pathway), as predicted by the forest transition theory

and international restoration commitments, including its pledge to

(Rudel et al., 2005, 2016, 2020). To some degree, our results also

the Bonn challenge, the Atlantic Forest Restoration Pact (15 Mha by

reflect the particular geography of the AF, particularly in the south

2050), and the national Native Vegetation Recovery Plan (12 Mha by

and southeast, where the steepest topography is located in areas

2030; Crouzeilles et al., 2019).

along the coast that have not been deforested in the past and are
largely protected by a network of protected areas (Bicudo da Silva
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