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Human societies constantly interact with the environment through mutual feedbacks and adaptations.
The aim of this research was to analyze human and environmental dimensions so as to understand how
the dynamic processes of land use and land cover change are contributing to the increase of forest cover
observed between 1985 and 2011 in the Paraiba Valley, Brazil. The forestry sector, based on eucalyptus
plantations, is given particular attention due to its role in these change processes. Multi-layer perception
neural network (MPNN) models were adopted to evaluate the influence of independent variables in the
process of the forest transition. Based on the model’s results, we conclude that the process is conditioned
by a set of biophysical and socioeconomic variables that operate during different historical periods and in
different landscape settings. The proximity of Atlantic forest remnants was influential in the forest transi-
tion for the three periods analyzed: 1985-1995, 1995-2005, and 2005-2011. In the first period of change
(1985-1995), topography was most influential. Between the periods of 1995-2005 and 2005-2011, the
proximity to eucalyptus plantations was an important factor, indicating a high probability of native forest
recovery occurring in the vicinity of these monocultural areas. The forest transition tends to occur in areas
less suitable for agriculture at the outset, but as these areas are replaced by forest cover, socioeconomic
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drivers such as farm credit and economic development play important roles in forest recovery.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Land use and land cover changes (LULCC) are key factors in envi-
ronmental changes operating at global and regional scales, with
impacts on biodiversity, ecosystems services, and climate regula-
tion. There is great space and time variability in the biophysical
environments, socioeconomic activities and cultural contexts asso-
ciated with LULCC (Lambin et al., 2003).

The land change process governed by the increase of forest
cover areas over regions previously deforested with the forest net
gains surpassing new deforestation rates is known as the forest
transition (FT) (Rudel et al., 2005; Rudel et al., 2010), and is a
core phenomenon to examine aforestation dynamics. FT pathways
(e.g., industrialization, global trade, land ownership regime, land
scarcity and agricultural intensification) are not independent and
in any particular country or region one can see the overlapping
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influence of several pathways (Lambin and Meyfroidt, 2010). FT,
a phenomenon first observed in European countries and in North
America, has roots in the process of industrialization and conse-
quent socioeconomic transformations of rural areas (Foster et al.,
1998; Mather et al., 1999; Evans et al., 2005). It has been observed
more recently in tropical countries as well (Hecht et al., 2006;
Baptista, 2008; Sanchez-Cuervo et al., 2012).

In Europe, research has shown that the effects of political, eco-
nomic and cultural changes experienced since World War II in
natural and cultural landscapes has had consequences to forest
cover dynamics (Bieling et al., 2013; Beilin et al., 2014). In many
parts of Eastern Europe, changes in forest cover were observed after
the collapse of the Soviet Union, with transition periods marked by
deforestation followed by gradual increases in forest cover in the
following decades (Baumann et al., 2012; Griffiths et al., 2012).

In Colombia, land abandonment, an important land change pro-
cess that fosters FT (Rudel et al.,, 2005; Meyfroidt et al., 2010;
Prishchepov et al., 2012; Beilin et al., 2014; Queiroz et al., 2014),
in the past few decades has been partly motivated by the armed
conflict and the erradication of coca plantations that has led some
regions to have significant rates of native vegetation recovery
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(Sanchez-Cuervo et al., 2012). In Vietnam, the agricultural intensi-
fication of smallholders in lowlands of marginal regions associated
with forestland allocation and zoning policies contributed signif-
icantly to the increase of forest cover in mountainous regions
(Lambin and Meyfroidt, 2010). Southern Mexico has experienced
FT as a result of passive processes related with reductions in land
use intensity (Vaca et al., 2012).

In Brazil, the national rates of forest loss still outweigh gains in
recovery (FAO, 2011), however, the reverse has been observed in
some specific regions (Baptista, 2008; Farinaci, 2012; Silva, 2015).
Perz and Skole (2003) demonstrated that biophysical constraints
and capital scarcity in the Brazilian Amazon limited land settlement
and a shift from crops to pasture, resulted in regional forest tran-
sitions, suggesting in the case of the Amazon, a series of small and
short-term FT episodes. The forestry sector (based on Eucalyptus spp
plantations) has raised some questions about its positive effects on
FT in Atlantic Forest regions because of the sector’'s commitment
to environmental policies and international certification protocols
(Farinaci et al., 2013). Through management plans for harvesting,
forest restoration projects inside forestry company’s private areas,
connectivity and conservation of native forest remnants close to
eucalyptus plantations, the forestry sector may favor FT process at
regional scale.

This paper conducted a spatio-temporal analysis of land use and
land cover changes in a portion of the Atlantic Forest in southeast-
ern Brazil between 1985 and 2011. Focused on the remarkable case
of regional FT in Paraiba Valley (Silva et al., 2016), this study aims
to (i) identify the most influential variables (drivers) acting on the
FT process taking place in the region, and (ii) understand how the
dynamic of eucalyptus plantations may be related to forest cover
change and influence the FT.

2. Brazil, Atlantic forest and the Paraiba Valley: temporal
and spatial scales

The replacement of natural ecosystems by production systems,
based on monoculture cropping and/or livestock expansion, was
primarily responsible for the deforestation of the Atlantic Forest
biome (Teixeira et al., 2009; Rodrigues and Gandolfi, 2007). Cur-
rently, forest remnants of this biome comprise around 13% of the
original vegetation cover (Ribeiro et al., 2009), and the Atlantic For-
est is the Brazilian biome with the highest number of extinct and
endangered species. Among the list of species of flora and fauna
endangered or extinct, 58% and 63% belong to the Atlantic Forest,
respectively (MMA, 2008; Machado et al., 2008).

In 1962, the native forest vegetation, consisting of secondary
successional forests and mature forests, comprised 13% of the State
of Sdo Paulo and 16% of the Paraiba Valley’s land cover (Borgonovi
et al., 1967). The same study reveals that the Paraiba Valley region
was covered by 1% of planted forests (monoculture plantations of
Pinus elliottii and Eucalyptus spp).

Between 1950 and 1980, Brazil experienced an intense process
of urbanization and industrialization, a result of import substitu-
tion economic policies (Target Plan/Plano de Metas in Portuguese),
producing changes in the economy, politics and society (Brito,
2006; Alves et al, 2011). In 1950, 64% of the population lived
in rural areas (IBGE, 1950). During the Brazilian military regime
(1964-1985) modernization of large-scale and export-oriented
agriculture was stimulated (Freitas, 2008). The process of industri-
alization and socioeconomic changes during this period of Brazilian
history resulted in a rural exodus to cities, which led the country
to a new agricultural economic configuration, and new standards
of rural and urban ways of life (Alves et al., 2011).

Between 1959 and 1985, the economic contribution of the
Paraiba Valley to the Gross Domestic Product (GDP) of Sio Paulo

State increased from 1.97% to 7.43% (Vieira, 2009). The region’s
economic development was the result of industrial policies, the
construction of the President Dutra highway, as well as public and
international investments. As a result, intense migration fluxes
from poorer rural municipalities to urban-industrial ones took
place (Vieira and Santos, 2012). The replacement of agricultural
activities by pastures in the 1970s also reduced employment in the
rural areas of the Paraiba Valley (Vieira, 2009).

In the 1980s, the Paraiba Valley consolidated its industrial devel-
opment (Boffi et al., 2006), and its rural population decreased from
55% in 1950 to 5.8% by 2010. Until the 1980s, the protection of the
Atlantic Forest biome was restricted by the Brazilian Forestry Code,
dating back to 1965. The Brazilian Federal Constitution of 1988 rec-
ognized the biome as a national heritage area (art. 225),and in 1990
a Federal Decree (bill 99547) prohibited the harvest and use of nat-
ural vegetation for any purpose (Lima and Capobianco, 1997). In
1993, a new policy was approved by the National Environmental
Council (CONAMA), which extended the biome protection to the
secondary succession formations in the early, middle and advanced
stages of regeneration further supporting the restoration of forests.

In 2006 the Atlantic Forest biome became protected by the Fed-
eral Law n® 11428, which regulates the practices of deforestation
and condemns transgressions as environmental crimes, according
to the Federal Law n® 9605 of 1998 (Federal Law of Environmental
Crimes).

During recent decades, forestry activities in the Paraiba Valley,
based on eucalyptus plantations, developed economically and tech-
nologically (Itani et al., 2011), and promoted impacts on land use,
environment and society (Farinaci, 2012; Silva et al., 2016; Farinaci
etal., 2013). This economic sector has its foundations in 1958, when
the region hosted its first pulp and paper industry in the city of
Jacarei. At the time of the military regime, the “National Plan for
Pulp and Paper (1974)” promoted the increase of areas occupied by
planted forests and aimed to make Brazil a self-sufficient country
and eventually to become an exporter of eucalyptus fiber (Queiroz
and Barrichelo, 2008). The expansion of eucalyptus cultivated areas
(Silvestre and Rodriguez, 2007) created tensions between social
actors that have benefited from this policy (steel and forestry com-
panies) and those excluded, namely, traditional farming families
(Calixto and Ribeiro, 2007).

Currently, eucalyptus in the Paraiba Valley is a commodity
dedicated to the production of cellulose pulp traded in interna-
tional markets. In 2011, 89% of the cellulose pulp production was
exported, mainly to Europe and China (Branddo, 2011). The broad
scope of the Brazilian environmental policies to protect the Atlantic
Forest biome, as well as the commitment of the Valley’s forestry
sector to maintain forest certifications to trade cellulose pulp in
international markets, are overlapping its influence alongside euca-
lyptus plantations inside companies’ private areas. According to
Lambin and Meyfroidt (2010), the FT may be induced through the
global diffusion of environmental conservation ideas pathway. The
eucalyptus’ influence to the FT will be examined in the results and
discussion sections of this paper.

3. Study area

The Paraiba Valley (14,000 sq.km, Fig. 1) was one of the first areas
occupied in Brazil (Dean, 1996). Far from being of great importance
to the colonial economy, it was not until the first half of the 19th
century that coffee plantations made their way there. After that,
the region became a part of this important export crop and a con-
tributor to the national economy (Zuquim, 2007; Ricci, 2008; Couto
and Serra, 2011). Coffee plantations were responsible for the first
deforestation cycle in the Paraiba Valley, declining only with the
end of slavery. New coffee productive areas in the Central-West
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Fig. 1. Study area: Paraiba Valley, located between the Sdo Paulo and Rio de Janeiro metropolitan areas.

region of Sdo Paulo State that developed after the expansion of rail-
ways system and land degradation in the Paraiba Valley, resulted
in the decline of coffee in the Valley (Drummond, 1997; Zuquim,
2007). During the 20th century, cattle ranching replaced coffee as a
major form of land use and maintained the pressure on forest rem-
nants. In the 1980s, while soil and pasture degradation dominated
the hilly landscapes (Ferreira et al., 2006; Vieira and Santos, 2012),
new economic shifts in Brazil, namely industrialization, resulted in
land abandonment (Vieira, 2009; Itani et al., 2011).

Today, landscapes are dominated by pastures in different stages
of degradation, forest remnants, eucalyptus plantations, secondary
succession, and urban areas concentrated along the President Dutra
highway. Cultural, rural, and ecological tourism linked to the his-
torical past and environmental attractions have increased as a rural
economic activity in the last decade (Couto and Serra, 2011). Com-
posed by 34 municipalities and accounting for 4.5% of Sdo Paulo
state’s GDP, the Paraiba Valley lies in the connection axis between
two major metropolitan areas of Brazil, i.e. Sio Paulo and Rio de
Janeiro. Due to its steep and mountainous topography, the region
is considered by the Consortium for Integrated Development of
Paraiba Valley as unfavorable for the development of large-scale
mechanized agriculture. A poorly developed rural road network
further contributes to this scenario. The eucalyptus plantations
developed in recent decades have spread over diverse topography
gradients in the region but in recent years, the forestry manage-
ment operations have taken place, predominantly, in areas with
slopes up to 46%, a threshold for forestry mechanization (North
etal.,, 2015). Topography is a limiting factor in the mechanical har-
vesting process; and the operation costs increase the greater the
slope. This is a limiting factor to the expansion of forestry activities
in the Paraiba Valley while new producer areas are developing, e.g.
in Mato Grosso State (Silva, 2015).

4. Methods

The research draws on satellite-based land use and land cover
data matched to a geographic information system (GIS) and census-
based social and agricultural data for Brazilian municipalities
between 1985 and 2011, and to biophysical features of the land-
scape (e.g., elevation). To analyze the influence of independent
variables (census data and biophysical features) on the FT process
in the Paraiba Valley, a Multi-layer Perception by Neural Net-
work (MLPNN) model was applied for three distinct time periods,
1985-1995, 1995-2005, and 2005-2011.

4.1. Land use and land cover data

The land use and land cover data are derived from previous
research conducted in the Paraiba Valley (Silva et al., 2016). A set of
Landsat-5 Thematic Mapper (TM) scenes (218/76 and 219/76) was
selected because of reliable temporal coverage and spatial resolu-
tion in the study region, from 1985 until 2011. The thematic maps
were developed to the years of 1985, 1995, 2005 and 2011. Land
use and land cover change (LULCC) analyses were carried out for the
time periods 1985-1995, 1995-2005, and 2005-2011. Image pre-
processing included registration and atmospheric correction using
the Improved Dark-Object Subtraction (DOS2) method (Chavez,
1988). Based on the review for existing pixel-based classification
algorithms (Lu and Weng, 2007), a Maximum Likelihood algorithm
(ML) was performed to classify land use and land cover. The the-
matic mapping reached global accuracy of 85% for 1985, 85% for
1995, 88% for 2005 and 86% for 2011 following accuracy assess-
ment methods proposed by Pontius and Millones (2011). Mapped
classes were defined based on the main land uses described by the
Watershed Plan of Management of the Paraiba Valley region (Itani
etal, 2011) and included: agriculture, water, built-up areas, euca-
lyptus, forest, managed pastures, degraded pastures, and bare soil.
The LULCC analysis was conducted using cross-tabulation matrices.
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The sampling design, confusion matrices for each year of land use
and land cover maps, and the accuracy of LULCC detection may be
found in Silva et al. (2016).

4.2. Drivers of land change

Drivers represent the independent variables acting in land use
and land cover change models (Hersperger et al., 2010). These
models conceptually assume that the drivers induce the observed
changes, and based on the results, drivers and land changes can be
hypothesized. Census-based data and biophysical data (e.g., eleva-
tion) were set to input as LULCC model’s independent variables. The
independent variables were set to each respective time span. Sup-
ported by familiarity with the study area and FT theory, seventeen
independent variables were selected for analysis (Table 1).

The aspect, elevation and slope were generated from the
Advanced Spaceborne Thermal Emission and Reflection Radiome-
ter Global Digital Elevation Model (ASTER GDEM) with horizontal
resolution of 1” (about 30 m). The soil map (Oliveira et al., 1999)
was organized into five classes according to the Brazilian System
of Soil Classification (EMBRAPA, 2006): Ultisols (Argissolos), Incep-
tisols (Cambissolos), Gleysols (Gleissolos), Oxisols (Latossolos) and
Histosols (Organossolos).

The proximity of forest and proximity of eucalyptus were gener-
ated from the land use maps of 1985, 1995 and 2005. Binary maps
were created for each class (forest and eucalyptus) and distance
maps were calculated. The proximity of roads was calculated in rela-
tion to paved roads. To build this variable, three road maps for the
same years were used. The road maps were created from files sup-
plied by the National Department of Infrastructure and Transport
(DNIT). Historical information about roads in Paraiba Valley and
about the maps themselves were provided by the National Plan of
Logistics and Transport (MT, 2012).

The spatial distribution of the information contained in each
socioeconomic variable was performed on the municipal grid vec-
tor file, obtained from the website of the Brazilian Institute of
Geography and Statistics (IBGE), and subsequently transformed to
raster format (30 m of spatial resolution). The variable farm credit
was generated by the sum of total accumulated credit in the period
of change divided by the total area occupied by farms within each
municipality (SAA/CATI/IEA, 1996, 2008). The stocking rate was
built by dividing the total number of animals in each municipal-
ity by the total area occupied as pasturelands in the respective
municipality, in the same year (number of animals in 1985/pas-
turelands in 1985). For rural population density, the total number of
rural residents per municipality was divided by the total area occu-
pied by farms within each respective municipality. The information
about the total area occupied by farms within each municipality
is provided by the ‘Census of Agricultural Production Units of Sdo
Paulo State’ project - LUPA (SAA/CATI/IEA, 1996, 2008). The other
socioeconomic variables are expressed as their real values.

As inputs for the models, some variables were normalized
(Eastman, 2012) (Table 1). For each period of change (1985-1995,
1995-2005,2005-2011), we introduced in the models the indepen-
dent variables regarding the date of commencement of the period,
with the exception of farm credit.

4.3. Multi-layer perception neural network: LULCC model

Multi-layer perception models were used to associate changes
of non-forest areas to forest (forest regeneration process) with
drivers (Table 1). For this purpose, the land use land cover maps
were converted into two classes: forest and non-forest (Fig. 2). We
used the map of change from “non-forest to forest” for each time
span as a dependent variable.

We chose the Multi-Layer Perception Neural Network (MLPNN)
method because it facilitates integration between the dynamic
interactions of anthropogenic variables with ecological character-
istics of the environment (Lippitt et al., 2008). Machine learning
methods such as neural networks favor the characterization of
models where there are non-linear relationships between the set
of variables (Lek and Guegan, 1999). The model MLPNN uses
the Back-Propagation algorithm (Rumelhart et al., 1986), which
has broad applicability in modeling studies of ecological relation-
ships for predictive or exploratory purposes, especially where the
response curves are non-linear (Olden and Jackson, 2001). For the
present study, a multi-layer perception model was trained by the
Back-Propagation (BPN) procedure, which is an artificial neural net-
work with feed-forward using a BPN algorithm (Rumelhart et al.,
1986; Lippitt et al., 2008; Conforti et al., 2014). Based on a recur-
sive learning procedure, this algorithm uses a gradient descent of
searching to minimize the model calibration errors (Kanellopoulos
and Wilkinson, 1997).

The BPN algorithm works without parametric assumptions
(Lippitt et al., 2008) and allows the characterization of mod-
els containing non-linear relationships and dependence within
and between predictor variables, without explicit definition of
these relationships (Lek and Guegan, 1999). This advantage allows
increasing the prediction accuracy of these models compared to
parametric techniques such as Logistic Regression models (Manel
etal., 1999; Lippitt et al., 2008). The independent variables are used
to model the historical process of change, and the accuracy of the
model should be above 75% to be considered acceptable (Eastman,
2012).The parameters used for the MLPNN were: 50% of the dataset
for training sample and 50% for validation; 10000 iterations; the
time factor equal to 0.5; sigmoid constant at 1.

According to Eastman (2012), the Cramer’s V test is an
exploratory method to define the independent variables to use in
a model. This test assesses the capacity or potential (power) of
each explanatory variable in relation to the dependent variable. A
Cramer’s V value above 0.15 indicates that the variable have accept-
able explanatory power and for this reason, should be maintained
in the model, while if a variable have a Cramer’s V value below
0.15, it should be excluded from the model (Eastman, 2012). Thus,
for each period of change, all variables were tested and only those
with values above 0.15 were selected as inputs for the land use
and land cover change models.

5. Results
5.1. Land use and land cover changes

Findings for LULCC indicate strong dynamics for some cover
classes but not others. The results of land use and land cover spatial
distribution highlight the forest cover class (Atlantic Forest) as the
one with the most significant rates of gain: 7.46%, 2.84% and 3.38%
over the studied periods, respectively. The degraded pasture rep-
resented the land use class with largest reduction in area: —15.81%
and it is the land use class that has contributed over 70% to the
new forest cover areas. In the years of 1985 and 2011, the managed
pastures occupied the same proportion of land use (around 27% of
the total area). In the years of 1995 and 2005, managed pastures
suffered reductions in area mostly replaced by forest cover. The
increase of managed pastures between 2005 and 2011 occurred
mostly over degraded pastures. Fig. 3 shows the area occupied by
each land use and land cover class.

To understand the dynamics of LULCC it is necessary to assume
that each class will swap over the years, meaning that whenever
there is a decrease or increase of a class necessarily one or more
classes should also suffer reductions or increases. The role of the
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Table 1

Independent variables selected to study forest transition in the Paraiba Valley, Sdo Paulo state, Brazil during the periods of 1985-1995, 1995-2005, and 2005-2011.

Variables Description Structure Normalization Source Time range (year)
X; Aspect Continuous - ASTER GDEM -

X3 Elevation (m) Continuous - ASTER GDEM -

X3 Rural houses (no. of houses) Continuous square root IBGE/SEADE? 1980-2010
X4 Proximity of eucalyptus (m) Continuous natural log Land Use Map 1985-2011
X5 Proximity of forest (m) Continuous natural log Land Use Map 1985-2011
Xs Proximity of roads (m) Continuous natural log DNIT/MT -

X7 Farm job (no. of jobs) Continuous square root MTE/SEADE? 1991-2014
Xg Soils (classes) Categorical evidence likelihood IAJEMBRAPAP -

Xo Farm credit ($/ha) Continuous square root BACEN/SEADE* 1985-2011
Xi0 Formal job (no. of jobs) Continuous square root MTE/SEADE? 1991-2014
X11 Industry and commerce (no. of unities) Continuous square root SE/SEADE? 1980-2014
X12 Stocking rate (animal unit/ha) Continuous square root IBGE® 1974-2014
X3 Milk productivity (L/no. of animals) Continuous square root IBGE* 1974-2014
X4 Municipal revenue ($) Continuous square root MF/SEADE? 1980-2011
Xi5 Rural population density (people/ha) Continuous square root IBGE/SEADE/SAA? 1980-2014
Xi6 Slope (degree) Continuous - ASTER GDEM -

X7 Protected areas Binary evidence likelihood MMA¢ -

2 all data for the historical series were generated by public institutes of research and compiled by the State Foundation of Data Analysis System (SEADE https://www.seade.

gov.br/ In: “populagdo e estatisticas vitais”).
b Qliveira et al. (1999).

¢ Brazilian Institute for Geography and Statistics (IBGE): http://www.sidra.ibge.gov.br/bda/acervo/acervo2.asp?e=v&p=PP&z=t&0=24 In: “pecudria”.

d Brazilian Ministry of Environment: http://mapas.mma.gov.br/i3geo/datadownload.htm In:

“wz

areas especiais”.

Fig. 2. Binary maps of forest and non-forest cover classes.

change matrix (Table 2) is to bring to light the dynamic swapping
processes, and at what rates they occur between classes.

The change matrix shows a dynamic landscape with a strong
relationship between the classes of managed pasture, degraded
pasture and forest. According to the data (Table 2), in the three
periods of change, the class of degraded pasture made the largest
contribution to new areas of forest, and it also had intense swap-
ping with managed pastures. This trend indicates the abandonment
of former pasturelands (increase of degraded pastures areas) as the
most influential factor to the FT in the study region. The eucalyptus
plantations had 48% of its growth over degraded pastures and 30%
over managed pasture. Between the classes with more significant
contribution to deforestation are pasturelands and eucalyptus. In
the years between 1985 and 2011 the urban areas increased 1.12%.
According to the census data, in the early 1980s the rural popu-
lation had decreased to 13.5%, and fell to 5.8% in 2010, while the

urban population increased from 1,118,653 inhabitants in 1980 to
1,804,126 in 2010.

The agriculture class occupied a constant and small proportion
of areas in 1985 and 2011, decreasing 2.31% during the first period
of change, 1985-1995. The stability of agricultural areas occured
especially in the floodplains of the Paraiba River occupied by rice
farming.

The eucalyptus plantations in 1985, that corresponded to 2.58%
(375sq.km) of the Paraiba Valley, reached 6.15% (864 sq.km) in
2011. This land use inside the private lands of the forestry
company operating in the region increased from 140sq.km to
376 sq.km, while natural forest cover areas changed from 98 sq.km
to 280 sq.km between 1985 and 2011 (Table 3).

The study region consists of 34 municipalities with numerous
demographic and socioeconomic differences, and they exhibited
different rates of forest gain and forest stability, as well as differ-
ent dynamics in the eucalyptus land cover during the three periods
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Fig. 3. Land use and land cover in the Paraiba Valley. The graphics show each class extension in km?, and the percentage (%) of each class in relation to the other classes.

Table 2

Land use and land cover change matrix for the Paraiba Valley, Sdo Paulo state, Brazil.
(sq.km) 1985
1995 Degraded pasture Agriculture Managed pasture Eucalyptus Bare soil Built-up area Forest Water
Degraded pasture 3290.58 229.09 1995.52 63.71 200.68 93.95 331.7 25.27
Agriculture 23.87 72.58 55.99 1.03 36.91 14.05 1.61 3.05
Managed pasture 887.75 47.97 1572.03 12.25 120.38 39.33 25.21 11.18
Eucalyptus 145.37 17.58 47.15 170.61 11.65 1.69 158.84 0.17
Bare soil 71.32 43.49 108.51 4.79 83.33 18.08 6.32 7.27
Built-up area 48.11 44.94 102.75 1.33 33.51 215.74 3.24 9.48
Forest 1219.41 82.83 140.26 119.28 34.59 10.28 2165.58 13.87
Water 6.03 5.78 6.74 2.02 6.55 5.04 3.13 173.56
(sq.km) 1995
2005 Degraded pasture Agriculture Managed pasture Eucalyptus Bare soil Built-up area Forest Water
Degraded pasture 3691.71 37.76 754.98 73.27 78.86 66.55 486.01 7.75
Agriculture 299.66 106.45 85.16 1.23 46.71 30.94 10.15 4.21
Managed Pasture 1137.86 18.31 1681.85 19.95 88.76 54.99 43.55 1.77
Eucalyptus 113.11 239 56.63 213.25 7.31 1.71 95.29 0.32
Bare soil 70.94 14.18 47.73 7.79 66.27 29.55 9.09 4.81
Built-up area 92.76 16.41 45.31 1.11 28.89 260.37 17.13 2.31
Forest 797.56 8.72 37.41 235.99 10.95 5.71 3098.42 5.78
Water 26.88 4.88 7.11 0.35 15.39 9.27 26.11 181.91
(sq.km) 2005
2011 Degraded pasture Agriculture Managed pasture Eucalyptus Bare soil Built-up area Forest Water
Degraded pasture 2467.98 62.24 499.57 23.72 32.49 18.79 289.16 6.59
Agriculture 182.99 194.38 59.84 4.88 20.77 36.38 16.06 7.05
Managed pasture 1425.86 251.65 2205.37 9.88 58.56 49.01 27.36 5.41
Eucalyptus 192.73 6.98 113.19 321.86 13.55 1.81 213.26 0.45
Bare soil 40.57 18.73 26.02 0.49 47.35 8.41 3.69 7.23
Built-up area 58.31 32.16 70.91 1.26 56.41 326.02 9.43 6.39
Forest 812.37 12.27 68.18 127.21 8.14 19.52 3636.15 18.17
Water 16.35 6.12 4.01 0.72 13.11 4.41 5.97 220.61

Table 3

Variation rates of LULC classes within private lands of the forestry company operating in Paraiba Valley. The private land areas total 817 sq.km?.

Land use and land cover classes (%)
Eucalyptus Forest Agriculture Managed pasture Degraded pasture Soil

1985 17.17 12.03 3.31 25.43 38.01 3.19
1995 21.76 24.04 0.27 16.08 36.68 1.21
2005 26.07 31.25 0.79 12.15 26.07 1.28
2011 46.01 34.35 1.08 5.81 11.79 0.11

2 the total area correspond to the Forest Management Plan of 2014 of the forestry company: http://www.fibria.com.br/shared/midia/publicacoes/plano_de_manejo_fibria.

$sp-2014.09_23.pdf.
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Fig. 4. Proportion of forest gain, forest stability, and eucalyptus monoculture plantations in the Paraiba Valley, Brazil. “Forest gain” maps represent the percentage of increase
in forest cover in the period of change minus the rate of loss by deforestation. “Forest Stability” is the area of forest that remained stable throughout the period of change.
The maps for “eucalyptus monoculture” represent the portion of this land use in each municipality. The spatial unit of the maps is the municipality.

of change. The highest concentration of eucalyptus plantations is
in the municipalities closer to Jacarei (Fig. 4), where stands the
pulp and paper industrial facility. The highest rates of forest gain
occurred during the first period of change and vary for each munic-
ipality.

Fig. 4 also reveals patterns of forest cover dynamics, indicating
different patterns of land changes, affected by the diversity of bio-
physical and socioeconomic factors present in each municipality.
The maps also show a tendency towards forest cover stability in
2005-2011.

5.2. LULCC models and drivers

The results of Cramer’s V test reveal the explanatory power of
the independent variables for each period of change (Table 4). The
results presented in Table 4 show variations in the number of vari-
ables with minimal explanatory power for each period indicating
that the process under study is dynamic and without a linear or
predictable relationship with the same variables during the time
series.

The IDRISI software (version 17.01) used for data modeling
presents an open version of the results generated by the method
of multi-layer perception in the module “Land Change Modeler”.
Through the measures of accuracy and rate of learning, the MLPNN
evaluates the sensitivity of the model taking into account the inde-
pendent variables one by one. Thus, the MLPNN is able to register
the importance (influence order) of each driver in relation to the
dependent variable (Table 5) and its ability to model the process of
change.

Table 5 shows the results of the models of change with the vari-
ables accepted by Cramer’s V test for each period. The influence

Table 4
Results of Cramer’s V test for the set of independent variables.
Independent variables Cramer’s V
1985/1995 1995/2005 2005/2011

(X1) aspect 0.1586 0.1326 0.1167
(X2) elevation 0.2887 0.3038 0.2997
(X3) rural houses 0.1537 0.1676 0.1536
(X4) proximity of eucalyptus 0.1083 0.2755 0.1820
(Xs) proximity of forest 0.4624 0.6056 0.5469
(Xs) proximity of roads 0.1889 0.2050 0.2358
(X7) farm job 0.1339 0.1559 0.1729
(Xs) soils 0.2081 0.2274 0.2189
(Xo) farm credit 0.1435 0.1590 0.1643
(X10) formal job 0.1238 0.1211 0.1367
(X11) industry and commerce 0.1319 0.1313 0.1624
(X12) stocking rate 0.1239 0.1645 0.1565
(X13) milk productivity 0.1432 0.1742 0.1309
(X14) municipal revenue 0.1315 0.1257 0.1389
(Xy5) rural population density 0.1271 0.1470 0.1347
(X16) slope 0.1592 0.1606 0.1597
(X17) protected areas 0.1198 0.1168 0.1342

order (I0) ranks the order of variables from 1 for the most influen-
tial and so on. Thus, as observed (Table 5), the proximity of forest
played the major role to the increase of forest cover in all peri-
ods (1985-1995; 1995-2005; and 2005-2011). On the other hand,
the proximity of roads had low influence for the increase of for-
est cover indicating that the likelihood of forest cover regeneration
increases with increasing distance from roads. The following sub-
sections present key findings for each period of change showing
that the drivers of FT shift their influence over time.
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Table 5
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Results of the “Land Change Modeler” by the MLPNN method. The “I0” column in the table represents the influence order of each independent variable for the prediction of
the model relative to the dependent variable (non-forest to forest). In ascending scale, the “I0” column shows the most influential driving force with the value 1. The last

row (“all”) means the general result for the model.

Variables 1985-1995 10 1995-2005 10 2005-2011 10
Accuracy (%) Skill Measure Accuracy (%) Skill Measure Accuracy (%) Skill Measure
(X;1) aspect 70.40 0.4079 2 - - - - - -
(X2) elevation 75.74 0.5149 4 81.99 0.6399 5 77.73 0.5547 5
(X3) rural houses 75.85 0.5171 6 81.47 0.6294 3 77.83 0.5567 6
(X4) proximity of eucalyptus - - - 80.21 0.6041 2 77.74 0.5494 2
(Xs) proximity of forest 66.28 0.3257 1 63.70 0.2739 1 62.07 0.2413 1
(Xs) proximity of roads 75.86 0.5173 7 82.38 0.6477 11 78.08 0.5615 9
(X7) farm job - - - 82.28 0.6457 10 77.73 0.5547 4
(Xg) soils 75.84 0.5169 5 82.20 0.6441 8 78.11 0.5621 10
(Xo) farm credit - - - 81.92 0.6385 4 78.04 0.5607 8
(X11) industry and commerce - - - - - - 77.66 0.5533 3
(X12) stocking rate - - - 82.03 0.6407 7 77.94 0.5587 7
(X13) milk productivity - - - 82.01 0.6403 6 - - -
(X16) slope 75.46 0.5093 3 82.23 0.6447 9 78.18 0.5636 11
All 76.18 0.5237 - 82.33 0.6467 - 78.10 0.5619 -

5.2.1. First period of change (1985-1995)

The highest rate of forest net gain was observed during this
period, 7.46% or an area equivalent to 1082 sq.km. The aspect
showed a strong relationship in the prediction of change from non-
forest to forest. It was observed that 34% of forest gain occurred on
the North face of the Valley’s relief while 56% over the South face,
and 9% on flat areas. The slope is the third variable in order of influ-
ence in the MLPNN model. In slopes of 20% to 75%, the forest cover
increased 75.82% and indicates likelihood of forest regeneration
over slopes less suitable for agricultural practices (see Supplemen-
tary materials).

5.2.2. Second period of change (1995-2005)

The proximity of forest was the driver with greater influence
on the forest regeneration process as observed in the first period.
Unlike the first period of change, however, the aspect did not
have enough explanatory power, therefore it was not included
in the model. In this period, new socioeconomic variables pre-
sented explanatory power above 0.15 and were incorporated into
the model.

The proximity of eucalyptus was the second variable in the
influence order on the model, suggesting a tendency of forest
cover to increase near eucalyptus plantations. With approximately
80,851 ha of their own lands, the largest forestry company operat-
ing in the Paraiba Valley, had approximately 44% of its total area
covered by eucalyptus plantations between the years of 1995 and
2005 while the forest cover increased from 24.04% to 31.25% in the
same period (Table 3).

In this period, two socioeconomic variables were highlighted
in the order of influence of drivers of the model: rural houses and
farm credit. It was observed for the rural houses that 34% of new for-
est cover areas occurred in seven municipalities with the number
of permanent rural dwelling below average among the 34 munic-
ipalities. It was observed that 54% of the new forest cover areas
occurred in ten municipalities with farm credit below the average
for municipalities in the Paraiba Valley. For example, the munici-
pality of Cunha, with the highest rate of change from non-forest to
forest, had one of the lowest farm credit allocations suggesting the
following trend: the smaller the farm credit in a particular munici-
pality, the greater the likelihood of forest cover increase in the same
period (see Supplementary materials).

5.2.3. Third period of change (2005-2011)

Between the years of 2005 and 2011 the proximity of eucalyp-
tus and proximity of forest kept their importance on the dynamic
process of forest regeneration. However, at this time, there were

changes in the order of socioeconomic variables. According to the
result of MLPNN, the third variable with high influence on the
changes was industry and commerce. The analysis indicates that 9
of the 34 municipalities of the Paraiba Valley concentrated 85% of
all industries and commercial establishments in 2005. Regarding
the total forest increase between 2005 and 2011, 33.5% occurred in
these 9 municipalities. The proportion of forest increasing in these
municipalities was 3.8%, and 1.9% in the other 25 municipalities. It
was observed that 39% of the forest cover growth occurred in 19
municipalities with below average availability of farm jobs. Thus,
the rate of forest gain was equivalent to 2% for each municipality
with less than 272 formal jobs in agriculture, while for those above
average, it was 4% (see Supplementary materials).

6. Discussion

The discussion section is organized following each period of
analysis as presented in the Results Section 5. The most influential
independent variables to the FT process in each period of analysis is
discussed. As the LULCC models indicated, the growth of new for-
est cover areas are related to many drivers affecting each period
of land use and land cover changes differently. After discussing
LULCC models in each time period, we provide a discussion about
the implications of the model’s results to FT and how policy makers
and society can benefit through this study in drafting land use and
forest conservation policies.

6.1. Period of 1985-1995

The remaining forest cover areas are critical to the Atlantic For-
est biome regeneration, as already observed by Lira et al. (2012).
In this case, the recovery of the forest cover in the Atlantic Forest
biome in the Paraiba Valley is strongly associated with the proxim-
ity to forest remnants.

The relationship between the FT and aspect is explained by
the studies of Rosenberg et al. (1983); Bale et al. (1998); and
Mello (2009) that have shown the differences of solar radia-
tion over the southern hemisphere, pointing the north faces of
the southern hemisphere as having greater insolation and conse-
quently considered more productive for agricultural production.
Thus, the increase of forest cover areas had a strong relationship
with degraded pastures in the “opposite-faces”, which are the sec-
tions of land surface located in the South face of the Paraiba Valley
landscape, which are less suitable for agriculture than the North
face. This phenomenon, which is related to the abandonment of
land use, can be partially explained by the farmer’s decision for the
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best lands to be dedicated for agricultural use, and in part by the
role of the S3o Paulo State Decree, n® 28848 of 1988, that banned
the practice of burning to prevent the use of fire for the control and
management of pasturelands. According to Silva (2015), this policy
had impact on the maintenance of grasslands on the “opposite-
faces”, where the cost-benefit for the management of pastures
without the use of fire and just by manual or mechanical weeding,
became disadvantageous, leading to the abandonment of many of
these areas. As a result of the land abandonment in these areas, the
forest natural regeration process took over the areas.

The influence of the slope in the model’s result has an intrinsic
relation to the Paraiba Valley landscape, characterized as a “sea
of hills” (Ab’Saber, 2003). The slopes of the Valley have a strong
influence on the decision making process for land use and favors
conservation on the most steep slopes, less suitable for agricultural
practices including mechanization, irrigation and grazing (Mello,
2009; Silva, 2015).

The first period of analysis revealed a FT process influenced pre-
dominantly by biophysical features of the Valley characterized as
marginal lands for agricultural use. The control of burning practices
had strong influence to release marginal lands for native vege-
tation regeneration once the cost-benefit to manage these areas
with manual weeding or by mechanization where possible did not
worth the investment. The reason for the highest forest recovery
rate during this period is related to the likelihood of land abandon-
ment of marginal lands in steep slopes reinforced by agricultural
management policies.

6.2. Period of 1995-2005

During this period, the proximity of eucalyptus becomes influ-
ential on the FT process, the same period that the Valley’s forestry
company turned its production to the international market, and
started to trade shares on the stock exchange of New York. Farinaci
et al. (2013) call attention to the globalized market for eucalyptus
production in the Paraiba Valley, which is focused on international
trade, and follows strict international protocols such as the Forest
Stewarship Council (FSC) certification program and the Brazilian
Program of Forest Certification (Cerflor), both of which had positive
impacts on the conservation of Atlantic Forest remnants.

The LULCC analysis inside rural properties with eucalyptus cul-
tivation showed the following trends: as the eucalyptus plantation
is allocated in the private lands of the forestry company, the land
use changes from pastureland to eucalyptus, predominantly. This
change process, driven by land grabbing, displaces former local
farmers and the company starts to produce eucalyptus as an agroin-
dustrial system. As a result, less suitable lands are made available
(usually occupied by pasture) for environmental compensation
(through forest restoration projects) or abandoned for natural for-
est regeneration. As Table 3 shows, the allocation of eucalyptus in
the rural property to provide raw material for the cellulose pulp
agroindustrial system fosters the increase of natural forest cover
areas.

In regard to the likelihood of forest cover increase where we
observed small flows of farm credit, as in the municipality of Cunha,
we noted that in Brazil, the 1990s was marked by a shift in agri-
cultural regional dynamics influenced by a new agricultural credit
policy. From this decade on, the funding policies cease to be a
state priority and the market begins to drive access to credit. This
change leads to the consolidation of the major producers, new
agricultural areas are developed through mechanization, and it pro-
moted uneven regional distribution of credit in the country. As
result, the Brazilian rural sector faced scarcity of rural credit, falling
from 30 billion Reais (Brazilian currency) in 1980 to 10 billion
in 1997 (Padilha and Medeiros, 2010). Regions with a predomi-
nance of small-scale agriculture, low technological development

and low profitability, were most affected. In the Paraiba Valley,
these changes led to decapitalization of small farmers since the
1990s, leading them to abandon less productive and unsuitable
areas, with a resulting return of natural vegetation.

6.3. Period of 2005-2011

During the third period of change, the FT process was influenced
by a different set of socioeconomic variables. The concentration of
industries and commerce in a specific set of municipalities resulted
in a more than 2-fold gain in the rates of forest cover. This result
provides support for FT theory (Rudel et al., 2005, 2010), as the
economic development, which in this case is represented by indus-
trialization and commerce, is a vector for the process of forest
vegetation’s return. Studies on FT have demonstrated the influ-
ence of economic development (e.g., process of industrialization)
and consequent socioeconomic transformations of rural areas as
a driver in the increase of forest cover areas (Foster et al., 1998;
Mather et al., 1999; Evans et al., 2005).

From the result and socioeconomic information about the
region, it is clear that the sectors of agribusiness and rural tourism
(rural tourism, ecotourism and historical tourism) may have played
a significant role in explaining the relationship between farm jobs
and FT, because they require employment and generate income,
thereby providing opportunity costs for the local population in
rural areas through non-agricultural activities, and to stimulate the
restoration and conservation of natural environments (Couto and
Serra,2011; Izique, 2012; Roque, 2013). This resultindicates a trend
of higher increase of forest in the municipalities with the largest
number of farm jobs.

In Sdo Paulo state, in 2009, 79% of rural income came from non-
agricultural activities (Izique, 2012). The development of formal
job activities in rural areas unlinked to the livestock and agricul-
ture practices, and more focused on agribusiness, forestry, tourism
and leisure sectors, may reflect the intensification or abandonment
of agricultural lands. The tourism and leisure sectors also stimu-
late conservation practices such as environmental restoration and
establishment of agroforestry systems, both with favorable conse-
quences on forest cover.

6.4. Drivers change over time: implications to regional forest
transitions

As noted in Table 5, the drivers shift their influence on the FT
during the three periods of analysis. The biophysical factors related
to agricultural land use are the most prevalent during early stages
of the FT. From our finds, this early period of change (1985-1995)
is characterized by forest scarcity and widespread availability of
marginal land areas, favored by the enforcement of restrictive land
management policies and the prohibition of burning. Thereafter, if
forest cover continues to expand, socioeconomic drivers come to
have influence from a certain stage of saturation of marginal lands
already occupied by new forest cover areas, that corresponds to the
model’s second and third periods of change. At this time, environ-
mental protection policies, as well as monitoring deforestation and
the protection of areas in vegetation succession process, begin to
play important roles on the FT trajectory. It is important to men-
tion that the evolution and development of these policies are also
a reflection of the landscape changes that arouse the interest and
attention of the population, scientific community and policy mak-
ers around the dicussions about environmental conservation. From
the typical FT theory curve (Rudel et al., 2005), the first period of
change (1985-1995) corresponds to the Time 1 (“bottom”) of the
curve when the gain of forest cover (secondary forests) overcome
losses in old forest remmants. The following periods (1995-2005
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and 2005-2011) are allocated to the “right” of the curve when the
forest cover is expanding over time.

This result has important implications for the effective formu-
lation and implementation of environmental policies and land use
management and planning. In our FT scenario, the first period
of changes is characterized by a region where the population is
densely concentrated in urban areas with large amounts of unin-
habited rural areas, with the predominance of the smallholder farm
sector and scarce remnants of tropical forest.

At this point, FT processes can be induced by strong policies
of land use restriction in unproductive lands such as mountain-
ous areas or areas remote from highways and urban centers. These
policies may target the areas of restriction previously defined in
agricultural technical reports, by ecological-economic zoning, or
also by policies that ban certain management practices, such as
mechanization on steep slopes or the use of fire for agricultural
management which finally, make economically unfeasible the use
of less productive areas.

As these areas are abandoned and natural regeneration pro-
cesses are initiated, new policies aimed at the protection and
surveillance of remaining areas of natural vegetation and in regen-
eration process as well, monitoring of potential environmental
crime offences, becomes necessary. At this time, when marginal
lands are already abandoned and replaced by secondary forest
succession, if the FT continues, it goes in subsequent periods
(1995-2005 and 2005-2011) that occur more slowly over time on
degraded lands with reasonable agricultural potential, influenced
by socioeconomic factors, as (a) the influence of conservation ideas
(e.g., FSC certification in the eucalyptus production system, and
rural-environmental tourism), (b) by the rigidity in the distribution
of State credit for agribusiness (e.g., farm credit), (c) the shortage of
rural workers influenced by the demand for labor in urban centers,
and (d) the development of new agro producer regions, which can
become more cost-effective alternative to the production of com-
modities, as seen with the eucalyptus production system, which
in recent years stagnated in the Paraiba Valley and has developed
strongly in the Midwest region of Brazil (Silva, 2015).

The Valley’s FT suffered a slowdown along time and according to
the results from LULCC models, we interpret this temporal dynamic
as shifts in drivers behind forest recovery. Therefore, the shift from
biophysical factors to socioeconomic factors implies that sustain-
ing forest recovery requires shifts in policies over time. These finds
make clear that policy makers need to be aware of the spatio-
temporal processes of land transitions, once certain policies lose
effectiveness over time while new policies and institutions emerge
that are more suitable to fit temporal and regional demands.

7. Conclusions

The results observed in Table 2 show that LULCC in the Paraiba
Valley had consequences on the increase of forest cover areas.
Among the seventeen independent variables selected for the study,
fourteen presented explanatory power above 0.15. For the three
periods of analysis, different intensities of influence from these
variables on the dependent variable (non-forest to forest) were
observed. We conclude that there is not a single major driver on
the process of change modeled, but a group of them, interacting
at different levels and varying in each period- not surprising in a
complex and dynamic system such as this one. As the FT theory has
demonstrated, there is no single FT pathway operating over time
on forest cover dynamics worldwide. The most likely expectation is
that one pathway can have several overlapping pathways changing
over time at regional scales.

Topography had a strong influence on the dynamics of forest
cover between 1985 and 1995, butlost influence in later periods. On

the other hand, socioeconomic variables that showed no significant
influence on forest cover in the early period, became more influ-
ential between 1995 and 2011. Such information shows that in the
Paraiba Valley, areas most susceptible to Atlantic Forest regenera-
tion are those with topography less favorable for agricultural and
livestock use. As these areas are replaced by forest cover, these bio-
physical variables become less significant giving way to other social
and economical factors, which act at local scales (e.g., municipal-
ity). Therefore, the shift from biophysical factors to socioeconomic
factors implies that sustaining FT may require shifts in policies and
rules over time.
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