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ECOLOGY

Hidden destruction of older forests threatens Brazil’s
Atlantic Forest and challenges restoration programs

Marcos R. Rosa'#, Pedro H. S. Brancalion?, Renato Crouzeilles**>, Leandro R. Tambosi®’,
Pedro R. Piffer®, Felipe E. B. Lenti®, Marcia Hirota'®, Edson Santiami’, Jean Paul Metzger’

Understanding the dynamics of native forest loss and gain is critical for biodiversity conservation and ecosystem
services, especially in regions experiencing intense forest transformations. We quantified native forest cover
dynamics on an annual basis from 1990 to 2017 in Brazil’s Atlantic Forest. Despite the relative stability of native
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forest cover during this period (~28 Mha), the ongoing loss of older native forests, mostly on flatter terrains, have
been hidden by the increasing gain of younger native forest cover, mostly on marginal lands for mechanized
agriculture. Changes in native forest cover and its spatial distribution increased forest isolation in 36.4% of the
landscapes. The clearance of older forests associated with the recut of 27% of younger forests has resulted in a
progressive rejuvenation of the native forest cover. We highlight the need to include native forest spatiotemporal
dynamics into restoration programs to better estimate their expected benefits and unexpected problems.

INTRODUCTION

More than 100 Mha of tropical and subtropical forests have been
degraded and deforested globally between 1980 and 2012 (1), mostly
by the expansion of agricultural frontiers (2). To partially revert this
trend and its negative environmental consequences, large-scale
restoration and reforestation programs have been promoted globally
(3), and many tropical regions are now experiencing a forest transi-
tion (shifts from net loss to net gain in tree cover) (4). However, the
expansion of young secondary forests in marginal agricultural lands
may hide the ongoing destruction of older forests in favorable areas
for agro-pastoral production (5), so the quality of forest cover and
its potential contribution to biodiversity conservation and ecosystem
services provisioning may ultimately decline even if restoration or
“zero deforestation” (6) targets are achieved (7, 8). Large-scale resto-
ration should be monitored not only based on the quality and
extension of the restored area but also considering the multiple
consequences of forest cover transformations on targeted environ-
mental benefits (9, 10).

Comprehensive forest restoration monitoring has to simultane-
ously map and track both forest loss and gain, distinguish native
and exotic tree covers, and consider the age of native forests, as these
factors are important determinants of biodiversity recovery and eco-
system services provisioning by restored tropical forests (11-13).
Recent improvements in satellite imaging technology and cloud data
processing have substantially increased our ability to map, quantify,
and qualify tree cover changes at global scales (14, 15), incorporating
an enormous amount of imagery information. Whereas past remote
sensing studies have mostly focused on tropical deforestation—a dis-
crete process that usually leads to an immediate loss of large forest
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patches—an emerging research challenge is to monitor native forest
recovery—a long-term continuous and highly variable process, which
occurs usually through the emergence of small patches of young
forests in heterogeneous landscapes (7). Moreover, most of the past
studies focused on changes in forest cover over continental scales have
not distinguished between native and exotic tree covers (14-16), and
when it was done, only large remnants of old-growth forests were
considered (17-20).

The MapBiomas initiative, a collaborative consortium of multiple
organizations initiated in Brazil, has produced annual land use and
land cover (LULC) time series based on 30-m-resolution Landsat
data using random forests machine learning algorithm, in which
native and exotic tree covers are differentiated and the age of native
forests is estimated (21). This novel methodological approach offers
valuable opportunities for mapping native forests’ restoration and
conservation dynamics (22, 23), which have a critical role in tracking
the progress of ambitious restoration and tree planting commitments
such as the Bonn Challenge and the 1t.org of the World Economic
Forum, as well as the upcoming United Nations’ Decade on Eco-
system Restoration (2021-2030). It also allows for a long-term,
in-depth analysis of yearly forest dynamics over large spatial scales,
not only improving our understanding of forest spatial structure in
tropical regions but also giving support for a better quantification of
restoration benefits.

Here, we quantify the large-scale, long-term native forest dynamics
in the Brazilian Atlantic Forest (24), a top priority hot spot for bio-
diversity conservation (25) and for tropical rainforest restoration (26).
To do so, we rely on the MapBiomas annual LULC maps from 1985
to 2018 and cloud processing capabilities from the Google Earth
Engine platform. We reveal that the apparent stability of native forest
cover observed in the last decades has hidden the destruction of un-
replaceable older forests. Our results indicate an alarming process
of forest cover rejuvenation and uneven spatial distribution toward
areas less attractive for mechanized agriculture, which can have
deleterious effects on biodiversity conservation and ecosystem ser-
vices. We highlight the critical need to develop policies that guarantee
the conservation of older forests and differentiate younger and older
native forest covers in the accountability of restoration and refor-
estation initiatives. Given Brazil’s pioneering policies on restoration
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and a specific law to protect Atlantic Forest remnants (27), this hidden
destruction of older forests in the region is likely to happen at an
even greater pace across the global tropics.

RESULTS

The challenges of a highly dynamic forest cover

Native forest cover within Brazil’s Atlantic Forest is nearly 28 to
30 Mha, an area that has remained relatively constant for the last
30 years (1989-2018; Fig. 1). Native forest cover (area with more
than 0.5 ha in size, vegetation taller than 5 m in height, minimum
canopy cover of 70%, and >4 years old, excluding monoculture tree
plantations, mangroves, and savannas) appears “net stable,” but this
relative stability hides a very dynamic process with detrimental
effects for both biodiversity conservation (28) and carbon stocking
in the region (29), as forest isolation increased in 36.4% of the land-
scapes (hexagonal polygons of 250 km? 5231 polygons in total)
between 1990 and 2017 (Fig. 2). When native forest cover gain and
loss are considered, about 260,000 ha of forest loss and gain are
detected each year since 2005 (Fig. 3). Older native forest cover
(existing native forest cover in the 1985 map) loss ranged from
220,000 to 80,000 ha/year between 2000 and 2015, reaching its lowest
level in 2015 (76,200 ha) (Fig. 3), whereas younger native forest cover
(native forest cover first detected from 1988 forward) is attaining
an annual rate of increase of ~156,000 ha in recent years (Fig. 3).
Total native forest cover loss has declined in the period, and a
net gain of native forest cover has been observed since 2005, which
indicates that the ongoing loss of older native forest cover has

been compensated in terms of area by the increase of younger native
forest cover.

The steep decline in the rate of older native forest cover loss may
reflect a propensity for the clearance of younger native forests (Fig. 3),
as already observed in other human-dominated tropical landscapes
(7). In regions with large continuous native forest cover, like the
Amazon, clearing young forests for agricultural use may help pro-
tect old-growth forests from deforestation (30). However, this may
not be the case in highly fragmented landscapes as those found in
the Atlantic Forest. Despite the historical and continuous decline in
the rate of older native forests loss, recent rates (~80,000 ha/year)
are still markedly high for the Atlantic Forest, which is one of the
most threatened and species-rich ecosystems worldwide (25, 31). It
has very few old-growth remnants, 90% of the remaining native forest
cover is privately owned (32), ~80% of the forest fragments are <50 ha
(32), and most of its landscapes have less than 30% native forest cover,
a critical threshold for long-term biodiversity conservation (28).
Therefore, all native forest cover is needed, and such ongoing de-
struction of younger and especially older native forests makes species
extinctions just a matter of time (33).

The spatiotemporal stability of native forest cover seems to be
directly associated with the dynamics of agro-pastoral land uses in
the region. While the area of croplands doubled and the area of
monoculture tree plantations quadrupled in the past 30 years, the
area of planted pasturelands declined by 20% (~13 Mha reduction)
(Fig. 1). As a consequence of such historical transformation, the
current area of anthropic land uses (monoculture tree plantations,
croplands, pasturelands, urban infrastructure, and mining, excluding

Land use cover changes in the Atlantic Forest
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Fig. 1. Historical changes in the main land use/cover classes in the Brazilian Atlantic Forest. Shading represents 98% confidence interval.
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Fig. 2. Landscape structure dynamics in the Brazilian Atlantic Forest. Hexagons in the maps represent 250-km? landscapes.

water reservoirs and nonforest native ecosystems) is ~75.8 Mha,
which represent an increase of ~2.2 Mha since 1985. Native forest
cover has, thus, remained almost stable in the last decade because
croplands and monoculture tree plantations have mostly expanded
over pasturelands (Fig. 1). However, the spatial distribution of
native forest cover has been directly affected by the dynamics of
agro-pastoral land uses’ expansion and retraction.

Native forest cover loss and gain are occurring in different con-
texts. The areas of native forest cover loss were recently occupied
mostly by pasturelands (36%), mosaic of agro-pastoral land uses
(26%), croplands (19%), and monoculture tree plantations (16%)
(fig. S1 and table S1). Areas of native forests that were converted to
croplands occurred on flatter terrains (average slope of 6.1°) when
compared to the other anthropic land uses (pasturelands, mosaic of
agro-pastoral land uses, and monoculture tree plantation), which
are on steeper terrains (average slope of ~10°). Native forest gain
was predominant in steeper areas (average slope of ~11.5°). It also
occurred mostly in areas that were once occupied by native forests

Rosa et al., Sci. Adv. 2021; 7 : eabc4547 20 January 2021

(39%, thus resulting in the rejuvenation of native forest cover
in these areas), in the mosaic of agro-pastoral land uses (32%), and in
pasturelands (29%). Native forest gain was much less common in
flatter areas and regions dominated by croplands/monoculture tree
plantations (table S1). The exception was on riparian buffers pro-
tected as areas of permanent vegetation by federal legislation, which
accumulated 291,000 ha of younger native forest cover in the period
(table S2). Consequently, the recent expansion of croplands and
monoculture tree plantations in the Atlantic Forest has directly pushed
deforestation on flatter areas. The predominant crops grown in the
Atlantic Forest—sugarcane (~5.2 Mha), eucalyptus (~5.8 Mha), and
soybean, maize, and coffee (~14.4 Mha all together)—are agricultural
commodities produced in highly intensive and mechanized systems
that rely mainly on flatter terrains, and their recent expansion over
pasturelands may have displaced some cattle ranching activities to
steeper areas, indirectly contributing to deforestation. On a broader
scale, this pattern results in an uneven distribution of areas where
persistent forest loss predominates compared to those where forest
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Fig. 3. Historical annual native forest loss and gain in the Brazilian Atlantic Forest.

gain prevails (Fig. 2) and ultimately has promoted the concentration
of native forests in marginal areas unsuited for intensive agriculture
and forestry.

The rejuvenation of native forest cover and its consequences
for conservation and restoration

The ongoing reduction of older native forest cover and the con-
tinuous increase of younger native forest cover are critical pro-
cesses for biodiversity conservation (34) and have resulted in
the reduction of the average age of the native forest cover in the
Atlantic Forest. Presently, nearly 11% of the Atlantic Forest cover
is <20 years old, and approximately one-third of the existing younger
native forest cover is <10 years old (Fig. 3). This regional shift in
the age structure of forests has intensified with time and at a rela-
tively linear rate of 0.6% per year in the last two decades (Fig. 4).
It represents a critical setback for biodiversity conservation and
ecosystem services provisioning in the biome. Old-growth forests
are irreplaceable for conserving tropical biodiversity, as many
animal, plant, and microorganism species are unable to recolonize
secondary forests and rely on older, less altered, more structurally
developed, and biodiverse habitats to persist in human-modified
landscapes (35, 36). Although tree species richness of young regen-
erating forests may reach nearly 80% of old-growth forest levels
within 20 years (12, 13), the full recovery of tree species composi-
tion may take centuries or may never be reached (37). The same
holds for ecosystem services, which may rely on well-developed,
structurally complex forests to be maximized (8, 38). Limited ex-
pectation regarding the potential for restoration to recover pre-
disturbance levels of ecosystem services and mitigate losses of
old-growth forest biodiversity has been confirmed by global meta-
analyses (36, 39, 40). We acknowledge, however, that our class
“older native forest cover” is not totally composed of old-growth
forests, as an important, yet unknown, portion of it can be poten-
tially represented by native forest cover <35 years old, which regen-
erated few years before the first available Landsat image in 1985 used
in the present analysis.
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Implications for large-scale restoration

There are many forest restoration commitments pledged for the
Atlantic Forest in the coming years, including the one made by the
Atlantic Forest Restoration Pact (15 Mha by 2050) and others at
the national level that include part of this biome, like Brazil’s National
Determined Contribution to the Paris Climate Agreement and the
National Native Vegetation Recovery Plan (12 Mha by 2030). If the
mean rate of native forest cover gain in the last decade remains con-
stant and all recut of younger native forests ceases immediately,
4.2 Mha of native forests would be recovered by 2030 in the Atlantic
Forest alone, which represent 35% of Brazil’s overarching commit-
ment in a region that covers only 13% of its national territory. How-
ever, if the clearance of younger native forests continues at current
rates, only 2.3 Mha of native forests would be recovered by 2030
(20% of the national commitment). If older forest cover loss is
simultaneously considered at its current rate with younger forest
loss, then only 0.49 Mha of additional native forest cover would be
expected by 2030 (4.1% of the aforementioned national commitment).
If the impacts of this ongoing destruction of both younger and older
forests are considered on the quality, age, and spatial structure of
native forest cover, then a net increase of a few million hectares in
forest cover may result in negligible restoration benefits or even in
a net decrease in species conservation and ecosystem services.

DISCUSSION

The consequences of the observed forest dynamics for biodiversity
and ecosystem services can be drastic, including the increase of
habitat isolation (Fig. 2), the destruction of habitats, and the loss of
endemic species that occur exclusively in areas that are more suit-
able for agriculture (35), as well as the reduction of agricultural
yields by losses in ecosystem services (41-43). Although agriculture
intensification has spared lands for restoration, it also promotes the
direct and indirect destruction of older forests with potentially high
conservation value, thus having an ultimate net negative impact
for biodiversity.
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Fig. 4. Forest cover dynamics and forest age pattern in the Brazilian Atlantic Forest. Dashed lines represent estimates in which older and younger native forest

cover loss are summed up to total native forest cover.

Just as reductions in infant mortality have boosted average
human life expectancy, avoiding the clearance of younger native
forests may increase the average age of the Atlantic Forest cover
(Fig. 4). Younger native forests are recut for many reasons, such
as to support a shifting cultivation system, to demonstrate land
ownership, and to prevent regenerating forests to become developed
enough to be legally protected. Because of the low persistence of the
younger native forest cover in the Atlantic Forest (27% of them were
cleared before 2019), as already observed in the Amazon (30) and
Costa Rica (7), there is a huge potential to increase native forest cover
by avoiding clearance of young forests through legal enforcement
and economic incentives, like supply chain interventions and certi-
fication (44). Recent studies have highlighted the role of assisted
natural regeneration to upscale forest restoration (45, 46), and some
others have developed predictive models to identify areas with
potential for natural forest regrowth (47, 48). Here, we also show
that protecting younger native forests, as well as older native forests,
is a critical step to ensure large-scale, long-lasting forest restoration.
In this vein, we highlight the importance of clarifying which bio-
physical, ecological, socio-economic, and political factors influence
the persistence of younger native forests, as well as which command-
and-control mechanisms and economic incentives would best pre-
vent native forest clearance.

Nearly 200 Mha of forest restoration commitments were pledged
by more than 60 national and subnational programs as part of the
Bonn Challenge, most of them located in tropical developing countries
(3). The hidden loss of older native forest cover during the imple-
mentation of restoration programs across the global tropics can be
even worse than what we observed in the Atlantic Forest, as Brazil is
(or at least, was) globally recognized by its successful policies and
tools to reduce deforestation (49). Brazil has a considerably strict
legislation to protect forests and mandate forest recovery on private
lands (27). In addition, the Atlantic Forest has specific legislations
to protect all forest patches of intermediate and late-successional
stages (>10 years old) from deforestation. Such legal protections,
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alongside the economic development of several regions within this
biome, have promoted forest transitions regionally [e.g., (50-52)],
but these favorable conditions are hardly found in other tropical
developing countries.

The most favorable areas for restoring tropical rainforests in the
world coincide with those with higher conservation priorities (26),
which reinforce the need to favor forest restoration with native spe-
cies (11) and the implementation of forest protection interventions
as part of restoration programs (53). We here demonstrate how native
and exotic tree covers can be differentiated, native forest cover can
be classified according to age, and the impacts of native forest cover
dynamics on habitat isolation can be assessed, which are crucial
elements for the accountability of the several ambitious forest resto-
ration programs planned for the next decade. Our findings highlight
the opportunity to promote environmental policies to reconcile the
conservation of older native forests with the protection of younger
ones (i.e., limiting recut rates). Such measures would ultimately con-
tribute to mitigate the ongoing perverse rejuvenation and spatial
displacement of native forests in agricultural landscapes, which can
be particularly harmful for some of the most biodiverse and carbon-
rich ecosystems on Earth.

MATERIALS AND METHODS

Study region

The Brazilian Atlantic Forest region is one of the most emblematic
of the global hot spots for conservation priorities (25) and resto-
ration opportunities (26). The region has a long history of land use
changes and widespread deforestation, as the original forest cover
has been drastically reduced (54). Recent urbanization and agricul-
tural development have resulted in highly fragmented landscapes
such that more than 80% of the remnant forest are composed of
patches <50 ha (32, 52). Previous studies estimated that 12 to 16% of
the original 129 Mha of native forest cover remains in the biome
(31, 55). These estimates, however, only included forest patches >3 ha.
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A more recent analysis based on 5-m-resolution imagery showed
that native vegetation in 2013 was 28% (56). Global (15), regional
(57), and local studies (51, 58, 59) have shown a consistent increase
in forest cover across the region in recent decades, yet at the regional
scale, the dynamics of native forest loss and gain are still unknown.
The Brazilian Atlantic Forest represents a valuable case for exploring
the interactions between forest loss and gain and their consequences
in a region with ambitious restoration commitments, urgent needs
to prevent species extinctions, and high demand of ecosystem
services (26).

Data used

We used the LULC data from the fifth collection of MapBiomas, a
Brazilian Annual Land Use and Land Cover Mapping Project
(MapBiomas Collection 5). This dataset reconstructs annual LULC
information at 30-m spatial resolution from 1985 to 2019 for every
Brazilian biome, based on random forest algorithm (60) applied to
Landsat archive using Google Earth Engine (21). In the highly
dynamic Atlantic Forest, the MapBiomas initiative arises as an un-
precedented tool for understanding forest dynamics using medium-
resolution remote sensing data with detailed land use classification.
Consistent monitoring of forest dynamics in the region was not
possible until the creation of the MapBiomas project. The MapBiomas
analyses of accuracy were performed using the method described by
Pontius and Millones (61), which indicated a global accuracy of
85.5% for the Atlantic Forest in the most detailed legend, with an
allocation disagreement of 7.8% and an area disagreement of 6.5%
(table S3) with consistent accuracy for the entire time series (fig. S2).
The population bias from more than 12,000 reference points was
used to estimate the unbiased land cover area for each class accord-
ing to good practice guidance (table S3) (62, 63).

Data preparation

The legend of annual LULC maps was simplified as binary “native
forests” (natural forest formation) and “anthropic” (corresponding to
monoculture tree plantations, croplands, pasturelands, urban infra-
structure and mining). Other classes were not considered in the
present analysis [savanna formation, mangrove, nonforest natural
formation (including all subclasses), beach and dune, and water
(including all subclasses)]. A postclassification temporal filter based
on a moving window (fig. S4) was applied in simplified maps to reduce
uncertainty and year-to-year fluctuations in native forest loss and gain
(4). Native forest loss and gain with less than 11 connected pixels (ap-
proximately 1 ha) in the accumulated forest gain and forest loss
across the entire time series were considered scattered and exclud-
ed from the present analysis.

Additional analysis with native forest loss and gain

To evaluate the percentage of native forest gain that was formerly
attributed to pasturelands or croplands, we used the LULC map
from 1990. To evaluate the percentage of native forest loss and
recent LULC, we used the map from 2017. We also calculated the
mean value of the slope for each LULC in younger forest and forest
loss areas using Shuttle Radar Topography Mission Digital Elevation
Data 30 m (64) as reference. Brazil’s environmental legislation pro-
tects a minimum of 30 m of riparian areas along both sides of rivers
and streams, the so-called permanent protected areas (PPAs) (27).
The distance is based on the river width and may reach a maximum
of 500 m. The map of riparian PPAs for the entire Atlantic Forest
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based on high-resolution RapidEye imagery (56) was used as refer-
ence in our analysis to quantify the LULC in these areas from the
MapBiomas Collection 5 in 1990 and 2015.

Accuracy assessment

MapBiomas LULC accuracy assessment was produced using more
than 12,000 random points distributed throughout the Atlantic Forest
(62). The points were inspected by an independent team in dry/wet
period using a set of Landsat images together with Google Earth im-
agery with the Temporal Visual Inspection tool (tvilapig.iesa.ufg.br).
Three different interpreters inspected each point, and we applied the
same legend simplification used in annual maps (63). The LULC maps
for Atlantic Forest produced by the MapBiomas have a global accu-
racy that varies according to the level of detail of the legend (table S3)
(65, 66). MapBiomas LULC maps from 1985 to 2019 (35 maps) were
reclassified into binary maps. We assigned the value “1” for all pixels
in the forest formation class of the MapBiomas product (legend ID: 3)
and “0” for the “anthropic” LULC classes including monoculture
tree plantations, croplands, pasturelands, urban infrastructure, and
mining (legend ID: 9, 14, 24, and 30). Transition with other classes
like savanna and water were excluded from our analyses (legend ID:
4, 5, 10, 23, and 25). This binary map has a consistent time-series
global accuracy with a mean value for all years of 93.8% with a min-
imum value of 91.2% in 1985 (fig. S5). The separation of tree cover
into “native forest” and “monoculture tree plantations” is present in
MapBiomas original maps (21) and is consistent throughout the time
series with a global accuracy mean value for all years of 96.0% and a
minimum value of 94.3% in 2012 (fig. S6). Forest gain and loss have
consistent results with the Global Forest Change products (15) when
filtering canopy closure greater than 70% and removing monoculture
tree plantations (fig. S7). Mapping forest cover based on Landsat
imagery and monitoring forest loss and gain using supervised clas-
sification are a consolidated and well-accepted methodology for
regional scale studies. Our results reported for the whole Brazilian
Atlantic Forest are consistent with previous studies that identified
similar forest dynamics for specific regions of the biome (50, 58).
The reported accuracy for detection of changes in forest cover based
on Landsat guided by specialists varies between 75 and 91% (67, 68).
We created 350 random points in native forest loss and gain and
used visual inspection on annual Landsat images from 1985 to 2018
to verify whether they are correctly mapped. Of 350 random points,
289 (83%) are correctly mapped in native forest loss and 257 (73%)
are correctly mapped in native forest gain.

Regional analysis of forest and landscape dynamics

Regional maps of forest and landscape dynamics were produced by
calculating the difference in native forest cover and landscape metrics
from 1990 and 2017 within hexagons of 250 km” in Fragstats 4.2.1
(69). The analysis allowed quantifying the forest loss and gain and
forest isolation (mean distance to the nearest neighbor) for each
landscape across the whole Atlantic Forest (4). We considered re-
gions that presented a native forest cover variation <3% of landscape
area as stable regions. To evaluate changes in forest isolation, we
considered only hexagons with forest cover >0.01% in 1995 and in
2017. Hexagon isolation change <1% was considered as stable.

Future dynamics
Future forest dynamics were calculated by using the average value
for the younger native forest cover gain (155,000 ha/year), younger
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native forest cover loss (129,000 ha/year), and older native forest
cover loss (122,000 ha/year) between 2006 and 2015. These values
were multiplied by 15 years to predict forest dynamics for 2030 and
compare with Brazil’s 12-Mha restoration goals established in the
National Plan for Native Vegetation Recovery (70).

Limitations

The threshold of 1 ha was applied to sum native forest gain and loss
in the period. This threshold could limit the ability to identify the
gain and loss of small patches of native forests, but it is necessary
considering the use of Landsat images with 30-m spatial resolution.
Considering that our time-series data start in 1985, it is not possible
either to identify the forests that regenerated in the Atlantic Forest
right before this date. Therefore, part of the forests lost in the begin-
ning of our time series and classified as “older native forest cover
loss” could be composed of young native forests. We analyzed
the reduction of older native forest cover after 2000 to reduce
this uncertainty.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/4/eabc4547/DC1
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