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ABSTRACT 

The Atlantic Forest is one of the most threatened areas in the world. A large part of the 

remaining forest is located in São Paulo state, Brazil. StocModLCC model, a land use and 

land cover change model, was used to model future deforestation and regeneration to 2030 

in the state of São Paulo, using 2005 to 2010 data as the basis of the study. The study used a 

number of different proximate and underlying drivers of deforestation and regeneration to 

run a Business as Usual scenario (BAU). The model of best fit found that municipality gross 

domestic product, population density and distance to railways were the most influential 

variables in determining the location of regeneration. Deforestation was most strongly 

influenced by change in area of permanent crops, distance to rivers and change in firewood 

collection. The BAU scenario presented a high turnover from forest cover to deforestation 

to regeneration throughout scenario to 2030. However, these findings may be a result of 

the basis of the report being at a time of high regeneration. The outcomes of this report 

could have conservation implications with assisting the Atlantic Forest Restoration Pact in 

identifying cost effective areas to implement restoration and payment of ecosystem 

services. 
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1. INTRODUCTION 

Brazilian forests, predominantly the Amazon and Atlantic Forest, are rich in biodiversity and 

provide several ecosystem services, such as flood control, water purification and ecotourism 

(Watson, et al., 2005) but these services have been degraded over time (Foley, et al., 2007). 

Despite the sharp deforestation rates in the Amazon over the past few decades (Soares-

Filho, et al., 2006), degradation and deforestation of the Atlantic Forest are in a far more 

progressive state than that of the Amazon. The range and composition of the Atlantic Forest 

been drastically constricted from its historic range and is now one of the most threatened 

biomes on the planet (Ribeiro et al., 2009).Fragmentation has caused more than 80% of 

forest patches to be less than 50ha and the average distance between patches is 1440m 

(Ribeiro, et al., 2009). Aside from fragmentation, human influence has also changed the 

composition of the trees within the patches, with larger more valuable trees being removed 

(Sanchez, et al., 2013). Although the majority of recent research on forest loss has related to 

the Amazon, the implications of forest loss on biodiversity are no less important in the 

Atlantic Forest  

The Atlantic Forest supports one of the highest levels of species richness and rates of 

endemism in the world, but since the 16th century it has undergone huge forest loss 

(Ribeiro, et al., 2009). Many of the species found are unknown to science (Lewinsohn, 2005). 

Many species are exploited by the local communities, who use the plants for medicinal 

purposes and they therefore become an economic resource for their subsistence (Di Stasi, 

et al., 2002). The plant diversity found in the Atlantic Forest also has importance in an 

international context, as data now demonstrates the relevance and importance of the 

commercialisation of products which stem from plants, such as new medical drugs. Previous 

studies have been carried out in São Paulo State and have highlighted the high use of 

medicinal plants by rural and urban populations (Begossi, Hanazaki & Tamashiro, 2002). 

São Paulo state has the potential to realise immense medicinal value from its forests. So far, 

114 plants with medicinal value have been catalogued and 31.6% of these are found within 

the primary forests while only 9% are located in the secondary forests (Di Stasi et al., 2002). 

In addition, the Atlantic Forest is also home to than 8,000 endemic species (Myers, et al., 

2000) with the higher species richness depending on primary forests (Faria,  et al., 2007). 
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With this in mind, the importance of the largest single fragment of the Atlantic Forest in São 

Paulo state is amplified. The Serra do Mar fragment is 1,109,546 ha of continuous forest 

which runs mainly along the coastal mountains of the state and represents 7% of what 

remains of the whole forest (Calmon, et al., 2011).  

In order to conserve and protect the biodiversity and possible economic gains, a national 

policy known as the Forest Code was introduced in 1965 and updated in 2012. This was 

highly contentious for both environmentalists and large farmers as it required landowners 

to manage 20% of their land as a legal forest reserve (Reserva legal) and, in addition, areas 

close to rivers and on steep slopes had to be permanently protected. In 1993 the Brazilian 

Government passed further requirements, which determined that permission had to be 

obtained before logging, forest cutting and general disturbances could take place. Since 

2012 there have been amendments, which introduce new mechanisms to address fire 

management and facilitate payments for ecosystem services schemes (Soares-filho, et al., 

2014). However, the implementation of the Forest Code has not reduced the continued 

degradation of the Atlantic Forest (Hirakuri, 2003). 

The failure to enforce the Code and the difficulty in penalising those who breach it has left 

the Atlantic Forest at the mercy of the transgressors of the Code. There are numerous 

examples of large tracks of forest, which have been cleared illegally in recent years against 

the Forest Code. For example, the National Institute for Colonisation and Agrarian Reform 

cleared 150km2 of forest to create large settlements. This clearance resulted in the loss of 

10% of the remaining Atlantic Forest in Bahia (Pinto, et al., 2006). Not only does the 

Brazilian Forest Code lack enforcement, it also lacks clear understanding and clarity. In São 

Paulo, this failure to understand the Code, has resulted in young forests being more 

susceptible to deforestation than older forests, for example, because small tree diameters 

and height can give rise to inspectors misinterpreting the results (Ditt, et al., 2008). The lack 

of enforcement of the Forest Code and the absence of international literature about the 

state of the Atlantic Forest in the near future, means that there is an increasing urgency to 

project what state the Atlantic Forest will be in if the current land management practices 

continue. 
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The importance of the Atlantic Forest as a biodiversity hotspot, the ecosystem services it 

provides, alongside the lack of enforcement of the Forest Code, has increased the urgency 

of more research into the drivers, as well as rates, of deforestation and regeneration. 

Previous studies have found that roads (Teixeira, et al., 2009), slope (Thomlinson, et al., 

1996), cities (Teixeira, et al., 2009) and agriculture (Silvano, et al., 2005) were the most 

important drivers for deforestation and regeneration in the Atlantic Forest. The focus of the 

majority of studies carried out into land use and land cover change in Brazil has been 

centred on the Amazonia (Shukla, Nobre & Sellers, 1990; Foley, et al., 2007; Laurance, et al., 

2002; Rosa, et al., 2013; Baptista & Rudel, 2006), meaning that there is limited attention 

from policy or conservation organisations on the protection of the Atlantic Forest. Therefore 

this study will assist in redirecting attention on to the protection of the Atlantic Forest, using 

the forests of the whole state of São Paulo as a case study (Figure 1).  

This study is the largest of its type, as previous land cover change modelling studies only 

considered small to medium sized areas within Brazilian states containing fragments of the 

Atlantic Forest (Lira, et al., 2012; Teixeira, et al., 2009). A study of this size will have 

considerable conservation impact both at the grassroots scale through restoration projects 

and a large scale impact through informing state wide policies. 

The outcome of the research will influence the future policy in São Paulo state by 

demonstrating how a BAU scenario, where there is little enforcement of the Forest Code, 

will impact the Atlantic Forest in the future. Additional information about the continued loss 

of primary forest and the replacement of the less biologically diverse secondary forest will 

be able to guide policy makers to identify which areas of policy need to change in order to 

preserve the Atlantic Forest. The research may also stimulate thoughts about expanding the 

protected area network of the Atlantic Forest from its current low percentage of 2.6% 

(Soares-filho et al., 2014) to protect the Atlantic Forest in São Paulo state. 

Projecting forward a BAU scenario will allow conservation groups to focus on areas which 

have a high probability of deforestation in the future. This research will directly inform the 

Atlantic Forest Restoration Pact (AFRP), which is the largest conservation project to date in 

the Atlantic Forest. The AFRP was launched in 2009 by a large pool of stakeholders, 

including national and international NGOs and research institutions.  It aims to restore 
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15,000,000 ha of tropical forest, of which 2,077,884 ha are in São Paulo state within 40 

years. It also aims to take advantage of land abandonment and aid forest regeneration, 

which will restore ecosystem services to millions of people and businesses (Pinto et al., 

2014). The AFRP has estimated that for every 1,000 ha of area restored, 200 direct and 

indirect jobs will be created through planting and maintenance (Calmon et al., 2011). 

Modelling of forest cover in São Paulo state will assist the AFRP by considering areas which 

they have identified as potential areas of restoration, and then looking at the probability of 

natural regeneration within those areas. This will aid the AFRP in deciding where to avoid 

Payment for Ecosystem Services (PES) for areas where there is a high probability of natural 

regeneration. In addition, it will identify areas where there is a low probability of natural 

regeneration and therefore the PES scheme is necessary for that particular area. The project 

will build a case for supporting better enforcement of the Forest Code by showing how a 

BAU scenario will impact the Atlantic Forest. 

The objectives of this study are: 

- To simulate a spatially explicit BAU forest cover change scenario to 2030; 

 

- To identify areas from the BAU scenario with high regeneration and deforestation 

probabilities;  

 

- To investigate the implications of a BAU scenario on the AFRP areas designated for 

restoration  

 

 

 

 

 

 



 
 

5 
 

2. BACKGROUND 

2.1. TROPICAL FORESTS AND THEIR IMPORTANCE  

Tropical forests are biologically the richest ecosystems on the planet (Pimm, S. L. & Raven 

2000). They are only located on a small percentage of the earth, between the latitudes 23.50 

North and 23.50 South and are distributed as follows; 53% are found in Latin America, 25% 

in Southeast Asia and 18% in West Africa. Despite their limited distribution their impact on 

regional and global climate and their monetary value far outweighs their size (Shukla, Nobre 

& Sellers, 1990).  

Tropical forests have immense monetary value through their natural resources, such as 

timber and as potential sites for agriculture and cattle grazing (Menkhaus & Lober, 2000). 

They can also be valued for non-extractive activates, such as ecotourism. A study carried out 

by Menkhaus & Lober (2000) found that ecotourism in Costa Rica relating to rainforests 

visits was valued at $1150 per visit. Tropical forests have multiple benefits from their 

natural capital to their ecotourism potential. However, they are in decline as forest loss and 

degradation has drastically accelerated in the past 100 years (Santilli, Moutinho et al., 

2005). Tropical forests are the only climatic domain to exhibit a clear negative trend, with 

forest loss increasing by 2101 square kilometres per year from 2000 to 2012 (Hansen et al., 

2013). 

2.2. ATLANTIC FOREST – IMPORTANCE AND DYNAMICS  

The Atlantic Forest may include 1-8% of the world’s total species (Leal & Câmara, 2003) and 

is one of the most biodiverse regions in the world (Myers et al., 2000). Not only is the 

Atlantic Forest important as a biodiversity hotspot, it also provides many ecosystem services 

such as clean water and air for millions of people (Calmon et al., 2011). Similar to other 

tropical forests, the Atlantic Forest has also seen a declining trend in its distribution and size 

(Ribeiro et al., 2009). 

Before 1500 there was minimal forest clearance and this was mainly due to rudimentary 

agriculture. The extensive forest clearances started post 1500, when Europeans discovered 

Brazil. Clearances then accelerated exponentially in the twenty first century with a dramatic 
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increase in population and the additional infrastructure required, such as railways. Between 

1985 and 1995 a total of 10,368 km2 of the Atlantic Forest was cut down, which represented 

around 11 %. Since the high levels of the 1980s and 1990s there has been a reduction in the 

rate of deforestation, but human pressure on the forest continues to intensify (Leal & 

Câmara, 2003). However, with the decreasing deforestation there has been a resurgence of 

the Atlantic Forest. 

Regeneration in the Atlantic Forest occurs as a result of either land abandonment or 

anthropogenic clearing that take place. Forest transition theory predicts that rural-urban 

migration should lead to the abandonment of marginal areas and give rise to the 

opportunity for natural regeneration. A rural to urban migration has been witnessed in the 

Atlantic Forest (Izquierdo, Grau & Aide, 2011). 

Salimon & Negrelle (2001) studied the natural regeneration process that occurs in the 

Atlantic Forest (Salimon & Negrelle, 2001). Initially, pioneer and anthropogenic pioneer 

species colonise the area. Once they are fully colonised, environmental effects begin to 

change the composition, allowing small gap specialist and tolerant species to start to 

colonise the area. This occurs mainly on the borders and eventually over time there will be a 

gradual increase in species diversity (Salimon & Negrelle, 2001). However, in the Atlantic 

Forest there is still much debate about the extent secondary forests can support biodiversity 

and serve as a refugia for forest species (Ribeiro et al., 2009).  However, recent studies have 

shown that secondary forests are not comparable with primary forests as refugia, because 

they only sustain a subset of species in comparison. Even the 35 to 50 year old second 

growth harboured lower species richness.  It has been estimated that In order for a 

disturbed area of land in the Atlantic Forest to become a mature forest it would take around 

150 years and around one to four thousand years to reach endemism level (Liebsch, 

Marques & Goldenberg, 2008).  
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2.3. DRIVERS AND PROXIMATE CAUSES OF TROPICAL DEFORESTATION AND 

REGENERATION 

The drivers of tropical deforestation and regeneration are widely debated and the most 

common explanation is a single – factor causation or irreducible complexity (Geist & Lambin, 

2002). While the causes of tropical forests are widely debated there is a clear distinction 

between the drivers. Deforestation and regeneration drivers can be categorised into 

underlying drivers and proximate drivers (Geist & Lambin, 2002).  

2.3.1. UNDERLYING CAUSES OF FOREST CHANGE 

 The underlying drivers of deforestation and regeneration operate at a multitude of levels 

from local to global. These variables consist of four broad categories, the first being, 

economic factors, such as urbanisation and population density, which have been well 

observed as drivers of tropical deforestation (Laurance et al., 2002) and regeneration 

(Chazdon, 2003). Secondly, policy institutions which have been integral in both 

deforestation and regeneration in the Atlantic Forest with the introduction of the Atlantic 

Forest Code (Soares-filho et al., 2014) although, the lack of enforcement has meant that the 

effect on regeneration and deforestation is often limited (Fearnside, 2003). Thirdly and 

fourthly agro-technology and demographic factors are considered to be the other 

underlying causes of deforestation. 

2.3.2. PROXIMITE CAUSES OF FOREST CHANGE 

Proximate cause of deforestation and regeneration has been described as human activities 

that directly affect the environment (Lambin , et al., 2001). Proximity factors associated with 

deforestation are generally categorised into three types; the first being agricultural 

expansion, which has been conclusively linked to deforestation through a number of studies 

(Geist & Lambin, 2002). Secondly, infrastructure development, such as roads and railways.  

Aside from agricultural expansion, roads and their impacts on deforestation and 

regeneration have also been well covered (Barber et al., 2014). Thirdly, wood extraction has 

also been described as a proximity driver of deforestation (Asner et al., 2005). Out of all the 

categories, road construction was deemed to have the highest impact as the forest has to 
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be cleared and then once in situ, the road acts as a direct and indirect cause (Leal & Câmara, 

2003).  

2.4. LAND USE AND LAND COVER CHANGE MODELS  

Land use and land cover change models have been used extensively to study deforestation 

(Alba & Barros, 2007; Pir Bavaghar, 2015), but there has been less focus on studying the 

natural regeneration of tropical forests. Results from these models provide qualitative and 

quantitative information on complex relationships, which are vital for assisting well- 

informed policy, conservation and governance. Numerous models have been developed to 

understand the complex interactions among human and biophysical factors that drive 

change. These models have evolved to integrate different data types, from social data to 

model interactions among people and forests reserves (Vanclay, 2003) to using 

predominantly environmental data to model deforestation in Cameroon (Mertens et al., 

2000). 

Rosa et al (2014) carried out a review of 45 papers on modelling land use and land cover 

change in the tropics and categorised the models used in the study into four categories. The 

most commonly used models were categorised as such; firstly, Optimisation models, which 

are developed with the goal of optimising income or minimising losses (Lambin, Rounsevell 

& Geist, 2000). Secondly, Cellular automata models, which account for the neighbour when 

determining change (Brown, Pijanowski & Duh, 2000). Thirdly, Agent based models, which 

are based on the decisions of agents, such as farmers, for example (Deadman et al., 2004). 

Lastly, Statistical models that are based on the exploitation of past trends (Verburg et al., 

2004) .  

These models use a mixture of dynamic and static variables to make their assumptions. 

Static variables are expected to remain constant throughout the modelling process, these 

include rivers, relief and soil, while dynamic variables are expected to change over time and 

will have different impacts over time. Dynamic variables include roads, railways and 

population density (Geist & Lambin, 2002). However, as a result of data limitations, 

variables, which should be dynamic, are often limited to being static (Rosa et al., 2014).   
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Recently there has been a gradual trend towards the use of spatially explicit models (Berec, 

2002). Increasingly research is exploring the potential of agent based models to investigate 

land use change. Agent based models represent human based decision making and 

interactions. They consist of a number of rules, which define the relationship between 

agents and their environments and thus the rules define the impact on land use change 

(Editor & Mcconnell, 2001).  

Another emerging trend is for Cellular modelling with in tropical deforestation. Cellular 

modelling incorporates many of the popular methods such as cellular automata, spatial 

diffusion middles and Markov models (Parker et al., 2008).  

While land use and land cover change models become more complex and are able to 

incorporate a greater number of variables, they cannot predict the future entirely accurately 

(Rosa, Ahmed & Ewers, 2014), because they are still unable to include the complex nature of 

tropical deforestation (Lambin, Geist & Lepers, 2003). Tropical forest deforestation and 

regeneration involves such a multitude of complex factors such as socioeconomic, cultural, 

political and environmental factors (Geist & Lambin, 2002). Above all, environmental factors 

make large spatial scale modelling of tropical deforestation more difficult than other 

regions, due to the large discrepancies between the regions (Rolett & Diamond, 2004). 

As a result of these uncertainties, there is a growing consensus of a need for a change in 

land use and land cover change models, which show the probability of deforestation or 

regeneration. Probabilistic methods are becoming more popular with researchers. Methods 

such as weighted evidence, which has been used to assess the probability of deforestation 

while modelling the outcomes of rangeland and agricultural expansion in the Amazon basin 

(Soares-Filho et al., 2004). 

The inclusion of this uncertainty has been employed by the StocModLCC (Rosa et al., 2013).  

This model is based around the probability that each cell x has to change in a set interval of 

time.  The use of probability and time differs from previous land use and land cover change 

models, as it captures three important aspects of regeneration and deforestation: 

contagion, appearance and unpredictability. StocModLCC also uses the fact that forest cover 

change usually occurs in clustered areas, meaning that areas surrounding deforestation or 

regeneration are also more likely to change. This method of uncertainty has been used in 
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modelling contagious deforestation in the Brazilian Amazon (Laurance et al., 2002; Rosa et 

al., 2013), with further research into how well land use change models are predicting human 

impacts on the environment (Rosa et al., 2014). The model has also been used in thresholds 

of species loss in the Amazonia in the face of deforestation (Ochoa-quintero et al., 2015).  

The majority of land cover and land use model studies in Brazil have focused on the Amazon 

rather than the Atlantic Forest (Soares-Filho et al., 2006; Anon, 1988; van der Werf et al., 

2008). Thus far, the Atlantic Forest has seen two major land cover models; generalised least 

squares regression model  (Freitas, Hawbaker & Metzger, 2010) and weight of Evidence 

method (Teixeira et al., 2009).  

2.4.1. EXAMPLES OF LAND USE AND LAND COVER CHANGE MODELS IN THE ATLANTIC 

FOREST 

While the Amazon dominates the number of land use and land cover change models carried 

out in Brazil, there are a number of these models that have been applied to the Atlantic 

Forest. Two of the studies looking at the Atlantic Forest were focused on the Plateau Ibiun, 

SE Brazil. The first study looked at landscape dynamics and tried to identify changes in the 

region due to major biophysical and human proximate causes (Teixeira et al., 2009). Teixeira 

et al (2008) found that between 1981 and 2000 deforestation in the study region increased 

from 2% to 2.9%. This was well above the rates of deforestation found across the whole 

Atlantic Forest, which was at 0.5% per year for that time period (Di Stasi et al., 2002; Pinto, 

et al., 2006). Forest regeneration was also found to be high with it running at 1%. These 

findings were also supported by Freitas, Hawbaker & Metzger (2010), who had found high 

regeneration rates between 1981 and 2000 on the Plateau Ibiun (Freitas, Hawbaker & 

Metzger, 2010).  The two  studies, all located in São Paulo state, highlighted that 

regeneration and deforestation were particularly driven by roads, topography and 

agriculture (Freitas, Hawbaker & Metzger, 2010; Teixeira et al., 2009). 

2.5. DESCRIPTION OF STUDY AREA - SÃO PAULO STATE 

São Paulo state is located in south- east Brazil (Figure 1) and contains the most important 

remaining forest fragment known as the Serra do Mar (Ribeiro et al., 2009). This fragment 

runs along the entire coast of São Paulo state and is extremely important as a biodiversity 
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hotspot, as it exceeds the amount of species richness found it other Atlantic Forest patches 

(Passamani, Mendes & Chiarello, 2000). While studies have highlighted the importance of 

the Serra do Mar (Sanchez, Pedroni, Eisenlohr, et al., 2013), they have not managed to 

prevent the continued degradation of the fragment. Many roads have been built across the 

Serra do Mar without any thought being given to the environmental impact. The northern 

end of the Serra do Mar in São Paulo is seeing increased deforestation to make room for 

second homes and hotels, which has resulted in forest clearances and other environmental 

issues such as untreated sewage (Leal & Câmara, 2003). However, much of the fragment is 

protected through the creation of the Serra do Mar State Park. 

Other areas of São Paulo state have not fared as well as the Serra do Mar. Deforestation in 

São Paulo state has been fuelled by the economic prosperity which the state has gone 

through. By the early 1900s, São Paulo state was the most economically advanced state in 

Brazil, with coffee export being the primary driver  (Joly et al., 1999). As a result only 7% of 

the Atlantic Forest is left in São Paulo state.                    

 

FIGURE 1 THE LOCATION OF SÃO PAULO STATE WHICH IS FILLED IN RED IN RELATION TO OTHER BRAZILIAN 

STATES 
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In order to help conserve the remaining 7%, the state has brought in a number of laws and 

policies. The conservation movement reached São Paulo state in the early eighteenth 

century with the protection of forests covering headwaters, which supplied water to city of 

São Paulo. According to De Miranda & Mattos (1992), important laws were implemented in 

1934, to regulate water collection, forest exploitation and hunting (De Miranda & Mattos, 

1992). The next major conservation milestone for the Atlantic Forest in São Paulo was the 

designation of forestry reserves “Estacoes Ecologicas” in 1992. Since then there has been 

the approval of Law.11, 428, which provides for the use, preservation and restoration of 

Atlantic Forest. In addition the state also pays subsidies for native trees and offers technical 

advice for restoration(Aronson et al., 2011). 

As a result of this increased protection the Atlantic forest in São Paulo is seeing a comeback. 

From 1995 to 2000 there was an increase in the cover of forest, with 131 municipalities out 

of 622 seeing an increase (Atl, 2003). 
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3. METHODS 

3.1. FOREST COVER DATA PREPARATION  

The forest cover data was sourced from the Instituto Florestal Nacional and came in the 

form of two shapefiles, one from; 2005 and another one from 2010. They contained 

polygons with locations, area and shape of multiple habitat types. The preselected habitats 

were aggregated into one umbrella. In particular, to ensure that the land cover change 

model used in this study was just focusing on tropical forests, all Savannah, Marinhos and 

Varzea were selected out of the 2005 data. The description for the 2010 categories had 

been broadened by Instituto Florestal Nacional, and therefore the Savannah, Marinhos and 

Varzea from 2005 were merged and ArcGIS symmetrical difference was used to remove it 

from the 2010 map. 

Once the forest habitats were aggregated, the shapefiles from both 2005 and 2010 were 

clipped from their original size of the whole of Brazil, using the State of São Paulo shapefile, 

which was obtained from the Instituto Brasileiro de Geografia e Estatística (IBGE) 

(www.ibge.gov.br.com).  The minimal mapping unit for the data was 0.5 ha and 

consequently all forest patches less than 0.5 ha were removed, as these were likely to 

represent geo-processing errors.   

Because the model needs to read binary forest cover maps (1- change, 0 – no change), the 

two forest cover maps, from 2010 and 2005, were then converted into rasters. Forest cover 

for 2005 was given a value of 1 and non-forest a value of 0, the same was applied for 2010 

but forest cover had a value of 100 and non-forest had a value of 10. The rasters were then 

added together and the areas of regeneration and deforestation between 2005 and 2010 

were displayed depending on their pixel value. 

The forest cover map was initially converted into 200 m rasters, however the spatial 

autocorrelation was found to be high (Moran’s I value of 0.42 for Regeneration and 0.24 for 

Deforestation). Therefore, in order to minimise spatial autocorrelation in the data, and also 

allow the model to run the scenarios of future land cover change efficiently, each forest 

cover map was aggregated at different resolutions using the aggregation tool ArcGIS. Then, 
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a Moran I test was run for each aggregation, in order to assess the different spatial 

autocorrelations, and choose the one that minimised this value.  

TABLE 1 THE MORAN INDEX AT DIFFERENT AGGREGATIONS FOR REGENERATION AND DEFORESTATION FOR 

THE TRANSITION PERIOD 2005-2010 (AGGREGATION, RESOLUTION OF PIXELS AND THE MORAN VALUE FOR 

REGENERATION AND DEFORESTATION) 

Sum of Aggregation  Resolution (m) Moran Index for 

Regeneration  

Moran Index for 

Deforestation 

2 400 0.32 0.17 

3 600 0.2 0.18 

4 800 0.22 0.20 

5 1000 0.22 0.21 

 

As a result of high spatial autocorrelation for 200 m and 400m resolutions, a pixel size of 

600m was used, as this minimised spatial autocorrelation both for deforestation and for 

regeneration (Moran’s I value of 0.2 for deforestation and 0.18 for regeneration, 

respectively). Removing spatial autocorrelation completely was unlikely due to the 

inherently clustered nature of both deforestation and regeneration.  

3.2. INPUT DATA ON DRIVERS AND PROXIMATE CAUSES OF LAND COVER CHANGE 

The first step of modelling is to investigate the main drivers of deforestation and 

regeneration of the Atlantic Forest, so that they can be incorporated into the model.  A 

literature search was performed to identify which were the most important factors 

influencing deforestation and regeneration dynamics. From the data available, the crucial 

factors were identified as: distance to roads, aspect, distance to rivers, distance to railways, 

urban areas and socioeconomic factors which changed between 2005 and 2010, such as 

municipality GDP, amount planted for temporary and permanent crops, cattle heads, 

population density, firewood and wood logs (Broadbent, Asner, Keller, et al., 2008; 

Laurance, Albemaz, Schroth, et al., 2002; Fearnside, 2008; Ewers, 2006) 

The input data was obtained from a number of different sources, as described in Table 2.   
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TABLE 2 DETAILS OF THE INPUT DATA USED TO CALIBRATE THE MODEL FOR THE TRANSITION PERIOD 2005-

2010 (DATA NAME, LOCATION, DESCRIPTION AND FORMAT) 

Variable Source Location Description Format 

Protected Areas www.protectedareaplanet.com All IUCN designated 

protected areas 

Shapefile 

Rivers www.mapcrizin.com All major and secondary 

rivers in Brazil 

Shapefile 

Roads www.data.geocomm.com All major and secondary 

rivers in Brazil 

Shapefile 

Railways www.gisgeography.com Major Railways in Brazil Shapefile 

Population density www.sedac.ciesin.columbia,edu Population densities for 

2005 and 2010 

Raster 

Cattle Heads www.sidra.ibge.gov.br Cattle heads per 

municipality for 2005 

and 2010 

Excel Tables were 

joined to 

Municipalities 

shapefile 

Permanent Crop Harvest www.sidra.ibge.gov.br  Permanent crop harvest 

per municipality for 

2005 and 2010 

Excel Tables were 

joined to 

Municipalities 

shapefile 

Municipality GDP www.sidra.ibge.gov.br  Municipality GDP for 

2005 and 2010 

Excel Tables were 

joined to 

Municipalities 

shapefile 

Agricultural GDP www.sidra.ibge.gov.br Agricultural GDP for 

2005 and 2010 

Excel Tables were 

joined to 

Municipalities 

shapefile 

Firewood Harvest www.sidra.ibge.gov.br Firewood harvest for 

2005 and 2010 

Excel Tables were 

joined to 

Municipalities 

shapefile 

Timber harvesting www.sidra.ibge.gov.br` Timber harvest for 2005 

and 2010 

Excel Tables were 

joined to 

Municipalities 

shapefile 

Waterways www.diva-gis.org Location of major 

waterways in Brazil 

Shapefile 
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The input data was separated into two categories; static and dynamic. Dynamic variables 

included data that changed over the 2005 and 2010 period and included cattle heads, 

agricultural GDP, forestry, population density, permanent and temporary crops. 

Unfortunately, as a result of data limitations, since the data does not exist beyond 2010, all 

but one variable was static. Deforested/regeneration neighbours was the only dynamic 

variable used which was internally calculated by the model and was automatically updated 

every iteration run. 

3.2.1. DYNAMIC VARIABLES  

Socioeconomic data for the two periods, 2005 and 2010, was sourced from the Brazilian 

Institute of Geography and Statistics (IBGE). Because the municipalities varied greatly in size 

and therefore their economics and agricultural output vary greatly, all the dynamic variables 

were standardised by turning their values into a percentage change from 2005 to 2010. 

The dynamic variables were collected and then correlated against each other (Appendix 4) 

in order to remove any variables, which were highly correlated. Any variable which had a 

correlation over 0.8 was removed (Franzblau, 1958).  

Silviculture data was presented as cubic meters of Firewood and Wood logs, because data 

on the area of tree plantations was unavailable.  These two data sets were used as a proxy 

for tree plantation change from 2005 to 2010. It is understood that these proxies may not 

be truly representative of the change in area of tree plantations. 

Farming data included both arable and livestock. Arable farming data was comprised of 

permanent and seasonal crops. The areas planted and the areas harvested were 

downloaded from the municipalities of São Paulo, as these gave a good representation of 

the areas being used for crops. These two data sets were used in tandem to ensure that the 

data was accurate, because there was a possibility that the harvested area alone might be 

reduced due to the loss of crops in an area. This would have distorted the results, as it 

would under represent the amount of land being used. 

Urbanised areas and population density was also used in the model. An urbanised area was 

defined as having a population of over 800 people per square kilometre, which was the 

standard set by United States Census Bureau (www.census.gov). Population density was 
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collected and the percentage difference was used in the model. In addition, municipality 

GDP was used as a proxy for change in urban activity from 2005 to 2010. The justification 

was that municipalities with increased GDP would have improved infrastructure and urban 

spread would occur (Amann et al., 2014) and secondly, a municipality with an increasing 

population would need more area to be cleared for housing and amenities.  

TABLE 3  DERIVATION OF THE MUNICIPAL VARIABLES. 

Variable Calculation 

Permanent Crops 
𝑃𝐶 =

𝐴𝑝𝑐2010 −  𝐴𝑝𝑐2005

𝐴𝑝𝑐2005
× 100 

Seasonal Crops 
𝑆𝐶 =

𝐴𝑠𝑐2010 −  𝐴𝑠𝑐2005

𝐴𝑠𝑐2005
× 100 

Cattle 
𝐶 =

𝐻𝑐2010 −  𝐻𝑐2005

𝐻𝑐2005
× 100 

Municipality GDP 
𝐺 =

𝐺2010 −  𝐺2005

𝐺2005
× 100 

Population density                                  
𝑃 =

𝑃2010 −  𝑃2005

𝑃2005
× 100 

Firewood 
𝐹𝑊 =

𝐹𝑊2010 −  𝐹𝑊2005

𝐹𝑊2005
× 100 

 

Wood logs 

 

 

Municipality GDP 

 

𝑊 =
𝑊2010 −  𝑊2005

𝑊2005
× 100 

 

𝐴𝐺 =
𝐴𝐺2010 − 𝐴𝐺2005

𝐴𝐺2005
× 100 

 

 

 

 

 

 



 
 

18 
 

3.2.2. STATIC VARIABLES  

Static variables, which were included in the model, consisted of distance to rivers, to 

waterways, to urban areas and to protected areas. There were some variables which should 

have been considered as dynamic, but due to lack of data for roads, they were also selected 

as static variables. Roads density and road distance to the forest have been strongly linked 

in a number of studies to driving deforestation (Chomitz & Gray, 1995; Laurance et al., 

2002) and therefore should have been a dynamic variable, however without a validated 

road model, roads were treated as a static variable.  

Every static feature, such as roads, was formatted, so that a Euclidean distance tool was 

used in order to assess the distance from the variable. As a means of ensuring that urban 

areas, roads, rivers and waterways were excluded from projected land cover change 

predictions, as this prevented the model from predicting forest regeneration in unusual 

locations, such as a lake. Once all static layers were removed from the Euclidean distance, in 

practice this means where the distance was equal to zero, histograms were produced 

showing the distance that the static feature was from regeneration and deforestation. 

3.3. LAND COVER CHANGE MODEL 

A spatially – explicit land cover change model was used (Rosa et al. 2013, 2015) to project 

deforestation and natural regeneration using the data collected above. The model was 

based around the probability that each cell changes its state (i.e. from forest to deforested, 

or from deforested back to forest) in a set interval of time. The use of probability and time 

differs from previous land cover change models, as it captures three important aspects of 

regeneration and deforestation: contagion, appearance and unpredictability.    

Appearance of regeneration and deforestation is accounted for in the model by using local 

changes. Local drivers were selected over regional or national drivers, as global and regional 

factors occur through local processes. In addition, many factors which influence land cover 

changes can be overlooked when modelling at regional scale. The appearance of 

deforestation and regeneration is probabilistic but is driven by local socio-economic and 

geographic factors. 
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Further, the model uses the fact that deforestation and regeneration is usually spatially 

tightly clustered. This points to forest surrounding deforested land as being more likely to 

suffer deforestation and areas close to regeneration as being more likely to regenerate. 

Being able to capture this spread of regeneration and deforestation in space is vital in 

ensuring the validity of the results. 

3.3.1. MODEL CALIBRATION 

In practice, to project future deforestation and regeneration, StocModLCC runs two models 

side by side. One that determines the probability of a forest cell changing to deforested, and 

another on that determines the probability of a deforested cell becoming forest in the time 

interval being modelled. To calibrate these two modes, a stepwise regression was used to 

assess the impact of each variable, and their possible combinations, on the probability of 

regeneration and deforestation and to find the best set of parameters that explained either 

deforestation or regeneration. In order to do this “Filzbach”, the parameter estimation 

model, part of StocModLCC, used Markov Chain Monte Carlo to parameterise the models 

and then extract the posterior mean of each parameter associated with each variable 

described above. All possible models were trained and tested, both for regeneration and 

deforestation, by running a stepwise regression. The first step of the stepwise regression 

looked at how well the individual parameters predicted deforestation or regeneration.  

The next step of the stepwise regression (both for regeneration and deforestation models) 

was to investigate the additional predictive power gained by adding each additional 

variable. The output of this was a table of all the models with their testing likelihood. The 

model with the highest testing likelihood was the “best model”. However, when assessing 

the best model it was found that many of the parameters were not significant. 

Consequently, the second best model was chosen for both deforestation and the best 

model for regeneration, as it was found that all the parameters were significant, even 

though the test likelihood was slightly, but not significantly, lower. 

Once the best model was found, both for deforestation and regeneration, it was used to 

simulate forest cover change between 2010 and 2030, on 5-year time interval (same as the 

calibration time interval 2005–2010). To do so, and due to StocModLCC limitations, the 

regeneration and deforestation were run in parallel in C++ (www.cplusplus.com). As a result 
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of running the models in parallel, the output from the regeneration projection from the 

2015 model was then used as the input for the 2020 deforestation projection and vice versa 

for all the future simulations. Due to the stochastic nature of the model (Rosa et al., 2014), 

each simulation was repeated 100 iterations to allow for the construction of the final 

probability maps. 

This meant that at each time interval being simulated (2010-2015, 2015-2020, etc.) where a 

pixel was classified as deforested, the regeneration model was applied and the probability 

of the pixel changing from deforested to forest, in the 5-year interval being simulated, was 

determined. Likewise, where a pixel was classified as regeneration, the deforestation model 

was applied and the probability of the pixel changing from regeneration to deforested, in 

the 5-year time interval being simulated, was determined.  

3.3.2. MODEL VALIDATION 

The deforestation and regeneration models were validated against observed data in 2010 by 

calculating the area under the Receiver Operating Characteristic (ROC). For each of the 100 

model iterations, the areas under the ROC curve were calculated and that gave an average 

AUC value. Additionally, three measurements of precision were determined: Perfect Match, 

which predicted the exact location of deforestation and regeneration; Commission, where 

the model over predicts deforestation or regeneration events that did not occur; Omission, 

where the model did not predict where deforestation or regeneration occurred. These 

measures were only calculated for 2010 when there was data to compare against. 

3.4. OUTCOME 1: BUSINESS AS USUAL 

Assumes a future where the change in land cover observed between 2005 and 2010, is the 

baseline rate of deforestation and regeneration, which is then used to predict forest cover 

change until 2030. Deforestation and regeneration were run in parallel models, with their 

output combined at the end.  
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3.5. OUTCOME 2: AREAS OF POTENTIAL RESTORATION 

Once the results for the BAU scenario were obtained, the average regeneration probability 

from 2010 and 2030 was overlaid with a map of potential areas for restoration, designated 

by the AFRP. The map of potential restoration areas was based on areas of low productive 

agricultural land (Rodrigues et al., 2009). These were selected by the AFRP for potential 

restoration, as these areas are not used in an agricultural sense because they have poor soil 

or the topography is difficult. Consequently, the restoration of these areas selected by the 

AFRP would have no negative impact on the economics of the farm. 
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4. RESULTS 

4.1. HISTORICAL OBSERVED CHANGE 

The rate and location of deforestation and regeneration from 2005 to 2010 is the premise 

for how the model projects the likelihood of regeneration and deforestation occurring in the 

BAU scenario. 

Between 2005 and 2010 there was a dramatic increase of 30.5 % in forest cover from 

10247.5 acres in 2005 to 13378.5 acres in 2010. This regeneration was widely distributed 

with the majority occurring in the south around São Paulo City and the Serra do Mar. 

Deforestation, on the other hand, was more clustered with high amounts occurring in the 

S.W of the state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2 THE DIFFERENCE OF FOREST COVER BETWEEN THE 2005 AND 2010. DEFORESTED AREAS ARE RED, 

REGENERATION AREAS BLUE, UNCHANGED FOREST COVER GREEN AND THE CLEAR SPACES ARE AREAS WHICH 

HAVE BEEN EXCLUDED FROM THE STUDY, SUCH AS SÃO PAULO CITY. 
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It was found that deforestation initially increased further away from protected areas and 

then the level started to decrease after 3,000m from protected areas (Figure 3). Similarly, 

cities also had the same effect, with deforestation occurring further away from cities. 

However, waterways showed little relationship between distance and deforestation, with 

deforestation occurring pretty evenly at most distances. By contrast, deforestation was 

shown to occur very close to roads and rivers and reduced dramatically the further the 

distance from them. Similarly to cities, the majority of deforestation occurred close by. 

 

FIGURE 3 SHOWING THE DISTANCE AND THE AMOUNT OF DEFORESTATION TO PROTECTED AREAS, RIVERS, 

ROADS AND CITIES FOR THE TRANSITION PERIOD 2005-2010. 

Regeneration from 2005 to 2010 was found to occur closer to rivers and cities. The visual 

inspection of the Road and River chart for regeneration and deforestation figures, suggests 

a very similar relationship (Figure 4). Protected areas also show the same pattern for 

regeneration, as they did for deforestation. Cities show a gradual decline of regeneration as 
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the distance from cities increased (Figure 4).  

 

FIGURE 4 THE DISTANCE AND FREQUENCY OF REGENERATION TO PROTECTED AREA, RIVERS, ROADS AND 

CITIES FOR THE TRANSITION PERIOD 2005-2010.  

 

4.2. MODEL OUTPUTS 

The best models’ found for both regeneration and deforestation had, predominantly, the 

impacts that were expected (Table 4). However there were also variables which were 

insignificant and which were expected to have a large impact on deforestation and 

regeneration, such as roads. This suggests that there are other variables more important in 

explaining the observed changes in forest cover between 2005-2010.  
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TABLE 4 POSTERIORMEAN OF EACH VARIABLE FOR REGENERATION AND DEFORESTATION FOR THE BEST 

FITTING MODEL FOR THE TRANSITION PERIOD 2005-2010. PLEASE NOTE THAT N.S STANDS FOR NON 

SIGNFICANT. 

Parameters  Regeneration Deforestation 

Intercept -2.63845 -2.96357 

Proportion of 

deforested/regeneration 

neighbours 

4.20618 3.596878 

Roads 0.000009 n.s. 

Rivers 0.000011 -0.000002 

Cities n.s. n.s. 

Railways 0.000005 0.000001 

Water ways 0.000008 -0.000003 

Protected areas -0.000008 n.s. 

Cow heads n.s. n.s. 

Firewood 0.000121 0.001652 

Municipality GDP -0.00266 n.s. 

Population density -0.00015 n.s. 

Permanent crop planted n.s. -0.00064 

Temporary crop planted n.s. n.s. 

Wood logs n.s. n.s. 

 

The best model to fit regeneration saw regeneration occurring further from roads, rivers, 

railways and waterways. The best fitted model found that regeneration occurs in areas 

where the following factors are present: high firewood collection; increasing municipality 

GDP; increasing population density; and located closer to protected areas, but, as expected, 

deforestation occurs closer to permanent crops, rivers and water. 

 Surprisingly, deforestation was also found to occur where there was less firewood 

collection and further away from railway lines, with the most unexpected result being the 

lack of significance of roads and cities. These results might be explained by extensive 
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deforestation throughout the state, therefore there is already a lack of forests near roads 

and cities, so there cannot be high levels of deforestation occurring where there is minimal 

forest cover. 

4.3. MODEL PREDICTIVE POWER 

To test and assess how accurately the model predicts the location of regeneration and 

deforestation, it was run for one time step, so that it is predicting only the 2010 forest cover 

map. This is carried out as it allows comparison against the true data of 2010. The 

deforestation model had apparently strong predictive power with mean AUC values of 0.98 

in the first year.  The regeneration had a more limited predictive power with an AUC of 0.77.   
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4.4. BUSINESS AS USUAL SIMULATION 

4.4.1. RATE OF CHANGE 

The model projected that there would be large fluctuations of regeneration and 

deforestation from 2015 to 2030, consistent with the observed rates of 2005 – 2010 (Figure 

5).  2010 saw the rate of regeneration considerably higher than the rate of deforestation 

and this was used as the basis of the predictions for the model.  2015 saw an increase in 

both regeneration and deforestation. The most dramatic fluctuation was seen in 2020, 

where deforestation saw an increase of 40% and regeneration saw a decline of 20%. By 

2025 regeneration and deforestation were running at nearly the same rate, but in 2030 they 

diverge further with deforestation overtaking regeneration. The basis of this study is at a 

time of high rates of regeneration and significant amounts of deforestation which is 

reflected in the projections. The fluctuation seen in deforestation may be explained by the 

increase in the amount of pixels available to be deforested as a consequence of the high 

rate of regeneration.  

 

FIGURE 5 (A) THE PERCENTAGE DIFFERENCE BETWEEN 2015 AND 2030 YEARS (B) SHOWS THE PIXEL CHANGE 

FOR DEFORESTATION AND REGENERATION BETWEEN 2010 AND 2030 

 

 

 

 



 
 

28 
 

4.4.2. SPATIAL CHANGE IN DEFORESTATION OVER THE STATE 

Deforestation was widely distributed in 2015 across the state with no individual area 

showing concentrated clustering, although there was slightly more deforestation clustering 

in the SE of the state (Figure 6 A). In 2020, deforestation increases and accumulated around 

the south of the state, with one block located in the SE of the state, above the Serra do Mar 

(Figure 6 B). A wave of deforestation is seen moving northwards in 2025 until it reaches the 

central area of the state, but does not completely spread to the northern reaches of the 

state (Figure 6 C). The wave of deforestation seen in 2025 retracts south and in 2030 to its 

core area in the SE of the state (Figure 6 D). However, there are still considerable areas of 

deforestation occurring the central belt of the state. 

 

FIGURE 6 DEFORESTATION PROJECTIONS FOR SÃO PAULO STATE UNDER A BUSINESS AS USUAL SCENARIO (A) 

2015 (B) 2020 (C) 2025 (D)2030. 
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4.4.3. SPATIAL CHANGE IN REGENERATION OVER THE STATE 

Regeneration in 2015 was reasonably concentrated around the south of the state (Figure 7 

A) with much of it focused on the Serra do Mar, which is a mountain coast running along the 

coast in São Paulo State. There were little amounts of regeneration occurring elsewhere in 

the State. The clustering in the south and slightly increasing in the SE of the state continued 

into 2020 (Figure 7 B). In addition, slightly more regeneration occurred in the centre and 

into northern parts of the state. This pattern of regeneration continued into 2025 with 

further concentrated pockets of regeneration occurring in the central band of the state, 

spreading northwards (Figure 7 C). The area of regeneration was constricted and 

regeneration reduced in the central band of the state but still continued to have a strong 

influence in the south (Figure 7 D) 

 

FIGURE 7 REGENERATION PROJECTIONS FOR SÃO PAULO STATE UNDER A BUSINESS AS USUAL SCENARIO (A) 

2015 (B) 2020 (C) 2025 (D)2030. 
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4.4.4. AVERAGE PROBABILITY OF DEFORESTATION AND REGENERATION FROM 2015 TO 

2030 

The areas where there is a high average probability for regeneration and deforestation over 

2015 to 2030 are distributed in different locations. Regeneration is far more clustered in the 

south with high levels situated around the centre and to the south. There is very little 

regeneration in the north of the state and it is particularly concentrated around the SE of 

the state.  On the other hand deforestation is much more widely spread and not as focused 

around the centre to SE as regeneration. While there is some clustering around the SE, 

similar to regeneration it is not nearly to the same extent and there is a spread of 

deforestation further north rather than regeneration. 

 

 

 

FIGURE 8 PROBABILITIES OF DEFORESTATION (A) AND REGENERATION (B) FROM 2010 TO 2030 IN SÃO PAULO 

STATE UNDER A BUSINESS AS USUAL SCENARIO 
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4.5. REGENERATION AROUND THE CITY OF SÃO PAULO 

Surprisingly, regeneration was more heavily focused around São Paulo city in 2030 as 

compared to 2010. In 2010 regeneration was more evenly distributed across the state.  

Although regeneration was highly focused and especially visible around São Paulo city, this 

was not the case for all cities. The pattern displayed by regeneration was shared not by 

deforestation, with deforestation not clustering around São Paulo or any other urban areas. 

 

FIGURE 9 PROBABILITY OF FOREST REGENERATION AROUND SÃO PAULO CITY BY 2030. 
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4.6. REGENERATION PROBABILITY AND RESTORATION POTENTIAL 

The potential areas for restoration designated by the AFRP (Leal & Câmara, 2003) and the 

areas of high likelihood of regeneration by 2030, were overlapped to determine if there was 

a similar pattern, i.e. a spatial agreement. Such analysis would allow policy makers to 

understand where regeneration seems to be occurring without policy interface and where it 

is important to focus policy efforts to increase restoration.  

 

FIGURE 10 PROBABILITY OF FOREST REGENERATION FROM 2010 TO 2030. THE BLACK AREAS MARK WHERE 

AFRP INTENDS TO RESTORE AREAS OF THE ATLANTIC FOREST 
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The general pattern shows the areas where there is a high probability of unassisted 

regeneration and, in addition, possible areas for regeneration by the AFRP are also 

indicated. The majority of the areas of restoration are located in the SE of the state, along 

the Serra do Mar. However, some of the potential areas to the central east of the state are 

not projected to have a high likelihood of unassisted regeneration, which suggests that 

these areas could be the focus of policy implementation or enforcement of the Forest Code. 

While this map of potential restoration areas only incorporates low agricultural productive 

areas, there are a few areas in the north of the state where there is expected to be 

unassisted regeneration on low productive agricultural land.  
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5. DISCUSSION  

5.1. HISTORIC FOREST LOSS 

An encouraging , while expected result, was the continued resurgence of the Atlantic forest 

as seen in Teixeira et al., (2009) and Liebsch, Marques & Goldenberg (2008) from 2005 to 

2010  in the State of São Paulo (Teixeira et al., 2009; Liebsch, Marques & Goldenberg, 2008). 

Sadly, the forest loss of Serra Do Mar continued with much of the deforestation focused 

around this area from 2005 to 2010 but overall there was a net gain of forest cover in São 

Paulo State.  

The historic rates of forest loss are not expected to be representative of the levels of forest 

loss which followed 2010. The implementation of the new Brazilian Forest Code (2012) has 

seen a change in priorities and the current Forest Code is more favourable to private 

restoration projects, but it also reduces the need for permanent conservation and the 

protection of regeneration  (Covre & Clemente, 2014).  Recent research has found the new 

Forest Code, like its predecessor, to be unenforceable (Covre & Clemente, 2014). 

Consequently, it is difficult to say whether the forest loss or gain rates have continued as 

they were in 2005-2010, considering changes in São Paulo States’ economics and the Forest 

Code. However, from a visual comparison with data collected from 2013 by the University of 

Maryland, the most recent forest cover map that was possible to find, it can be seen that 

the model prediction for 2015 (Figure 6 A) is showing a similar pattern to what has actually 

occurred in São Paulo State (Appendix 1). 

5.2. PROXIMATE DRIVERS OF FOREST CHANGE 

5.2.1 PROXIMITY TO PREVIOUS DEFORESTATION AND REGENERATION  

The proximity of other deforested and regenerated neighbours was a strong predictor of 

both regeneration and deforestation, respectively. Regeneration neighbours were seen to 

be a more powerful predictor than deforestation neighbours and therefore regeneration 

was more highly clustered than deforestation. Previous studies into deforestation and 

regeneration in tropical forests have also found proximity to be a strong predictor of 

deforestation and regeneration (Forrest et al., 2008). 
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5.2.2. PROXIMITY TO ROADS 

 Previous studies of the Atlantic Forest, have described roads as being important drivers in 

deforestation and regeneration (Teixeira et al., 2009). However, somewhat surprisingly, in 

this study roads were not seen as a significant variable for deforestation (Table 4), although 

visually Figure 3 suggests that deforestation occurred closer to roads and is more strongly 

related than regeneration is to roads (Figure 4). There are a couple of reasons which could 

explain the insignificance of deforestation and roads, firstly, there is a limited amount of GIS 

supported data on road distribution across São Paulo State. Secondly, the data used in the 

study only displayed main roads, although it has been shown in previous studies, that 

deforestation occurs further away from main roads and closer to small dirt roads 

(Southworth et al., 2011). Southworth et al (2011) found that deforestation occurred closer 

to smaller roads because forest close to larger roads was cleared soon after they were 

constructed. This would explain the low amounts and insignificance of deforestation close 

to roads as there was no forest left to deforest, as the forest had already been cleared prior 

to 2005. 

On the other hand, the impact of roads was also thought to be significant in predicting 

where regeneration would occur. It was found that regeneration was occurring further away 

from roads. This relationship between roads and regeneration has also been highlighted in 

previous research (Thomlinson et al., 1996; Crk et al., 2009). Thomlinson et al (1996) found 

in their study that regeneration was located further away from roads because agricultural 

abandonment happened further away from roads and this stimulated regeneration. 

Furthermore, it was found that areas with close proximity to roads were more likely to 

undergo development and hinder regeneration. This was further supported by the findings 

in Teixeira et al (2009) that regeneration in São Paulo State was located further away from 

main roads (Teixeira et al., 2009). 
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5.2.3. PROXIMITY TO RIVERS 

Rivers were found to be a significant variable for both regeneration and deforestation (Table 

4). The model of best fit found that this relationship was a stronger predictor for 

deforestation than regeneration and that deforestation occurred closer to rivers and 

regeneration occurred further away from rivers. Previous research into the relationship of 

deforestation and rivers had found the opposite (Lira et al., 2012). Lira (2012) found that 

deforestation occurred further away from rivers. The different findings might be explained 

by the small spatial scale used in Lira et al (2012) research, which incorporated many smaller 

rivers, which were not included in this research. A possible explanation may be that the 

forests were unreachable because many of the smaller rivers were unnavigable. Another 

reason is that the large spatial scale of the study may not have captured the effects on 

deforestation caused by smaller features on the landscape, such as river networks (Gandu, 

Cohen & de Souza, 2004). On the other hand the results could be correct and a continued 

lack of enforcement of the Forest Code, which prevents deforestation near rivers and 

encourages regeneration of forest cover around rivers, could be the reason behind these 

results. 

5.2.4. PROXIMITY TO CITIES  

Proximity to cities was seen as an insignificant variable in predicating the location of 

deforestation and regeneration (Table 4). However as seen in the histograms (Figure 4) and 

the 2010 map (Figure 2) there seems to be a visual relationship, with regeneration occurring 

closer to cities (Figure 9) and deforestation occurring further away. 

As in previous studies relating to tropical countries, proximity to urban areas is usually the 

cause for high deforestation rates and low rates of regeneration (Crk et al., 2009). The 

reduction of deforestation close to cities maybe for the same reason as for roads, that there 

was no forest to deforest around larger cities between 2005 and 2010. It was found that 

only 9.94% of forest cover was found within 10km of all cities, therefore supporting this 

theory. 

 The visual relationship seen between cities and regeneration is supported by Teixeira et al 

(2009) study which also found high rates of regeneration occurring close to urban areas 
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(Teixeira et al., 2009). The cause of this increase in regeneration around urban areas may be 

related to a shift in urban planning. In 2005 a municipal law was passed (Municipality Law 

No. 13430/2005), which used vegetation as a parameter to assess the quality of life, and this 

resulted in an increase in urban forests. This change of law triggered afforestation of streets, 

new parks and the recovery of degraded areas (Mello-Théry, 2011). Furthermore, between 

2005 and 2010 the urban municipal assessment showed a ~ 100 percent increase in the 

number of municipal parks (from 34 to 67). All 31 boroughs and 96 city districts have a park 

either implemented, under implementation or planned (Mello-Théry, 2011). This drastic 

change during 2005–2010 is likely to explain the significant amount of regeneration around 

São Paulo City. 

5.3. PERCEIVED UNDERLYING DRIVERS OF DEFORESTATION AND REGENERATION  

It was expected from previous studies that underlying economic factors were going to have 

a greater impact on deforestation and regeneration than proximate variables in São  Paulo 

State (Geist & Lambin, 2002). 

5.3.1. POPULATION DENSITIES 

As found in previous research, there is a complex relationship between humans and the 

environment which makes it difficult to establish a clear indicator of the relationship 

between human population density and forest loss (Sherbinin & Carr, 2007). As a result of 

the long history of exploitation in the Atlantic Forest, there has not been significant 

evidence to link high population densities with forest cover loss. 

The relationship between the two is not clear cut within the Atlantic Forest, with some 

areas of low population density experiencing high levels of deforestation (Leal & Câmara, 

2003), which goes against the common thought that low densities result in lower 

deforestation. This research also suggests that human population density does not have a 

significant impact on deforestation (Table 4). Previous research suggests that the link 

between tropical forest loss and high population densities is positive, so that higher 

population density has resulted in increased forest loss (Pfaff, 1999). This is supported by 

Laurance (2007), who maintained that a reducing population growth in rural areas and 

increasing urbanisation results in the reduction of forest loss and the increase in forest 
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regeneration (Laurance, 2007). Laurence (2007) together with other research which had 

produced similar results (Pahari & Murai, 1999) has recently been disputed, with further 

research pointing to high urban population densities as a more significant driving force of 

deforestation than rural population densities. DeFries et al (2010) showed that rural 

population is not positively correlated with deforestation, whereas forest loss is correlated 

with urban populations as the main driver (DeFries et al., 2010). These continuing 

inconsistencies, and the lack of literature which shows the impact of population densities on 

deforestation in the Atlantic Forest, makes it difficult to truly understand the relationship. 

Regeneration of tropical forests has often been associated with the abandonment of poor 

agricultural land in the Atlantic Forest (Aide et al., 1995). Lowering population densities 

have often been associated with increasing forest cover (Elmqvist et al., 2007). This trend 

has been supported by Laurence (2007) who found that lower rural population density has 

and will result in forest recovery (Laurance, 2007). The results support the findings found in 

the Laurence (2007) study, which concludes that regeneration occurs in less populous areas. 

5.3.2. MUNICIPALITY GDP 

The relationship between GDP and forest cover is complex with many variables coming into 

play. It was seen in this study that regeneration was negatively affected by increased GDP 

and no significant relationship between GDP and deforestation was found (Table 4). This 

suggests that GDP is not a strong predictor of the change in forest loss observed between 

2005 and 2010. However, recent studies have highlighted a strong relationship between 

forest cover and GDP (Ewers, 2006). Ewers (2006) found that high-income nations exhibit 

higher rates of afforestation than low income countries. Brazil had the 10th largest economy 

in 2005 and by 2010 it had grown to the 7th largest economy in the world (Biggemann & 

Fam, 2011). São Paulo state contributed two-thirds of the country’s GDP and as a result it 

falls into this high income category. This relationship would explain why São Paulo state is 

going through a period of afforestation (Lira et al., 2012). It does not, however, explain why 

this study found regeneration was negatively impacted by increasing GDP. 

The Environmental Kuznet curve may offer an explanation to the negative relationship 

found between GDP and regeneration. The Environmental Kuznet curve theory hypothesises 

that industrialising nations cause increasing pollution and environmental degradation as 
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GDP increases (Dinda, 2004). However, beyond a certain level of income per capita, the 

trend reverses, so that high income levels of economic growth leads to environmental 

improvement. Bhattarai & Hammig (2001) suggests that Brazil’s income is yet to reach the 

top of the Environmental Kuznet curve and infers that Brazil is still on an upward trend. 

Therefore Brazil should experience increased forest loss as GDP increases (Bhattarai & 

Hammig, 2001). This theory of where Brazil features on the Environmental Kuznet curve is 

supported by previous research which has found that the highest deforestation rates in São 

Paulo state are found in municipalities that also have the highest GDP (Region, 2011).  This is 

contrary to the results in this study, which did not find any significant impact. As stated, the 

complexity of the factors, which contribute to the GDP of a country, means it is 

exceptionally difficult to come to a clear conclusion as to its real impact on forest cover.  

5.3.3 AGRICULTURE 

It was found that only one agriculture variable had a significant impact on forest cover in the 

Atlantic Forest. This was unexpected, particularly as previous research had highlighted cattle 

(Fearnside, 2008)  and crops (Liu, Iverson & Brown, 1993) as impacting tropical forest cover 

in the past. The only significant variable was change in area of permanent crops planted 

between 2005 and 2010, which found that more deforestation occurred in municipalities 

with increasing permanent crop planting. Where it had been found to have a positive 

influence on deforestation, permanent crops were not found to have a significant impact on 

regeneration. 

5.3.3.1. CATTLE 

São Paulo’s predominate land use is pasture land, which accounts for 54% of cultivated land 

(Goldemberg, Coelho & Guardabassi, 2008). However, this study found that changes in 

cattle heads, as a proxy for pasture areas, was not a significant variable for either 

regeneration or deforestation between 2005 and 2010.  

Previous studies looking at the effects of cattle on the Atlantic Forest display the same 

negative effects found in other tropical forests (Nicholson, Blake & Lee, 1995), with cattle 

contributing to deforestation at a regional level scale (Reitsma, Parrish & Mclarney, 2001). 

The insignificant impact on regeneration was also unusual considering that the cattle 

population has been rising in density from 128 heads/km2 (2004) to 141 heads/km2 (2005) in 
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São Paulo state as a result of decreasing pastureland. The increase in density may explain 

why cattle are not an important variable in deforestation as farmers seem to be intensifying 

rather than expanding pasturelands (Goldemberg, Coelho & Guardabassi, 2008). The excess 

pastureland is being converted to arable farmland for temporary crops (Goldemberg, 

Coelho & Guardabassi, 2008). In addition, Silvano, Udvardy, Ceroni, et al (2005) found that 

cattle farmers were not allowing regeneration as it reduced their profit margin (Silvano, 

Udvardy, Ceroni, et al., 2005), even if there was the chance of a fine for hampering 

regeneration. 

5.3.3.2. TEMPORARY CROPS 

São Paulo state’s second predominant land use is the growing of temporary crops, 

particularly, sugarcane, with more than 60% of Brazil’s sugarcane plantations located in the 

state. With sugarcane plantations increasing across the state from 19,000 km2 in 1993 to 

42,700 km2 in 2006 and with plans to increase sugarcane areas in São Paulo by 50% by 2010 

(Goldemberg, Coelho & Guardabassi, 2008), it is surprising that this expansion was not 

found to be having a negative impact on the Atlantic Forest (Goldemberg, Coelho & 

Guardabassi, 2008). However, previous research supports the finding found in this research 

that this increase in sugarcane planting is not impacting the forest cover, because the 

expansion is occurring at the cost of pasture lands and land used for cattle feed and not of 

forest cover (Goldemberg, Coelho & Guardabassi, 2008). 

5.3.3.3. PERMANENT CROPS 

Permanent crops were the only agricultural variable that had a significant impact on forest 

cover. As expected deforestation was situated in municipalities, which have an increasing 

change in area designated for permanent crops. São Paulo state saw an increase in 

permanent crops from 999,199 hectares (2005) to 1, 020,711 hectares (2010) (IBGE). It 

could be suggested that the increase in hectares being used for permanent crops was at the 

expense of the Atlantic Forest and thus would support the negative relationship found in 

this study.  
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5.3.4. FIREWOOD 

Firewood collection was one of the main historic drivers of deforestation of the Atlantic 

Forest(Leal & Câmara, 2003) . This pattern seems to have continued with firewood being the 

most powerful predictor of deforestation found in this study, with deforestation occurring 

closer to areas with high firewood collection (Table 4). The influence of firewood is 

supported by previous research into firewood collection, which has found it to be a 

significant driver of deforestation in other tropical areas (Asner, Knapp, Broadbent, et al., 

2005).  

Firewood was also seen as a significant variable for regeneration, with regeneration 

occurring closer to areas with high firewood collection. This would support the results found 

in the BAU scenario, which found a high turnover of forests (ie. forest, deforest to forest). 

However, this result has to be treated with caution because of the lack of on the ground 

information regarding the amount of tree plantation. Commercial tree plantations of 

Eucalyptus for firewood would explain the high turnover rate of deforestation and 

regeneration through commercial replanting schemes and therefore might explain why the 

BAU scenario saw such a high turnover (Ceccon & Miramontes, 2008). 

While the majority of factors, which influence deforestation and regeneration, have been 

included in this study, additional research could built on these results and include a number 

of significant factors which were left out. Future research could include slope as a variable, 

which was found to be an important driver in Baider, Tabarelli & Mantovani (2001) study, 

soil with high amounts of nutrients which has also been seen as an important variable for 

regeneration in the Atlantic Forest (Baider, Tabarelli & Mantovani, 2001; Germination & 

Holl, 1999) and, if data was available, to add dynamic variables such as roads and population 

densities. 
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5.4. BUSINESS AS USUAL SCENARIO 

The future projection of regeneration and deforestation based on the rates observed 

between 2005 and 2010 saw an increase in deforestation and a continued high rate of 

regeneration. These high rates of regeneration and deforestation would suggest a high 

turnover from deforestation to regeneration to deforestation. This high turnover was 

particularly seen in the SE of the state. From Figure 8 it can be seen that where there are 

areas of high average probability of regeneration, there are also areas where there is a high 

average probability of deforestation from 2015 to 2030. Previous studies in São Paulo have 

also found that high rates of both deforestation and regeneration have resulted in 

increasingly younger forests (Teixeira, Soares-Filho, Freitas, et al., 2009). This high turnover 

suggests that young forests are more susceptible to deforestation than older forests, 

because small tree diameters and height can result in misinterpretation of the Brazilian 

Forest Code and people not understanding that they are protected. This misunderstanding 

is less common with large old growth forests (Ditt, Knight, Mourato, et al., 2008). This 

turnover of young regrowth has been quantified with young forests showing a constant 

reduction over time decreasing from 17.2% in 1962 to  7.6% in 2000 (Teixeira, Soares-Filho, 

Freitas, et al., 2009). Another aspect which needs to be taken into account, is that because 

the model was calibrated with data from a time period where there were high rates of 

regeneration, this allowed large proportions of the deforested areas to regenerate, thus 

becoming “available” to get deforested in the subsequent time periods. 

5.5. THE USE OF MODELLING TO DETERMINE CONSERVATION PRIORITIES  

The model used was complex with 13 different variables, 6 proximity predictors and 7 

underlying predictors but did not have any policy variables, yet the model had a high 

prediction power for deforestation (AUC 96%) and regeneration (AUC 74%). The high level 

of accuracy and how the model was developed to simulate deforestation and regeneration 

as it would occur in the tropics, predominantly clustered around each other (Laurance, 

Albemaz, Schroth, et al., 2002) means that the output gives a strong basis for conservation 

planners to work upon. 

The spatial prediction maps generated can be of use to conservation planners, as it clearly 

shows the distribution and likelihood of deforestation and regeneration across São Paulo 
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state.  As the largest study of this type carried out on the Atlantic Forest, the results show 

which areas are expected to see an increase in forest cover, forest loss and areas where 

there is a high turnover of forest recovery and then loss. This spatial size could be important 

to assess forest connectivity and the possible future impacts on endangered species found 

in the Atlantic Forest. 

Furthermore, this research could have the potential to inform policy on a state wide scale. 

Additional modelling studies, looking at how policy could impact forest cover, could use the 

outputs of this study as a basis line to make a comparison (Castella et al., 2007). The study 

could also be used as a baseline to inform REDD+ schemes, as there is evidence which 

suggests that without financial support there are large areas of forest with high probability 

of loss (Sangermano, Toledano & Eastman, 2012). 

5.5.1. ATLANTIC FOREST RESTORATION PACT 

The results of this study have three direct conservation impacts on the largest restoration project in 

the Atlantic Forest. The first impact is to ensure that the AFRP is maximising their financial capacity 

by ensuring their money is wisely spent. The results have facilitated this by producing a map 

where potential areas of unassisted regeneration and designated areas for restoration by 

the AFRP are overlaid.  The results found that many of the areas designated for restoration 

by the AFRP coincide with areas of high probability for unassisted regeneration. This result 

could potentially help reduce funds being spent on areas where there is a high probability of 

unassisted regeneration, and concentrate on areas where there is a low probability of 

natural regeneration, such as areas identified by the AFRP in the NE of the state. 

The second impact of this research could help build and scale up upon the already 

successful public PES scheme. Currently the AFRP has one PES scheme in São Paulo state 

(Ditt et al., 2010), whereby small farmers are paid for forest restoration and forest 

protection. The deforestation probability map could also support the AFRP in helping to 

identify areas of old growth, which has a high probability of deforestation, thus allowing 

decision makers to prevent further habitat loss. This method has been found to be the most 

appropriate for the Atlantic Forest (Ditt et al., 2010), as the majority of land is private and 

the forest is the landowners’ revenue, so they need to be compensated. 
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The third impact is to facilitate the AFRP in completing its aims in increasing forest 

connectivity, which is currently very limited.  The regeneration and deforestation maps 

could assist long term conservation planning to investigate connectivity losses or increases 

in 2030. It could assist the AFRP in directing funds to either PES schemes to prevent loss of 

connectivity or assisted regeneration projects to increase connectivity.  
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APPENDIX 

 

 

 

Appendix 1 Forest cover from Sao Paulo State in 2013 from sourced from the University of Maryland  
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Appendix 3 Frequency of regeneration pixels between 2005 and 2010 in relation to socioeconomic 

factors 
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Appendix 3 Frequency of deforested pixels between 2005 and 2010 in relation to socioeconomic 

factors 
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Appendix 4 Correlations of variables from Sao Paulo State between 2005 and 2010 
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