
ORIGINAL ARTICLE

Combining regional to local restoration goals in the Brazilian
Atlantic forest

Cassia M.G. Lemos1 & Pedro R. Andrade1
& Ricardo R. Rodrigues2 & Leticia Hissa3 & Ana P. D. Aguiar1,4

Received: 23 December 2020 /Accepted: 17 May 2021
# The Author(s) 2021

Abstract
To achieve regional and international large-scale restoration goals with minimum costs, several restoration commitments
rely on natural regeneration, a passive and inexpensive strategy. However, natural regeneration potential may vary within
the landscape, mainly due to its historical context. In this work, we use spatially explicit restoration scenarios to explore
how and where, within a given region, multiple restoration commitments could be combined to achieve cost-effectiveness
outcomes. Our goal is to facilitate the elaboration of forest restoration plans at the regional level, taking into consideration
the costs for active and passive restoration methods. The approach includes (1) a statistical analysis to estimate the natural
regeneration potential for a given area based on alternative sets of biophysical, land cover, and/or socioeconomic factors
and (2) the use of a land change allocation model to explore the cost-effectiveness of combining multiple restoration
commitments in a given area through alternative scenarios. We test our approach in a strategic region in the Brazilian
Atlantic Forest Biome, the Paraiba Valley in São Paulo State. Using the available data for 2011, calibrated for 2015, we
build alternative scenarios for allocating natural regeneration until 2025. Our models indicate that the natural regeneration
potential of the region is actually very low, and the cost-effectiveness outcomes are similar for all scenarios. We believe
our approach can be used to support the regional-level decision-making about the implementation of multiple commit-
ments aiming at the same target area. It can also be combined with other approaches for more refined analysis (e.g.,
optimization models).

Keywords Ecological forest restoration .Restorationmethods .Cost-effectiveness . Landchangemodels .Restorationplanning .

Payments for environmental services

Introduction

Forest restoration is crucial to reverse the impacts of historical
deforestation, safeguarding biodiversity and an adequate pro-
vision of ecosystem services, including climate change

mitigation, and adaptation (IPBES 2019). Given its impor-
tance, there are multiple ongoing restoration efforts at several
scales. Taken together, countries have committed to restore a
global area equivalent to the size of China (Sewell et al. 2020).
Examples of restoration commitments are the Bonn Challenge
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and the New York Declaration that are worldwide efforts to
restore 150 million hectares (Mha) of degraded and deforested
lands by 2020 and 350 Mha by 2030, respectively (Lewis
et al. 2019). Brazil voluntarily committed to restore 12 Mha
of forests by 2030 for multiple uses, as part of its Nationally
Determined Contribution (NDC) to the United Nations
Framework Convention on Climate Change (UNFCCC) as
well as it is one of the goals of the Brazil’s National Plan for
Native Vegetation Recovery (Brancalion et al. 2019).
Moreover, the Atlantic Forest Restoration Pact, a multi-
stakeholder coalition, aims to restore 15 Mha of degraded
lands in the Brazilian Atlantic Forest Biome by 2050
(Calmon et al. 2011). The Pact pledged to contribute with 1
Mha to the 2020 Bonn Challenge. From those, around
700,000 ha has been achieved from 2011 to 2015
(Crouzeilles et al. 2019).

Planning the necessary change in land systems to accom-
modate restoration projects is always complex and challeng-
ing due to the varied interests of decision-makers acting on the
landscape (Boillat et al. 2017). Previous studies emphasize the
relevance of adopting a multiscale approach to achieve effec-
tive large-scale restoration planning (Adams et al. 2016).
Frequently, reaching tropical forest landscape restoration
goals is proposed through passive ecological restoration as it
is a cheaper strategy and easier to be implemented
(Crouzeilles et al. 2020). In situations of historical anthropo-
genic degradation, passive ecological restoration methods
need to be combined with active ones to achieve better out-
comes (Rodrigues et al. 2011), considerably increasing the
cost of the restoration. For example, restoration costs may
range from US$ 50.03 to US$ 2102.83 per hectare in the
Brazilian Atlantic Forest depending on the ecological restora-
tion method adopted (Brancalion et al. 2019).

Assessing the potential for employing passive restoration
methods in a given area is therefore essential for planning such
large-scale ecological forest restoration commitments
(Brancalion et al. 2019). The potential is dependent on natural
ecological succession processes. It relies on favorable bio-
physical conditions for native seedling establishment and
growth, the spontaneous arrival of new species over time,
and presence of species with differing and complementary
ecological behaviors (Rodrigues et al. 2011). For example,
shrubs and herbaceous plant species in parts of the Loess
Plateau in China present different potentially suitable habitats,
but both need to be considered the pioneer plants of revegeta-
tion in future revegetation plans (Zheng et al. 2021). In gen-
eral, one challenge for employing passive restoration methods
is the difficulty to reliably predict the future species composi-
tion (Vickers et al. 2011). In the Brazilian Atlantic Forest,
previous studies have estimated the natural regeneration po-
tential using empirical analysis based on multiple biophysical,
land use history, and socioeconomic factors (Silva et al.
2016a; Molin et al. 2018; Strassburg et al. 2018; Carvalho

Ribeiro et al. 2020), without differentiating, in most cases,
the factors influencing the ecological regeneration process
from the socioeconomic context.

In this work, we build upon these previous studies to pro-
pose a novel spatially explicit scenario approach to explore
how and where, within a given region, multiple restoration
commitments could (a) be implemented through natural re-
generation and (b) be combined to achieve cost-effectiveness
outcomes in order to gain scale. Our goal is to facilitate the
elaboration of forest restoration plans at the regional level,
taking into consideration the costs for active and passive res-
toration methods. The approach includes (1) a statistical anal-
ysis to estimate the natural regeneration potential for a given
area based on alternative sets of biophysical, land cover, and/
or socioeconomic factors and (2) the use of a land change
allocation model to explore the cost-effectiveness of combin-
ing multiple restoration commitment through alternative sce-
narios representing different restoration commitments in our
study area. We test our approach in a strategic region in the
Brazilian Atlantic Forest Biome, the Paraiba Valley in São
Paulo State.

This region is an old occupation area undergoing a forest
transition process, and it is one of the strategic regions to the
Brazilian economic development (Silva et al. 2016b). For this
reason, it has been chosen as a target area for different pro-
grams for Payments for Environmental Services (PSA), such
as the Protection PSA Program (SÃO PAULO 2017, 2019)
and Hydric PSA Program (OIKOS 2015). The Protection PSA
is a state-level program with the objective of financing rem-
nant forest protection and restoration actions in rural private
properties located in key areas for water and biodiversity con-
servation. The Hydric PSA Program is a local-level program
implemented with the objective of restoring areas that are
relevant to water security in the Paraiba Valley in São Paulo.
Moreover, our study area, as an example of a degraded pasture
area undergoing a forest transition process (Silva et al. 2016b)
inside the Atlantic Forest biome, is also relevant for a large-
scale national level restoration commitment, the Atlantic
Forest Restoration Pact. In this way, the Protection PSA
Program, the Hydric PSA Program, and the Atlantic Forest
Restoration Pact are three restoration commitments that we
consider in this study. The three scenarios that we explore
correspond to the alignment of these three commitments.

The goal of our scenarios is to analyze the cost-
effectiveness of combining the Atlantic Forest Restoration
Pact to other programs targeting our study area. Using the
allocation model of land use change, we compare the costs
of restoration (combining passive and active methods) and
gains (in biodiversity, carbon, and soil) of the alternative allo-
cation scenarios aligned with the different restoration commit-
ments. The scenarios explore the cost-effectiveness of main-
taining a high rate of conversion from pasture to regenerated
forest (60 km2/year), according to the priority areas defined by
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different restoration programs in the region. We calibrate our
models with empirical evidence of regeneration from 1985 to
2011, validate the model until 2015, and build alternative
scenarios until 2025, as follows.

Material and methods

Study area

Our study area is of the Paraiba Valley located in São Paulo
State (in Portuguese, Vale do Paraíba Paulista (VPP)) in the
Southeast of Brazil (Fig. 1). This region occupies, approxi-
mately, 1.4 Mha, encompassing 34 administrative municipal
units. Economically, it is one of the most developed regions in
the country, with a flourishing industrial park along a major
highway connecting São Paulo to Rio de Janeiro. Although
the area is located in the Atlantic forest biome, it contains
some patches of Cerrado and special vegetation classes, such
as rock outcrop vegetation (IBGE 2012) (Fig. 1). By the rea-
son of the different adaptation for biophysical conditions of
each vegetation class (Scarano 2007; Rossato et al. 2009;

Mendes et al. 2019), and considering that Atlantic Forest veg-
etation is the most representative vegetation class in the study
area, covering approximately 80% of the region, we focus our
analysis solely on the area that has been originally occupied
by Atlantic Forest vegetation.

Land change process and data

The study area has undergone historical different cycles of
agricultural production since the nineteenth century, and lost
most of its original forest areas in this process (Silva et al.
2017). However, from 1985 to 2015, the areas covered by
forest increased from 21 to 37%, mostly converted from pas-
ture that dropped from 69 to 47% (Silva et al. 2016b;
Ronquim et al. 2016). Although there was some active eco-
logical restoration, the forest cover increase is dominated by
natural regeneration (Silva et al. 2017). Therefore, here we
adopt the assumption that forest cover increase in the study
area is 100% related to natural regeneration. We base our
analysis on a land cover map series covering the 1985 to 2015
period (available for 1985, 1995, 2005, 2011, 2015), derived
from remote sensing images by Silva et al. (2016b) and

Fig. 1 Location of the study area
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Ronquim et al. (2016). From a temporal analysis of these
maps, we extract regenerated forest cover maps for 2011
and 2015, the calibration/validation period of our model, as
discussed in the “LuccMEmodeling approach” section.When
a forest area has been identified as non-forest by the land cover
maps (Silva et al. 2016a; Ronquim et al. 2016) as non-forest in
the previous years of the analysis, this area is reclassified as a
regenerated forest. A similar approach of forest cover reclas-
sification is applied in other studies (Schulz and Schroder
2017; Crouzeilles et al. 2020). When the forest area is classi-
fied as forest for all years of analysis, this area is reclassified as
a remnant forest. Our main focus of interest in this work is the
conversion from pasture cover to regenerated forest cover, as
this is the dominant process in the region (Pandovezi et al.
2018). Pasture areas in the study area usually have low pro-
ductivity, and thus reduced land competition for more profit-
able uses, which might favor natural regeneration (Strassburg
et al. 2018). Table 1 summarizes the land cover change in the
study area from 1985 to 2015 (Figs. 1 and SM.1 illustrate
them).

Cellular database organization

In this work, we apply an empirical analysis to capture which
biophysical and socioeconomic factors (the “Explanatory fac-
tors related to natural regeneration spatial patterns” section)
relate to the regenerated forest cover in 2011. This empirical
analysis is used to identify the relevant factors as well as their
quantitative relationships with land cover changes. The first
step in this analysis is to organize the multiple data sets in a
comparable spatial and temporal resolution. In particular, con-
sidering the disparity of resolutions between the land cover
data sources (30 m × 30 m) and socioeconomic data derived
from census data (in our case study, we have 34municipalities
in the area, with an average size of 410 km2, Table SM.1), we

perform a preliminary analysis to verify which spatial resolu-
tion better aggregates the multiple data sources, capturing the
general trends and relationships between land cover and the
socioeconomic and biophysical factors. It is known from the
literature that coarser resolutions tend to improve the capture
of general patterns (Verburg et al. 1999; Aguiar et al. 2007).

In order not to lose information derived from the finer scale
data sets, we use continuous variables to represent our land
cover and biophysical variables, following the works of
Verburg et al. (1999) and Aguiar et al. (2007). We character-
ize the land cover by the relative extent of each land cover
class in each grid cell, e.g., a grid cell can contain 30% rem-
nant forest, 40% pasture, and 30% regenerated forest. Based
on this preliminary analysis, we organize our data as continu-
ous variables in regular cells of 1km × 1km, using the
TerraView/TerraME/LuccME environment (Carneiro et al.
2013). A regular grid of 1km2 is used in Schulz and
Schroder (2017) that has a study area with similar extension
of our study.

Figure 2 illustrates the spatial distribution of percentage of
remnant forest, regenerated forest, and pasture in the 1 km ×
1 km cells (in 2015). The histogram in Fig. SM.3 illustrates
that cells have, in average, 20% of regenerated forests.

Explanatory factors related to natural regeneration
spatial patterns

Previous studies investigate different combinations of histor-
ical land use, multiple socioeconomic and biophysical drivers
to explain the natural regeneration in different countries, and
the Atlantic Forest and/or VPP. Table 2 summarizes their
findings, spatial and temporal scale, and methods used.

Based on these previous studies summarized in Table 2, we
compile an initial set of twenty-four candidate variables that
could potentially explain the natural forest regeneration process
that took place in our study area from 1985 to 2011. These
candidate variables are also organized into the cellular space
(CS) of 1 km × 1 km. The CS allows us to homogenize different
data sources and easily explore the statistical relationship with
land change variables (“Land change process and data” section).
The candidate variables correspond to the following broad cate-
gories (see details in Tables SM.2 and SM.3):

& Biophysical factors: We select a group of nine candidate
variables which could capture the main drivers of the eco-
logical processes underlying natural regeneration. In relation
to terrain characteristics, we consider aspect, surface
curvature, and slope. Each factor is categorized into a small
number of classes and included in our database as percentage
of each class (e.g., percentage of steep slope). Each cell also
has a variable representing the average elevation.We include
categories related to soil type and agricultural suitability,
following Rossi (2017) and Pandovezi et al. (2018),

Table 1 Summary of land cover in the study area from 1985 to 2015

Land cover Area (km2) and %

1985 1995 2005 2011 2015

Remnant forest 2432 1959 1829 1771 1687

% 21% 17% 16% 15% 14%

Regenerated forest n.a. 1465 1978 2442 2639

% - 13% 17% 21% 23%

Pasture 8083 7232 6856 6031 5453

% 69% 62% 58% 52% 47%

Other land covers 1136 995 988 1407 1872

% 10% 8% 9% 12% 16%

Total 11651 11651 11651 11651 11651

% 100% 100% 100% 100% 100%
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respectively. We have climate related factors, including
temperature and precipitation, included as averages in the
cells. Finally, related to water availability, we include the
variable distance to the waterbody.

& Land cover factors:We include candidate variables related
to proximity/percentage of forest, proximity/percentage of
eucalyptus, and percentage of degraded pasture. Forest
cover is chosen because several studies (Table 2) conclud-
ed that proximity to forest areas is one of the main drivers
for natural regeneration. Silva et al. (2016a) identify a
trend of forest cover increase near eucalyptus plantations
in the VPP. Finally, degraded pasture is chosen because it
is the land use class that has contributed over 70% to the
new forest cover areas on VPP (Silva et al. 2016a). These
historical land use variables are important to represent the
dynamics of land change conversion that contribute to
forest cover increase in VPP.

& Socioeconomic factors: We include variables broadly re-
lated to accessibility, relevant socioeconomic activities in
the area, and rural/urban relations. Accessibility factors
include distance to dutra highway (one of the most impor-
tant highways in Brazil, with a large concentration of in-
dustries and population) and distance to urban centers.
Previous studies use these variables (Silva et al. 2016a;
Crouzeilles et al. 2020) to represent accessibility and to
identify marginal lands, more likely to be set aside for
natural regeneration (Molin et al. 2018). We select three
indicators representing the main rural activities developed
in pasturelands of our study area, namely stocking rate,
milk productivity, and milk revenue. Besides, similar to
Silva et al. 2016b, we include indicators of rural
population, farm jobs, farm revenue, farm profit, and farm
credit. These socioeconomics variables are important to
represent the rural conditions in relation to the total socio-
economic conditions in the municipalities (Silva et al.
2016a).

Exploratory analysis and selection of alternative
statistical models

Considering we use continuous values for characterizing our
land cover classes, linear regression is the appropriate tech-
nique for the analysis of the relevant factors as well as their
quantitative relationships with each land cover (Lesschen et al.
2005). We apply a statistical analysis using the statistical soft-
ware RStudio (RStudio 2021). An initial exploratory statisti-
cal analysis shows that some of the relationships between
potential explanatory variables and the regenerated forest cov-
er in 2011 are not linear. We apply a logarithmic transforma-
tion to the land use variables and to some explanatory vari-
ables. We also perform a correlation analysis between the
variables in our data set to prevent those factors with a corre-
lation coefficient to be used in the same regression
(Table SM.4). Following the process adopted in Aguiar et al.
(2007), after removing the explanatory variables that are
strongly correlated (> 0.80) (Hill 1999), alternative linear
models are constructed for finding the regression model with
the significant variables (p <0.05), the highest coefficient of
multiple determination (R2), and the lowest Akaike informa-
tion criteria (AIC). These parameters indicate the model with
the best goodness of fit (Anselin et al. 2006). The regression
coefficients (beta) are then standardized for determining the
relative importance between the variables in the model
(Aguiar et al. 2007). An automatic linear forward stepwise
regression is applied to refine the models and discard non-
significant variables.

To better understand the multiple factors underlying the
natural regeneration process in the region, we build and com-
pare four alternative linear regression models considering (a)
only biophysical factors (B model); (b) biophysical and forest
cover (Eco model); (c) biophysical, forest and other land
covers (BH model); (d) biophysical, forest and other land
covers; and (e) socioeconomic factors (BHS model).

Fig. 2 Spatial distribution of land cover classes in 2015, aggregated as a percentage of 1 km × 1 km cells: (a) remnant forests; (b) pasture; (c)
regenerated forests
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LuccME modeling approach

LuccME is an open-source framework for the development of
dynamic spatially explicit land change models (LCM)
representing the evolution of land use and cover spatial pat-
terns over time. The LuccME framework organizes the
models in three components, following the generic structure
found in land use and cover change models (Verburg et al.
2006). A demand component defines the amount of change

that will be allocated by the model at each time step. A poten-
tial component, usually based on empirical methods, calcu-
lates the potential for each land cover in each cell, according to
a set of explanatory variables. The allocation component is the
core computational mechanism that distributes, at each time
step, the changes as defined by the demand according to the
potential of each cell. LuccME framework provides multiple
components which can be chosen according to the study area
and land change process needs.

Table 2 Summary of previous studies

Author Approach to identify the natural
regeneration potential

Scale Most important drivers/results
Extension/resolution/
temporal

Schulz and
Schroder
(2017)

Multiple logistic regression
models

Central Chile/1000m
and/26 years

The most important drivers are elevation, slope, precipitation in the
coldest quarter, temperature seasonality, and distance to primary
road. Regeneration potential occurs more clearly on the higher
mountain ranges, and only small areas show slightly higher
probabilities

Vergarechea
et al.
(2019)

Maximization of a likelihood Northern Plateau of
Spain/2ha/15 years

The results also point to the existence of climate-mediated annual re-
generation occurrence, reflecting the complex interaction which ex-
ists between environmental factors and the optimum conditions for
natural regeneration

Strassburg
et al.
(2018)

Ecological uncertainty of forest
restoration success for plant
biodiversity

Atlantic Forest Biome/1
km/ -

The study identifies areas where natural regeneration and/or active res-
toration methods are most likely to foster plant biodiversity recovery
to similar levels found in reference systems

Crouzeilles
et al.
(2020)

Random forest regression models Atlantic Forest
Biome/municipality
and 30m/20 years

Predictive model based on 10 variables related to landscape conditions,
soil properties, climate, topographic relief, and past disturbance
intensity related to pasture and sugarcane production explain 80.2%
of the natural regeneration at municipality resolution. The most
important predictor of the occurrence of natural regeneration is the
proximity to forest at the pixel-based resolution

Carvalho
Ribeiro
et al.
(2020)

Favorability-to-natural
regeneration model

Rio Doce basin/30m/ - The study takes into account the (1) landscape context (land use and
legal compliance), (2) physiographic attributes related to local resil-
ience (as concave terrain), and (3) land use intensity

Molin et al.
(2018)

Transition matrices and weight of
evidence coefficients

Piracicaba River
basin/30m/10 years

The authors evaluate 12 variables used to model the spatial probability
of natural regeneration (biophysical variables: soil type,
hydrographic network, forest type, rainfall, slope, and altitude;
socioeconomic variables: population density, rural population
density, municipal GDP, road network, urban spots, and predominant
land uses). Among the 12 variables used, the six socioeconomic
variables show negligible weights of evidence. Slope, distance to
watercourses, and distance to forest remnants are the main
biophysical drivers of forest regeneration in the basin

Pandovezi
et al.
(2018)

Logistic regression model Paraiba Valley/30m/ - The authors evaluate five biophysical variables (distance to remnant
forest, elevation, slope, aspect, and curvature) that are relevant
ecological processes. Among the variables, the most relevant is the
distance to remnant forest

Silva et al.
(2016a)

Multi-layer Perception by Neural
Network

Paraiba
Valley/municipalit-
y/26 years

The authors evaluate 17 variables for three periods (1985–1995;
1995–2005; and 2005–2011); the proximity of forest plays a major
role in the increase of forest cover in all periods. The first period of
the analysis reveals that biophysical drivers (aspect and slope) are the
most relevant drivers. For the next periods of change, a different set
of socioeconomic variables (proximity of eucalyptus, rural farms,
credit farms, and concentrate of industries and commercial estab-
lishments) are more relevant for the forest increase
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In this work, we use the LuccME components based on the
Conversion of Land Use and its Effects (CLUE) model for
continuous land use variables (Veldkamp and Fresco 1996;
Verburg et al. 1999) to generate our natural regeneration al-
ternative scenarios for 2025. The CLUE model projects near
future land use changes based upon current and past land use
conditions, and has been applied to many different countries
and scales to understand the evolution of land use and cover
spatial patterns over time for continuous land use variables
(e.g., Aguiar et al. 2016).

In our work, the dynamic land cover variables are the per-
centage of regenerated forest and percentage of pasture in
each cell of 1 km× 1 km. As our core interest is the conversion
from pasture to forest, we adopt the simplifying assumption
that the other land use classes remain static during the calibra-
tion and scenarios phase. We also assume that the remnant
forests will not be disturbed. We calibrate our potential com-
ponent using the alternative linear regression models de-
scribed in the “Exploratory analysis and selection of alterna-
tive statistical models” section. In this case, the potential for
each dynamic class in each cell is computed at each time step
using the coefficients of the linear regression models estimat-
ed for each class. The potential is the difference between the
current land cover percentage and the estimated percentage
according to the linear regression models (Verburg et al.
1999). At each time step, we estimate a natural regeneration
potential for each cell (and a pasture potential). We then run
the allocation simulation until 2015, validating the results
against the observed 2015 information (also derived from
Silva et al. 2016a and Ronquim et al. 2016). We use a
multiscale validation metric (Van Vliet et al. 2016) to support
the choice/analysis of alternative models capturing the change
from 2011 to 2015. Finally, we run scenarios from 2015 to
2025, as described in the “Scenarios: alternative assumptions
about the scale restoration commitments” section.

Scenarios: alternative assumptions about the scale
restoration commitments

We explore three alternative scenarios related to different res-
toration commitments targeting our study area, comparing their
cost-effectiveness (see the “Indicators for comparing the sce-
narios: cost, carbon, biodiversity and soil” section for a descrip-
tion of the cost, soil, biodiversity, and carbon indicators consid-
ered), according to the following assumptions. During the pre-
vious decade (2005–2015), the rate of increase of the natural
regeneration cover has been, in average, 60 km2/year (Table 1).
We assume this rate will be maintained in the next decade
(2015–2025), as the contribution of the region to the Atlantic
Forest Restoration Pact (that is an additional 600km2 in 10
years). We also assume the maintenance of the same conditions
and relations captured by the statistical models derived for
2011. Applying the empirically derived relationships relating

patterns of land cover to explanatory factors is acceptable for
such time frame (Verburg et al. 2004). For regenerated forest,
we opt for using the Ecomodel to run the scenarios. This model
better aligns with our overall goal of favoring passive ecologi-
cal restoration, minimizing costs related to the active method.
For pasture, we use amodel combining biophysical, land cover,
and socioeconomic variables (BHS model).

The three scenarios vary in relation to the priority area
defined by the different commitments:

& Unconstrained scenario (Atlantic Forest Restoration Pact):
Allocation is possible in the pasture area of the whole
study area.

& Constrained scenario 1 (Protection PSA Program):
Allocation is restricted to areas of high priority for the
Protection PSA Program, that is, areas for high gain in
biodiversity conservation, climate change, and water
supply.

& Constrained scenario 2 (Hydric PSA Program): Allocation
restricted to 34 watersheds inside our study area, which
are relevant for the Hydric PSA Program, that focus on
water supply.

Therefore, in each scenario, we work with alternative spa-
tial partitions which might not constrain the possible area of
conversion from pasture to regenerated forest (Fig. 3). The
first scenario allows converting pasture into regenerated forest
in the whole study area, without constraints or alignment to
the state-level programs. This scenario aligns to the Atlantic
Forest Restoration Pact (Pact) that aims to restore 15 Mha of
degraded lands in the Brazilian Atlantic Forest Biome by 2050
(Calmon et al. 2011), where our study area is located. The
second scenario only allows allocating regenerated forest in
the pasture area in areas of high priority for gains in biodiver-
sity conservation, climate change, and water supply according
to the Protection PSA Program (Fig. 3b) (SÃO PAULO 2017,
2019). The last scenario constrains the allocation of regener-
ated forest in the remaining pasture area of the 34 watersheds
considered a priority study area for gains in water supply as
defined by the Hydric PSA Program (OIKOS 2015) (Fig. 3c).

The spatial partitions considered in the different scenarios
contain 5453, 1650, and 1688 km2 of available pasture land,
respectively, as illustrated in Fig. 3. Althoughwith some small
differences, the Hydric PSA Program (OIKOS 2015) is nested
to the Protection PSA Program area (SÃO PAULO 2019).
Both of them are nested to the area of the unconstrained
scenario.

Indicators for comparing the scenarios: cost, carbon,
biodiversity, and soil

The indicators used to compare each scenario are computed as
follows (see details in Supplementary Material):
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& Cost of restoration (US$): For each scenario, we compare
the costs of restoration that is a sum of costs of allocating
passive and active restoration across cells. We use the
values presented by Brancalion et al. (2019) to assign
per hectare costs for natural and active restoration
methods. Next, we use the regenerated forest percentage
estimated in the Eco model as the maximum biophysical
capacity (MBC) to forest regrowth. The MBC is used to
identify a per cell threshold that will define if the amount
of natural restoration a cell can support. We assume that
any additional restoration that surpasses this cap value will
require an active restoration method (Fig. SM.4). The total
cost of restoration is the sum of the cost of restoration of
each cell.

& Biodiversity benefit (average number of benefited groups
or species/ha): For each scenario, this indicator is the av-
erage number of benefited groups or species by restoration
actions in the regenerated forest area from 2015 to 2025.
The number of benefited groups or species by restoration
actions is derived from the score of priority areas for bio-
diversity restoration proposed by Joly et al. (2010) (Fig.
SM.6) that ranges from 0 (no priority) to 8 (high priority).
For each cell, the number of benefited groups or species
by restoration actions is the majority score. The majority
score of the cell is multiplied by the regenerated forest
incremented area from 2015 to 2025 of the cell. The ma-
jority score of the scenario is the sum of this multiplication
of each cell. The biodiversity gain is the division of the
majority score of the scenario by the total forest
incremented area from 2015 to 2025.

& Carbon benefit (ton): For each scenario, the indicator rep-
resents the total carbon stock increase from the conversion
from pasture to regenerated forest area from 2015 to 2025.
For each cell, we quantify the mean carbon stock increase
(ton/ha) based on the carbon stock adopted in the Third

Brazilian Inventory of greenhouse gas emissions to the
UNFCCC (MCTI 2015). The mean carbon stock increase
is multiplied by the regenerated forest incremented area
from 2015 to 2025 of the cell. The carbon gain is the sum
of this multiplication of each cell.

& Soil benefit (ton): For each scenario, the indicator repre-
sents the total reduction of soil loss with the conversion
from pasture to regenerated forest area from 2015 to 2025.
For each cell, we quantify the mean reduction of soil loss
[ton/ha/year] through the Universal Soil Loss Equation
(USLE) based on Pandovezi et al. (2018). The mean re-
duction of soil loss [ton/ha/year] is multiplied by the re-
stored forest incremented area from 2015 to 2025 of the
cell. The soil gain is the sum of this multiplication of each
cell.

Results

Statistical analysis results

In this section, we present the results of alternative linear re-
gression models relating the regenerated forest cover in 2011
to alternative sets of candidate explanatory variables. The
models are built by adding new groups of explanatory vari-
ables (“Explanatory factors related to natural regeneration spa-
tial patterns” section). Some variables in these groups are
found to be significant (p<0.05) in some of the models and
non-significant in others. Table 3 summarizes the final set of
variables, in which models were included.

The B model (biophysical variables only) explains 37% of
the variation of natural regeneration in the study according to
R2. The most important factors in this model relate the higher
percentage of natural regeneration to the steep slopes with a

Fig. 3 Spatial partitions considered in A unconstrained scenario; B constrained scenario 1: high priority areas for the Protection PSA Program; and C
constrained scenario 2: priority areas for the Hydric PSA Program
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flat curvature, in elevated areas with higher precipitation (see
Table 2). Terrain characteristics, climate, and agricultural suit-
ability are significant factors in all models. However, adding
the percentage of forests (remnant and regenerated) improves
to 63% the explanatory power of the model (we name this
combination of biophysical factors and percentage of forests
as Eco model).

Including additional land cover factors (BH model) in-
creases the R2 considerably (R2 = 0.70, AIC = 12,382). The
significant factors included in the model relate to the percent-
age of degraded pasture in the cells in the previous years. It
also relates distance from planted forests to natural regenera-
tion. These factors remain as the most important ones when
socioeconomic factors are included (BHS model).

Although adding several socioeconomic potential ex-
planatory factors does not increase the explanatory power
of the regression (R2 = 0.71, AIC = 12,005), some relevant
understanding can be derived from this model. First, the
percentage of jobs in rural areas in relation to the total
number of jobs in the municipalities becomes the third
more important variable in the model. It presents a negative
signal, meaning that less jobs in the rural areas in a given
municipality implies more natural regeneration in the cells
in such municipalities. Aligned to that, the furthest to the
main highway (parallel and close to the railway, where
most of the large cities and industries are located), the
higher the percentage of natural regeneration. Also

interestingly, higher stocking rates implies small percent-
ages of natural regeneration within the cell. On the other
hand, milk productivity presented a positive signal.

Maximum biophysical capacity

Using the Eco model (Table 2), we estimate the spatial distri-
bution of the maximum biophysical capacity (MBC), illustrat-
ed in Fig. 4. The MBC values are used to compute the cost of
restoration in each scenario (Atlantic Forest Restoration Pact,
Protection PSA Program, and Hydric PSA Program). And the
cost of restoration in each scenario is used to compare the cost
of all scenarios.

As Fig. 4 illustrates, the MBC varies from 0 to 0.50 in the
study area. MBC values indicate the proportion of the cell area
that can support natural regeneration and the allocation of
restoration above this biophysical threshold would require ac-
tive restoration methods, e.g., for cells with 0.3 MBC for
which the allocation of regeneration in a given scenario equals
to a proportion of 0.4 of the cell area, 0.3 would be allocated as
natural restoration, and the remainder 0.1 as active restoration.
The MBC average is close to 0.1 (see the histogram in Fig.
SM.4), and around 60% of the cells in the region have less
than 10% of maximum biophysical capacity for natural regen-
eration. This impacts the costs of our scenarios, as discussed in
the next section.

Fig. 4 Spatial distribution of the maximum biophysical capacity (MBC) estimated using the Eco model (linear regression)
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Alternative allocation scenarios

Based on the results of the statistical analysis phase
(“Statistical analysis results” section), in this section, we pres-
ent the LuccME modeling and scenario results. We parame-
terize, calibrate, and validate LuccME (from 2011 to 2015)
with the alternative linear regression models for regenerated
forest, as Table SM.9 summarizes. Interestingly, this model
combination (Ecological for Regeneration and BHS for
Pasture) provides slightly better results in the LuccME
multiscale validation process from 2011 to 2015
(Table SM.10). Combining the two models allows the
LuccME allocation component to explore the competition in
each cell between the multiple factors underlying the pasture
economic activity and the ecological processes allowing for
regeneration.

Figure 5 illustrates the alternative spatial patterns of change
in forest cover from 2015 to 2025 under the assumptions of
the three alternative scenarios (“Scenarios: alternative as-
sumptions about the scale restoration commitments” section).
Given the smaller target area in the two programs (Fig. 5b and

c), the percentage of change in each cell is comparatively
higher than in the unconstrained scenario (Fig. 5a). The final
forest cover considering existing and newly allocated areas is
shown in Fig. 5d, e, and f. Table 4 compares the results of the
three scenarios considering the indicators of cost, biodiversity,
soil, and carbon.

Table 4 shows the comparison of the carbon, biodiversity,
and soil indicators across the scenarios. Each scenario has
positive and negative aspects in relation to each other.
Although the Protected PSA and Hydric PSA Scenarios
outperformed the unconstrained scenario in relation to the soil
and carbon indicators, they present relatively worse biodiver-
sity gain indicators, with a slight decrease in the average num-
ber of benefited groups or species. However, all scenarios
have a similar number of benefited groups or species, close
to three, the dominant category in the study area. On the other
hand, the Protection PSA presents a 10% improvement in the
soil indicators when compared to the Hydric PSA scenario.
The results for carbon are similar.

We observe the enforcement of conversion from pasture to
forest within cells with lower natural regeneration potential in

Fig. 5 Scenario results, where the 600 km2 of regenerated forest were allocated under the scenarios
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the constrained scenarios (Protection PSA Program and
Hydric PSA Program) in comparison to the natural regenera-
tion potential of the unconstrained scenario. This conversion
within cells with lower natural regeneration potential results
from the prohibition to allocate new forest areas outside the
spatial partition of the constrained scenarios—excluding cells
that could potentially have higher natural regeneration poten-
tial. The enforced conversion from pasture to forest within
cells with lower potential increases the total cost in both sce-
narios (Fig. 4). In cells with lower potential, it is necessary to
use an active (and more expensive) method for restoring the
incremented area, which increases the restoration cost.
Besides, as we observe in Fig. 4, given the smaller target areas
in the two programs, the percentage of change in the available
cells is comparatively higher to allocate the 600 km2 of forest.
Changes in the unconstrained scenario are, as expected, more
spread, i.e., less concentrated in each cell.

Discussion

Relevant factors to the natural regeneration process

Independently of the spatial and temporal scales, and methods
used, previous studies identify the importance of combining
multiple drivers for understanding the natural regeneration
potential (Table 2). Our work builds on the previous studies
that analyzed the underlying factors related to natural regen-
eration by building models that combine biophysical, land use
history, and socioeconomic data in alternative ways.

As Schulz and Schroder (2017) concluded in Central Chile,
the main significant biophysical factors explaining forest re-
generation in this work are local terrain characteristics. Local
terrain characteristics remain significant even when other land
cover and socioeconomic variables are added. Carvalho
Ribeiro et al. (2020) presuppose that concave areas have local
terrain characteristics that favor natural regeneration because
they accumulate soil and water. However, our model identi-
fied that flat areas are more relevant for natural regeneration.
Flat areas are more stable environments, resulting in less
movement of soil and water in relation to concave areas.

This stability promotes the establishment of propagules during
the natural regeneration processes (Santos et al. 2016).

South facing terrain is another relevant factor for forest
growth as they receive less solar radiation (Silva et al.
2016a). One possible explanation is that Atlantic Forest spe-
cies are adapted for shading and prevail in low light conditions
(Mendes et al. 2019). Interestingly, the south facing factor is
not significant when the forest cover is included (Eco model).

Adding the forest cover variable greatly improves the ex-
planatory power of the statistical model when compared to the
biophysical factors only. The results of the Eco model corrob-
orate the findings of Carvalho Ribeiro et al. (2020) that forest
fragments are important sources of seeds for nearby areas in
natural regeneration processes. Our approach for estimating
costs was solely based on the biophysical capacity for under-
going ecological regeneration at the cell level, which provides
a straightforward indicator for the necessity of applying active
restorationmethods, as opposed to previous work (Crouzeilles
et al. 2020) that included socioeconomic drivers when calcu-
lating the suitability for natural regeneration and assigning
associated costs.

Our statistical analysis also explores the relative impor-
tance of other land cover and socioeconomic factors. A key
land cover factor in the model is the percentage of degraded
pasture, as replacing them by forests that previously occupied
the area is a well-known process in the region (Chazdon et al.
2020). In fact, our land cover change data source shows that
74% of the new forest areas between 1985 and 2011 take place
over degraded pasture in Paraiba Valley (Silva et al. 2016a).

We also explore how different categories of socioeconomic
factors could improve the statistical models. Although pre-
senting a marginal increase in the explanatory power, the
BHS model sheds light on how the socioeconomic heteroge-
neity of the region relates to the natural regeneration spatial
patterns, corroborating previous results that indicate socioeco-
nomic drivers play an important role in forest recovery (Silva
et al. 2016a). The percentage of jobs in rural areas and the
distance to the major highway, where the large cities and
industries are located (Fig. 1), are particularly important. In
the borders of Paraiba Valley, there is an interesting combina-
tion of adequate biophysical and socioeconomic conditions

Table 4 Scenario comparison: cost-effectiveness (2015–2025) of converting 600 km2 from pasture to regenerated forest (Eco model)

Constrained scenarios

Indicator Unconstrained scenario (whole
area)

High priority areas-PSA
Protection

Priority areas-PSA
Hydric

Cost of restoration (million US$) 130.65 134.41 133.61

Carbon Gain (M TonC) 4.45 4.50 4.51

Soil Gain (M Ton) 1.82 2.20 2.03

Biodiversity gain (average number of benefited groups or
species/ha)

3.01 2.96 2.78
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for regeneration, as they are far away from the most econom-
ically active areas in the region. Interestingly, the percentage
of regenerated forest in the cells also presents a positive rela-
tion to both farm revenue and cattle stocking rate in the BHS
model. These results need to be further explored, as they
might provide links to the land sparing debate (Loconto
et al. 2020). These results might also imply that multiple path-
ways of forest transition (Rudel et al. 2005; Rudel et al. 2020)
are taking place in the region, driven by the abandonment of
degraded pastures in some cases, but potentially by agricul-
tural intensification in others..

Planning the implementation of restoration
commitments

The results of our analysis also indicate that there is no “bet-
ter” solution among the scenarios we explore. Nesting local to
large-scale commitments (like in scenario 2) might provide a
compromised solution. Our results reinforce the importance of
the simultaneous planning of large-scale and local restoration
commitments, and the relevance of multiscale approaches
(Adams et al. 2016).

Paraiba Valley accumulates 2639 km2 of natural regenera-
tion forests from 1985 to 2015 (Table 1), mainly converted
from pasture areas. Although there is still a large amount of
pasture in the region (5453 km2), our results suggest that such
areas have low ecological potential for natural regeneration.
Using the available data for 2011, calibrated for 2015, our
models indicate that the natural regeneration potential of the
region is actually very low, as the estimated MBC (maximum
biophysical capacity) varies from 0 to 0.50 in the study area.
This incurs in high restoration costs across scenarios, reinforc-
ing the need to further investigate the feasibility of large-scale
forest restoration goals based on the natural regeneration po-
tential (Lewis et al. 2019). This is particularly true in areas in
which the historical anthropogenic degradation can impact
ecosystem structure and functioning (Rocha et al. 2015).

Limitations and suggestions for future studies

One missing aspect in the ecological model is possibly the
inclusion of an indicator of soil degradation/loss as a potential
candidate to explain the low natural regeneration potential (or
MBC) we estimated in our study. Soil degradation/loss re-
flects the land use history and inadequate agricultural practices
(Medeiros et al. 2016), which are very common in this region
that have undergone different cycles of agricultural production
since the nineteenth century (Silva et al. 2017). Although oth-
er studies have also identified a low regeneration potential for
the Paraiba Valley (Pandovezi et al. 2018), we suggest that
future studies could evaluate our estimated MBC by compar-
ing it with field data. Zheng et al. (2021) and Vergarechea

et al. (2019) use the observed data for calibrating models that
are looking for estimating the regeneration potential.

Furthermore, in future studies, we envision some possible
improvements. For example, scenarios could include land re-
strictions such as forcing new regeneration areas to be evenly
distributed across the 34 basins in the hydric scenario. Such
restrictions could also address especifities of the legal envi-
ronmental framework in Brazil, in particular the Forest Code
(Sparovek et al. 2019). Another aspect not considered in our
analysis is the transaction costs, for example, the cost of ne-
gotiating with farmers and monitoring the implementation of a
PSA program. It could possibly be higher in the unconstrained
scenario, reflecting the less concentrated effort. Another pos-
sible improvement is the use of fine resolution data for esti-
mating the biodiversity and the gains.

The current version of LuccMEmodel does not account for
the competition for pasture land with other uses, such as eu-
calyptus. Finally, and importantly, the explanatory variables
in our model are currently not dynamic. This is particularly
relevant for distance to forest areas, especially, because rem-
nant forests are decreasing over time (Table 1). Future works
could consider dynamically updating such variables, in partic-
ular the changes in forest areas produced by the model itself.
This might increase the maximum biophysical capacity
(MBC) of the landscape to forest growth, and consequently
the local need for active methods.

Conclusion

The implementation of large-scale restoration commitments is
a key challenge of our times. Our study builds upon the ex-
tensive literature about forest restoration and proposes a novel
approach to support the planning of multiple restoration goals
and programs targeting the same area. We combine statistical
analysis and spatially explicit dynamic modeling to assess the
cost-effectiveness of alternative allocation models. The
LuccME allocation mechanism distributes the necessary
change through the scenario target area proportionally to their
potential for natural regeneration. We believe our approach
can positively contribute to improving forest restoration com-
mitments. Programs for payment for ecosystem services, for
example, could use our results for selecting the farms that are
most indicated for receiving payment for passive restoration.
We also believe our approach can be used to support large-
scale decision-making about the overall design of alternative
plans and combined to other approaches for more refined
analysis (e.g., optimization models).
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