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Email: markus.gastauer@itv.org 1. The environmental benefits and lower implementation costs of (assisted) natural
Funding information forest regrowth (NFR) compared to tree planting qualify it as a viable strategy to
Fundacao de Amparo a Pesquisa do Estado scale up forest restoration. However, NFR is not suitable in all places, because the
de Sdo Paulo, Grant/Award Number: . . ) .

2013/50718-5 and 2016/17680-2 potential for forest regeneration depends on the socio-environmental context and

differs greatly over space and time. Therefore, it is critical to quantify the potential

Handling Editor: Ainhoa Magrach contribution of NFR for reaching forest restoration targets and complying with
environmental policies.

2. Here, we quantify the socio-environmental consequences of NFR by considering
four targets differing in restored area in the Atlantic Forest (6, 8, 15 and 22 Mha).
We quantified the compliance with environmental policies, expected distribution
of natural and restored vegetation within the biome and social fairness (distribu-
tion of restoration efforts and costs within small, medium and large-sized proper-
ties) of two hypothetical forest restoration scenarios.

3. We show that large-scale forest restoration prioritizing the areas with the highest
potential for NFR (Scenario 1) allows us to comply with one-third of the current
environmental debt in the Atlantic Forest. Furthermore, this scenario dispropor-
tionately burdens specific types of land use, increases socioeconomic inequalities
and concentrates restoration activities in regions in which the natural vegetation
cover is already high.

4. By contrast, Scenario ll—eradicating the environmental debt that results from envi-
ronmental policies, then prioritizing areas with the lowest overall restoration costs
until reaching the restoration targets—is socially fairer and maximizes compliance with
environmental policies. Its outcomes are more homogeneously distributed among
counties and small, medium and large-sized properties from the Brazilian Atlantic
Forest. Despite doubling the implementation costs, the lower overall restoration costs

in Scenario Il result from significantly lower opportunity costs than in Scenario I.
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1 | INTRODUCTION

Tropical forest restoration is considered a promising strategy to re-
duce existing social inequalities (Ota et al., 2020), mitigate climate
change (Besseau et al., 2018) and protect biodiversity more effec-
tively (Brancalion, Meli, et al., 2019; Molin et al., 2018). To achieve
these multiple benefits, ambitious restoration targets were set for
Brazil (MMA, 2018; WRI, 2019). However, the high costs associated
with tree planting are major hurdles for large-scale forest resto-
ration (Gastauer et al., 2020; Nunes, Gastauer, et al., 2020; Saraiva
et al., 2020). A cheaper alternative is natural forest regrowth (NFR),
that is, the growth of trees that develop from seeds that fall and
germinate in situ following the removal of the degrading agents
(Brancalion et al., 2020; Nunes et al., 2017), which can achieve sim-
ilar or even better results than active restoration regarding carbon
sequestration and biodiversity benefits (Crouzeilles et al., 2017; Meli
et al., 2017). Assistance from nucleation techniques or enrichment
plantings may further facilitate and enhance shrub and tree estab-
lishment in areas under restoration and accelerate NFR (Boanares
& Azevedo, 2014). Therefore, (assisted) NFR has increasingly been
considered a more viable restoration strategy to upscale forest res-
toration (Crouzeilles et al., 2020; Strassburg et al., 2019).

The success of (assisted) NFR, however, depends on the envi-
ronmental, social, economic and political context (hereafter socio-
environmental context; Chazdon, 2014; Crouzeilles et al., 2020).
The environmental context affects the spontaneous arrival of plant
propagules and their successful establishment and may favour, delay
or even impair the recovery of biodiversity and the vegetation struc-
ture (de Lima et al., 2020; Freitas et al., 2019; Holl et al., 2017). The
socioeconomic context determines where NFR is allowed to occur
and persist (Chazdon & Guariguata, 2016; Reid et al., 2019). Lastly,
the least studied topic is related to the political context, which can
either stimulate or prevent NFR (Chazdon et al., 2020). NFR is thus
not equally suitable at all sites, and the potential of forests to regen-
erate differs greatly over space and time.

The Brazilian Law on the Protection of Native Vegetation (LPVN
in Portuguese acronym; N° 12.651/2012) aims to protect eco-

logically sensitive areas (areas of permanent preservation; APP in

5. Synthesis and application. The environmental, social and economic outputs of large-
scale forest restoration in the Atlantic Forest can be maximized when NFR and
tree planting are balanced (Scenario Il). To achieve compliance with forest resto-
ration commitments, we thus advocate for the site-specific selection of the best
forest restoration strategy to guarantee social fairness and compliance with envi-

ronmental policies at minimum overall restoration costs.

areas of permanent preservation, environmental debt, implementation costs, land tenure,

legal reserves, opportunity costs, smallholders

Portuguese), such as buffer zones around water bodies, steep slopes
and mountaintops. The law also aims to allocate a specific area within
private properties (legal reserves; RL in Portuguese) to conserve bio-
diversity and provide ecosystem services (Alves et al., 2020; Oliveira
et al., 2017). APPs or RLs not covered by natural vegetation consti-
tute an environmental debt and require restoration or offsets, and
the environmental surplus, that is, the area covered by natural or
restored ecosystems exceeding the legal thresholds, may be legally
deforested or used for offsets (Azevedo et al., 2017). Concerns have
arisen that despite its lower implementation costs, NFR may not be
suitable for reducing current environmental debt, because the socio-
environmental context in counties or regions with elevated environ-
mental debt may delay or impair NFR.

A recent study developed a spatially explicit predictive model
and found c. 22 Mha of degraded lands with potential for NFR in the
Brazilian Atlantic Forest hotspot (Crouzeilles et al., 2020). According
to this study, the potential for NFR depends principally on the dis-
tance to the closest forest remnant. This finding increases concerns
regarding the restoration of the current environmental debt in the
biome because degraded APPs and RLs from regions with reduced
forest cover may not regrow naturally. Furthermore, counties with
a lower remaining forest cover, for example, that of the corn, soy or
sugarcane heartlands (Rezende et al., 2018), are expected to have
a lower potential for NFR than regions with a higher remnant for-
est cover, which are dominated by less productive types of land use.
Consequently, a large-scale forest restoration focusing solely on
NFR may disproportionally transfer the costs associated with forest
restoration to specific types of land uses (Salvini et al., 2018) that are
less targeted by the powerful Agribusiness Parliamentary Front in
the Brazilian congress (Fearnside, 2016). Lastly, if smaller rural prop-
erties have a higher potential for NFR, smallholders may be dispro-
portionally burdened in such a scenario.

The aim of this article is to examine the socio-environmental
consequences of NFR in the Brazilian Atlantic Forest. To this end,
we quantified the potential for NFR within (a) the current legal en-
vironmental debt according to the LPVN; (b) distinct types of agri-
cultural land use (considered as areas available for restoration) and

(c) different land tenure classes (public lands, small, medium and
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large-sized properties). Then, we defined two distinct scenarios for
scaling up forest restoration activities, considering four targets dif-
fering across restored area in the Atlantic Forest (see Methods for
details). Scenario | aimed to prioritize only the areas with the highest
potential for NFR for reaching the restoration targets. Scenario Il
aimed to eradicate environmental debts by balancing NFR with tree
planting, starting with the environmental debts of lowest overall
restoration costs (implementation and opportunity costs). For res-
toration targets exceeding the current environmental debt in the
Atlantic Forest, further areas were selected according to the low-
est overall restoration costs. To compare both scenarios, we quan-
tified (d) environmental performance as compliance with the LPNV,
(e) the expected distribution of natural or restored vegetation cover
throughout the biome as well as (f) social fairness (distribution of
restoration efforts and costs among small, medium and large-sized

properties) of both restoration scenarios across restoration targets.

2 | MATERIALS AND METHODS
2.1 | Study site and forest restoration targets

The Brazilian Atlantic Forest is a global conservation and restora-
tion hotspot (Brancalion, Niamir, et al., 2019). It covers the Brazilian
coast from the state of Rio Grande do Norte in the northeast to the
state of Rio Grande do Sul in the south (Law N° 11.428/2006). A
long history of land-use changes due to urbanization and agricultural
development has resulted in widespread deforestation and frag-
mentation, leading to a dramatic reduction in forest cover (Ribeiro
et al., 2009). According to a recent estimate, 28% of the original for-
est cover remains, but the percentage of natural vegetation differs
among regions (Lira et al., 2012; Rezende et al., 2018). The largest
remnants of natural vegetation are found in the coastal mountain
ridges from Southeast, including Bahia state, as well as in the north-
erninland area. Sugarcane and soy prevail among the agricultural ac-
tivities in the western parts of Rio Grande do Sul, Parana, Sao Paulo
and Minas states, while pastures dominate land use in the northern
part of the Atlantic Forest (Figure 1).

Although the cover from natural (forest) vegetation has tended
to increase in recent decades (Costa et al., 2017; Hansen et al., 2013;
Rosa et al., 2021), ambitious restoration targets for the coming de-
cades have been formulated for the Brazilian Atlantic Forest. A re-
cent but rough estimate identified 6 Mha of environmental debts
within the Atlantic Forest (Soares-Filho et al., 2014). With our cur-
rent database, which is more robust and accounts for more speci-
ficity within the LPVN, we detected a slightly higher environmental
debt in the Atlantic Forest (c. 8 Mha; see below). The Atlantic Forest
Restoration Pact, a bottom-up, non-governmental movement in-
volving more than 300 organizations and private corporations, aims
to restore 15 Mha of degraded and deforested lands by 2050 within
the biome (www.pactomataatlantica.org.br). Crouzeilles et al. (2020)
developed further forest restoration targets based on the potential

for NFR and opportunity costs. In a ‘maximum potential’ scenario,

they assumed that all areas with potential for NFR could be restored
(c. 22 Mha), independent of the associated opportunity costs.

2.2 | Data sources and processing

For our analysis, we used freely available data sources about cur-
rent land use and land cover (‘MapBiomas’, www.mapbiomas.org;
Souza et al., 2020) and land tenure information (Freitas et al., 2018;
Sparovek et al., 2019, see Appendix S1 for details). To build an APP
raster, we separately mapped (a) the buffer zones of hydrological
components such as rivers, springs and lakes; (b) areas with slopes
larger than 45°; (c) areas above 1,800 m a.s.l.; and (d) mountaintops
(Appendix S2).

The potential for NFR as well as the forest restoration opportu-
nity costs was derived from Crouzeilles et al. (2020). They developed
a probabilistic, spatially explicit model with a 30 m resolution, which
accounted for the NFR that occurred between 1996 and 2015, and
they used socioeconomic and environmental variables to predict the
potential for NFR over the next 20 years (the model accuracy is c.
80%). We considered (assisted) NFR as a feasible restoration strat-
egy for all agricultural land types with a potential for NFR > 50%.

Restoration costs were estimated for each pixel from current
land use (annual opportunity costs) and the potential for NFR (im-
plementation costs; Crouzeilles et al., 2020). Transaction costs
were not addressed. Based on county-wide gross values for cattle
breeding and the primary agricultural crops divided by the area of
specific land-use type within the county, the annual opportunity
costs were computed separately for pasture and agricultural areas
(Appendix S3).

Forest restoration implementation costs were estimated as (100
- potential for NFR in %) x US$ 5,482, where US$ 5,482 represents
the cost of tree planting per hectare in the Atlantic Forest (Benini &
Adeodato, 2017) and does not include further transaction costs. If
an area has 100% potential for NFR, the implementation cost is O.
By contrast, if an area has 0% potential for NFR, the implementation
cost is equal to the cost of tree planting. Because the aim is to en-
gage in forest restoration activities within the next two decades, we
divided the absolute implementation costs (for each pixel) by 20 to
achieve an annual value that can be summed with the annual oppor-
tunity costs to obtain the overall restoration costs.

To quantify the potential for NFR within distinct types of land
use, the environmental debt (APPs and RLs) and different land tenure
classes, we performed a pixel-wise analysis (30 m resolution). For that
purpose, all the shapes were converted to rasters. To outline the en-
vironmental debt and eventual environmental surpluses, we used the
APP raster and related it to the current land cover for all land tenure
classes except medium-sized and large rural properties; the latter were
analysed separately to check the amount of environmental debt in RLs
within each property (20% of the total area of medium-sized and large
properties according to LPNV). To optimize the outcomes, we selected
areas for RL restoration with the lowest overall restoration costs but

ignored the legal possibilities to offset RLs.
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FIGURE 1 Currentland use and average forest restoration opportunity costs in the Brazilian Atlantic Forest. The data regarding current
land use are from the MapBiomas project, and the opportunity costs were retrieved from Crouzeilles et al. (2020, see method section)

To connect information available from distinct rasters, we used
Raster Calculator from QGIS to build synthetic rasters. From that
product, we built frequency tables using the ‘freq’ function from
the rasTer package in R Environment v. 4.0.2 (R Development Core
Team, 2018).

2.3 | Restoration scenarios

We compared two distinct large-scale forest restoration scenarios
at the same pixel level. For Scenario |, we presupposed that restora-
tion starts in areas with only the highest potential for NFR for reach-
ing each specific forest restoration target. That is, the maximum
forest restoration target (22 Mha) hypothetically restores all the
areas with high potential for NFR (>50%; Crouzeilles et al., 2020).
For Scenario Il, we assumed that the decrease of the environmental
debt (APPs and RLs) is prioritized, starting with the restoration of

areas with the lowest overall restoration costs (implementation and
opportunity costs) inside the APPs, followed by RLs, until reaching
specific forest restoration targets. For restoration targets exceed-
ing the environmental debt in the Atlantic Forest (8 Mha), further
areas were selected according to the lowest overall restoration
costs.

We computed the compliance with the LPNV, county-wide per-
centage of natural and restored vegetation cover and social fairness
for each target in both scenarios. Compliance with LPNV is defined
as the percentage of restored environmental debts (APP and RL).
Regarding the county-level vegetation cover, a 30% threshold value
is considered necessary for the persistence of different taxonomic
groups in the biome (Banks-Leite et al., 2014; Lima & Mariano-Neto,
2014). We quantified the number of counties with <10%, 20%, 30%
or 50% natural or restored vegetation cover for all outcomes (four
targets from both scenarios). Social fairness is measured as the pro-

portional distribution of restoration activities (in percent of property
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size) and opportunity costs (in US$ per land unit remaining for agri-
cultural purposes).

3 | RESULTS

3.1 | Distribution of NFR potential in the Atlantic
Forest

We mapped 15.63 Mha of APPs in the Brazilian Atlantic Forest
(11.27% of the entire study area). Of that area, 6.97 Mha are not cov-
ered by natural vegetation. Medium-sized and large rural properties
cover 49.36 Mha; the RLs in these medium and large rural proper-
ties add up to 5.28 Mha, with 1.33 Mha representing environmental
debts according to the LPVN. Together with the APPs from all the
land tenure classes, the absolute environmental debt in the Atlantic
Forest is thus estimated to be 8.31 Mha, which is not uniformly
distributed within the study area (Figure 2). In total, 37.92% of the
current environmental debt in APPs and RLs (3.10 Mha) has an NFR
potential of higher than 50% (Figure 3a).

The relative environmental debt is higher in private rural proper-
ties than in public lands, and small rural properties and areas without
land tenure information show higher environmental debts compared
to other land tenure categories (Table 1). The environmental surplus
surpasses the environmental debt in all classes and is proportion-
ally higher in public areas and areas without land tenure information
than in large, medium-sized or small rural properties (Table 1).

The potential for NFR is not proportionally distributed among
the different land-use classes. Sugarcane shows the lowest propor-
tional potential for NFR, and the potential for NFR is highest in the
land-use categories of Mosaic of Agriculture and Pasture, Other
Temporary Crops and Pasture (Figure 3b). The current land use dif-
fers among land tenure classes (Appendix S4), and the percentage of
areas available for restoration is lowest for public lands and highest
for small properties. Areas without land tenure information and large
rural properties are in intermediate positions, and the potential for
NFR is highest for small rural properties (Figure 3c).

3.2 | Comparison of different restoration scenarios

Exclusive NFR to scale up forest restoration in the Brazilian Atlantic
Forest (Scenario 1) will disproportionately burden extensive types
of land use and small rural properties, independent of the forest
restoration target (Figure 4a), and it will result in higher annual op-
portunity costs per future unit of arable land for small rural prop-
erties than for medium-sized or large properties (Figure 4b). The
environmental debts in APPs and RLs will be solved only partially
by NFR (Figure 4c,d) and remain unrestored in some regions from
the Atlantic Forest, while vegetation cover in areas with a high per-
centage of remnant forests will increase further (Figure 5). More
than 15% of all counties will not reach a natural or restored vegeta-

tion cover of 20% in this scenario (Figure 5, embedded box). Annual

opportunity costs for the restoration of all areas with NFR potentials
larger than 50% are estimated to be US$76,677 Bi/year, and annual
implementation costs are estimated to be US$ 2,375 Bi (Figure 6).

By contrast, Scenario Il will distribute restoration efforts more
fairly between different land tenure classes. Although the relative
restoration efforts are still greater for small rural properties than
for medium or large ones (Figure 4e), the opportunity and imple-
mentation costs per future unit of arable land are more homoge-
neously distributed among small, medium and large-sized properties
(Figure 4f). Degraded APPs and RLs from all counties will be restored
(Figure 4g,h), distributing future natural or restored vegetation cover
more homogeneously among counties, reducing the number of
counties with low (<20%) and very low (<10%) natural or restored
vegetation cover compared to Scenario | (Figure 5). As expected,
the annual implementation costs are higher for Scenario Il than for
Scenario | (Figure 6), but the contribution of NFR is still significant
in Scenario Il, because up to 6.68 Mha (in the 22 Mha restoration
target) may regrow naturally. Contrary to the implementation costs,
the opportunity costs are significantly lower in Scenario Il than in
Scenario |, resulting in overall lower restoration costs for Scenario
Il (Figure 6).

4 | DISCUSSION

4.1 | NFR potential is concentrated in marginal
types of land use and small properties and does not
target complete environmental debts

Our analysis confirmed that the potential for NFR is not homoge-
neously distributed among different types of land use and differ-
ent land tenure classes in the Atlantic Forest. Thus, the exclusive
restoration of areas with a high potential for NFR to achieve forest
restoration targets for the Atlantic Forest disproportionally burdens
some types of land uses and small rural properties, reducing the en-
vironmental responsibility of medium-sized and large rural proper-
ties. Only one-third of the current environmental debts have a NFR
potential greater than 50%, so (assisted) NFR may be unable to re-
store large parts of the current environmental debt in the Brazilian
Atlantic Forest.

Our data show that the NFR potential is highest for the land-
use types Mosaic of Agriculture and Pasture and Other Temporary
Crops, while soy or sugarcane show the lowest values. Within the
Mosaic of Agriculture and Pasture and the Other Temporary Crops
land use category, the pixels for different types of land uses without
specific spectral signatures are pooled (Souza et al., 2020). Both cat-
egories are frequently associated with marginal areas comprising lit-
tle mechanized household agriculture for subsistence and extensive
cattle ranching on less fertile, steeper slopes that reduce the pos-
sibility for mechanization (Almeida et al., 2016; Neves et al., 2020).
The higher potential for NFR on this type of land use thus confirms
our expectations that the NFR potential is higher in areas that are

less targeted by the agribusiness lobby.
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FIGURE 2 Per county relative environmental debt in areas of permanent preservation (APPs) in the Brazilian Atlantic Forest
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FIGURE 3 Relative potential for
natural forest regrowth of different
types of land use (a), environmental
deficits (APPs and RLs, b) and different
land tenure classes (c) in the Brazilian
Atlantic Forest. APP, areas of permanent
preservation. *Includes transportation
network and water bodies, as defined by
Freitas et al. (2018) and Sparovek et al.
(2019)

(a) Areas protected by LPNV (APPs and RLs)
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(c) Land tenure classes
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Urban areas*

Public areas

Small properties (<4 FM)
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Compared to overall property size, small rural properties possess
a higher potential for NFR compared to medium-sized and large rural
properties. Interestingly, the relative amount of area restorable by
(assisted) NFR is not correlated to the relative cover of native veg-
etation within different land tenure categories, because large rural
properties have a proportionally higher cover of remnant native veg-
etation, confirming previous studies (Stefanes et al., 2018). Instead, a
higher potential for NFR results from a lower percentage of sugarcane
(the maintenance of sugarcane mills requires large rural properties to
guarantee the constant supply of raw material) and a proportionally
higher amount of Mosaic of Agriculture and Pasture. Consequently,
restoration efforts focusing exclusively on NFR demand proportion-
ally larger areas to be restored on smaller properties, including house-
hold agriculture systems, indicating that large agribusiness companies
may not be the primary drivers of compliance with forest restoration

commitments in this forest restoration scenario.
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Furthermore, we mapped an overall environmental debt of
6.97 Mha in APPs and an additional 1.30 Mha in RLs consistent
with previous estimates (Rezende et al., 2018), which accumulates
in the less mountainous, more productive areas of Brazil's interior.
Assuming that pixels with an NFR potential of greater than 50% can
regrow by (assisted) NFR, one-third of the current environmental
debt can be solved by NFR, while this restoration strategy may not
be suitable for two-thirds of the environmental debt. Selecting fur-
ther areas for forest restoration activities based on the NFR potential
may thus not target areas that are legally protected by environmen-
tal policies (LPNV) and increase environmental surpluses (at least
in some rural properties) in the Brazilian Atlantic Forest. Because
environmental surpluses from private rural properties are not pro-
tected by the LPNV, carbon stocks and the associated co-benefits
for biodiversity and ecosystem services therein are at risk of legal

deforestation and require further incentives to protect regrowing
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FIGURE 4 Social and environmental consequences of two different scenarios to upscale forest restoration activities in the Brazilian
Atlantic Forest, considering four targets differing in the restored area in the Atlantic Forest (6, 8, 15 Mha and 22 Mha). For the differences
among the restoration scenarios, please refer to the text. FM is fiscal model used to separate private rural properties in small, medium and
large-sized properties (Supplementary Material 1). Restoration efforts (a), cumulated opportunity costs (b), percentage of restored areas
of permanent preservation (APPs, c) and legal reserves (RLs, as defined by the Brazilian Law on the Protection of Native Vegetation (No
12.651/2012, d) for Scenario |; restoration efforts (e), cumulated opportunity costs (f), percentage of restored APPs (g) and RLs (h) for

Scenario Il

TABLE 1 Total area, current environmental debt and surplus in different land tenure classes from the Brazilian Atlantic Forest

Current environmental surplus

Total area Area protected by
[Mha] LPNV? [Mha]
No land tenure information 40.25 4.59
available
Public areas 6.31 0.81
Small rural properties 37.15 4.45
(<4 FM)
Medium-sized rural 20.65 4.35
properties (4-15 FM) 2.25P
Large rural properties 28.71 6.03
(>15 FM) 2.85°
Total® 133.08 20.24
14.95°

Current environmental debt [Mha]
(% of protected area)

2.04 (44.32%)

0.13(16.67%)
2.48 (55.68%)

1.79 (41.11%)
1.11 (49.49%)°

1.74 (28.82%)
1.01 (35.49%)°

8.18 (40.40%)
6.97 (46.62%)°

[Mha]
(% of total area)

17.11 (42.50%)

3.92(61.63%)
9.64 (25.96%)

4.11 (19.92%)

8.11(28.25%)

42.87

4Areas of permanent preservation (APP) only for areas without land tenure information, public areas and small rural properties; APP and legal

reserves (RL) for medium and large rural properties.
PAreas of permanent preservations only.

‘Lacking from this table are 5.59 Mha in urban areas, transportation networks and water bodies.

forests in the Atlantic Forest (Chazdon et al., 2020; Freitas, Englund,
etal., 2018).

4.2 | Tree planting plus NFR increases
environmental compliance and social fairness by
reducing overall restoration costs

To comply with forest restoration commitments, the NFR strat-
egy (Scenario 1) burdens disproportionately small rural properties.
Proportionally larger restoration efforts on small properties result
in higher opportunity costs per remaining unit of agricultural land,
disproportionally burdening smallholders in this NFR strategy.
Scenario | furthermore does not target the entire environmental
debt and concentrates restoration activities in counties with an al-
ready elevated forest cover. Scenario Il, however, which balances
NFR and tree planting as restoration strategies to comply with
environmental debts and reach forest restoration targets while
minimizing overall restoration costs, is socially fairer, because the
restoration efforts are proportionally distributed among small,
medium and large-sized properties. The environmental outcomes
of Scenario Il outperform those from Scenario I, and although

nearly doubling implementation costs in comparison to Scenario

I, the overall costs for forest restoration in Scenario Il are lower
when restoration targets from the Atlantic Forest Restoration
Pact or beyond become accomplished.

In both scenarios, the relative restoration obligation (in % of
property size) is higher in small than in medium-sized or large prop-
erties, but only in Scenario | are the opportunity costs per remain-
ing unit of agricultural lands higher in small than in medium-sized
or large rural properties. Here, we estimated the restoration op-
portunity costs on a countywide basis, and we did not consider the
differences in soil properties, crop or management systems within
or between properties that influence productivity and real oppor-
tunity costs. Evidence is given that productivity decreases with
property size (WRI, 2020) so that actual restoration opportunity
costs in small rural properties may be even higher than estimated
here. Furthermore, the transaction costs not evaluated in this
study are expected to decrease with the property size, addition-
ally burdening small rural properties compared to medium-sized
or large properties. Higher restoration costs in small rural areas
indicate that large agribusiness companies contribute propor-
tionally less than smallholders to forest restoration commitments
when (assisted) NFR is prioritized (Scenario 1), although they hold
the largest environmental debts (Mello et al., 2021). By contrast,

Scenario Il distributes restoration opportunity costs more fairly
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FIGURE 5 Spatial outcomes of two forest restoration scenarios (see methods for details) for the Brazilian Atlantic Forest considering
four targets that differ in the amount of restored area (6, 8, 15 Mha and 22 Mha). The embedded maps show the differences in restoration
outcomes between restoration scenarios in northern Bahia state (1), the Rio Doce basin (2), the Sdo Paulo inland (3) and the Gaucho
Highlands (4). The embedded boxes illustrate the percentage of native vegetation per county after reaching different restoration targets
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FIGURE 6 Annual implementation (a), opportunity (b) and overall restoration costs (c, implementation + opportunity costs) of different
forest restoration targets (6, 8, 15 and 22 Mha) in two restoration scenarios for the Brazilian Atlantic Forest

among different land tenure categories by balancing NFR with this strategy guarantees full compliance of rural properties with
seedling planting. LPNV, which is important to obtain access to the technical assis-

Scenario Il prioritizes the eradication of the entire environmen- tance, production technology and markets necessary to compensate
tal debt of the Atlantic Forest (estimated to be 8.18 Mha), which for the restoration opportunity costs (Stabile et al., 2020). Second,
generates three important benefits compared to Scenario |. First, restored APPs and RLs receive integral protection against iterated
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degradation or deforestation (Nunes et al., 2020), guaranteeing
their persistence, while restoration activities in private lands outside
APPs or RLs (the so-called vegetation surplus in the LPNV terminol-
ogy) may be legally deforested. Third, the restoration of degraded
APPs and RLs in Scenario |l targets regions and counties with low
or very low remaining vegetation cover, thus distributing remaining
and restored ecosystem services such as pollination, the protection
of water resources and carbon sequestration better throughout the
biome than in Scenario I.

Apart from a better socio-environmental performance, the large-
scale forest restoration in Scenario Il is associated with lower overall
restoration costs, and up to 30% of restoration costs may be saved
compared to Scenario |, in which more than 8 Mha would be restored.
These savings arise because the annual opportunity costs are greater
than the implementation costs, so the prioritization to restore less
productive stands is the economically more rational scenario, even
when tree planting is required. Here, we used a coarse spatial reso-
lution for estimating restoration opportunity costs (county-level) so
that restoration efforts from targets larger than 8 Mha in the current
Scenario Il are concentrated in north-eastern states in the Brazilian
Atlantic Forest, where restoration opportunity costs are lower than
those in the southern agricultural heartlands. More detailed analy-
sis, for example, considering differences in soil fertility and produc-
tivity within rural properties, may identify degraded areas with low
associated restoration opportunity costs from regions other than the
Northeast. The biome-wide restoration of APPs and RLs to achieve
the 6 or 8 Mha target is furthermore expected to enhance the NFR
potential throughout the biome. Thus, the revision of the NFR, in
addition to the inclusion of further criteria to set restoration priori-
ties, for example, the pricing of the carbon sequestration potential
differing among regions, may thus distribute the restoration activities
and associated environmental benefits in the more ambitious targets
(15 or 22 Mha) more evenly among regions and counties from the

Brazilian Atlantic Forest in the future.

5 | CONCLUSIONS

Lower environmental performance, non-compliance with LPNV,
higher burdens for small properties that may increase socioeco-
nomic inequalities between land tenure classes and higher overall
restoration costs in Scenario | underline the need for site-specific se-
lection of the best forest restoration strategy to upscale forest res-
toration activities in the Brazilian Atlantic Forest, as balancing NFR
with seedling planting maximizes environmental, social and eco-
nomic outputs of restoration commitments. The analysis of the envi-
ronmental, social and economic benefits may outcompete pure NFR
strategies in other biomes where NFR is currently considered the
most promising strategy to achieve restoration commitments. Thus,
we highlight the importance of considering all socio-environmental
consequences to set global, national, biome-wide and regional res-
toration priorities, not only implementation costs, to optimize the

outputs of restoration efforts.
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