
  

 

 

 

ABSTRACT 
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Dissertation directed by: Professor Marc Nerlove 
 Department of Agricultural and Resource 

Economics 
 
 

The goal of this study is to predict the change in deforestation in the Bra-

zilian Amazon resulting from road paving under Avança Brasil.  Predictions 

are reported in Chapter 5, where I find that the effect on on-farm deforesta-

tion is a moderate 2.5 percent increase, and in the very long run, a 7.9 percent 

(entire Amazon) or 11.5 percent (forest biome only) increase.  When off-farm 

deforestation is considered as well, net deforestation increases 10.3 percent 

and gross deforestation increases 14.4 percent.  In the very long run, both net 

and gross deforestation increase by around 25 percent. 

Chapter 1 explains why researchers should treat the Legal Amazon as two 

separate ecozones, forest and cerrado.  I then estimate the magnitude of forest 

regrowth in the Amazon and, finally, demonstrate the importance of defores-



  

tation “seeds” from which deforestation spreads.  Chapter 2 presents a simple 

dynamic model of land clearing.  It includes several regressions which con-

firm the importance of starter deforestation and show how the effect of roads 

on deforestation appears substantially stronger when deforestation “seeds” 

are not controlled for.  The regressions also show the importance of agrocli-

matic variables and the effectiveness of protected areas. 

Chapter 3 demonstrates a new spatial disaggregation technique that al-

lows one to map the likely distribution of farm activity inside the cross-

sectional units.  The technique is more efficient than standard regression 

analysis on uncensored data, but not necessarily so with censored data.   

Chapter 4 uses satellite data for 1996 to 1999 to show that after a slight 

rise, rates of deforestation decline with increases in deforestation levels, and 

that this effect is quantitatively large and statistically significant.  Rates of de-

forestation computed in Chapter 4 show that clearing of agricultural land 

might take place over 60 years until steady state is reached.   

Deforestation rates on land already settled are not responsive to farmgate 

prices, though deforestation levels are.  New settlement locations are very 

sensitive to farmgate prices.   Even after controlling for prices and agrocli-

matic suitability, new farm establishments are much more likely to locate 

close to already established farms than far from them.   
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Chapter 1:  The State of the Brazilian Amazon Forest 

 

Why Study Deforestation in the Amazon? 

Tropical forests appear to be gravely threatened.  This is a global concern, 

because the consequences of their reduction could have wide-reaching im-

pact.  First of all, burning of tropical forests releases vast amounts of green-

house gases, which are stored in the upper atmosphere.  The build up of these 

gases is believed to contribute to a global rise in temperatures that could po-

tentially shift the patterns of rainfall throughout the world, causing floods 

and droughts of greater severity than normal.  It could also lead to significant 

melting of the polar ice caps, causing the oceans to rise, and raising havoc on 

coastal populations (IPCC). 

Furthermore, tropical deforestation appears to be responsible for the per-

manent loss of plant and animal species, many of which are lost before they 

can even be catalogued as having existed (Mittermeier at al.).  Driving species 

into extinction might be argued to be alarming because of moral reasons.  But 

even those who do not accept the moral argument might be concerned about 

their loss on the grounds of not understanding the larger and perhaps irre-

placeable role each species plays in an ecosystem, and therefore the possible 

“domino” effect that species loss might have on the rest of the local or even 
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global environment.  We may also be concerned that we are losing valuable 

genetic stock that could be part of the solution to health, agricultural, envi-

ronmental, and commercial problems. 

The Amazon Forest is the largest tropical forest in the world, covering be-

tween 5.5 (Andersen et al.) and 6.6 (Wood) million square kilometers, de-

pending upon who you ask.  Like other tropical forests, the Amazon is under 

severe pressure from people desiring to profit from it—some of them very 

wealthy already, others very poor.  The Amazon may be the best known 

tropical forest in the world and—perhaps because of its size and popularity—

is one of the most studied.  The Amazon spans six (Wood) or seven (EOS) 

countries, again, depending on who is counting.  The largest portion—greater 

than the sum of all the portions in other countries—lies in Brazil.  

Most of the studies of the Amazon focus on Brazil.  This is probably in 

part due to the fact that there are more data available on the Brazilian Ama-

zon than on any other part of the Amazon.  The Brazilian government de-

serves much credit for making annual data on forest and agricultural prod-

ucts by município (i.e., county) readily available through the internet.1  They 

have also provided detailed deforestation data on the internet, showing the 

precise location of patches of deforestation as small as a hectare that have 

                                                 

1 For example, http://www.sidra.ibge.gov.br, last accessed July 2003. 
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taken place in the high deforestation areas of the Amazon since 1996.2  This 

disclosure of valuable data has allowed researchers to study the causes of de-

forestation, and propose solutions resulting from their analyses. 

The ultimate goal of this study is to estimate the impact on Amazon de-

forestation of the road paving projects proposed by the Brazilian government 

in their $45 billion investment program called “Avança Brasil”.  A secondary 

objective is to use the data in this study to contribute to the understanding of 

the land use and land change processes in the Brazilian Amazon.  Another 

secondary objective is to introduce a technique to be used with GIS data in 

regression analysis that will enable the researcher to predict the geographic 

distribution of the dependent variable inside each cross-sectional unit. 

What follows in this chapter is a brief overview of Avança Brasil.  Then I 

present an argument for and evidence supporting the idea that researchers 

should treat the Legal Amazon as two separate ecozones:  the forest and the 

cerrado.  Next, I review satellite and survey data useful for studying deforesta-

tion in the Brazilian Amazon, followed by simple calculations and cross-

tabulations which address two issues of importance throughout this study:  

the issue of forest regrowth, and the issue of “seed” deforestation. 

                                                 

2 http://www2.ibama.gov.br/desmata/. 
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Chapter 2 describes the explanatory variables used throughout the rest of 

the study, then presents a simple dynamic model of land clearing on farms 

that forms the underlying framework for the regressions of Chapters 2 

through 5, and especially the analysis done in Chapter 4.  Chapter 2 con-

cludes with several regressions using agricultural census data.  These regres-

sions explore the effects on farm area cleared of roads, protected areas, “seed” 

deforestation, and agroclimatic suitability. 

Chapter 3 repeats the main regression from Chapter 2, presenting a new 

spatial disaggregation technique.  Chapter 4 uses satellite data for 1996 to 

1999 to look at the dynamics of deforestation, investigating how the rate of 

deforestation is influenced by farmgate prices for beef and milk, level of de-

forestation, agroclimatic variables, and protected areas. 

Chapter 5 reviews three well-known predictions and a fourth less well-

known prediction for the effects of road paving—as planned by Avança Bra-

sil—on deforestation.  I then present my own predictions and some policy 

recommendations.  Chapter 6 summarizes and concludes. 

Avança Brasil 

In the early 1960s, the Brazilian government took a major step by propos-

ing a bold plan for the development of the Amazon which included the estab-

lishment of major roads as a necessary precursor to development.  Since then, 

the government has revised its plans for Amazonian development every few 



 

 5 

years, following a pattern of ebb and flow, with some plans being very con-

servative, and others being very expansive.  The Brazilian government’s $45 

billion plan for Amazonian development during the 1999-2006 period is 

called Avança Brasil (Cattaneo).  Relative to recent years, the plan appears to 

be quite bold in its proposal to expand infrastructure, perhaps the boldest 

since the initial plans to develop infrastructure in the Amazon. 

The plan proposes expanding paved roads from 11,900 kilometers to 

18,145 kilometers (IPAM et al.).3  Most of the expansion would be paving of 

already existing major roads, including the Santarém-Cuiabá highway (BR-

163); the Humaitá-Manaus highway (BR-319); the Transamazônica highway 

between Marabá and Rurópolis (BR-230); the Manaus-Boa Vista highway 

(BR-174, which was paved in 1997 and 1998); the Cuiabá-Porto Velho high-

way (BR-364); and more than 2,000 kilometers of other roads (IPAM et al.).  

The first two highways cut through the heart of the Amazon, but have low 

population densities and are currently in such poor condition that the areas 

along them are inaccessible through most of the year (Cattaneo). 

Avança Brasil also includes plans for ports, waterways, and a gas pipeline.  

This dissertation, however, focuses on road paving. 

                                                 

3 Cattaneo agrees that new paving will increase the stock of paved roads by 
6,245 kilometers, but writes that the current stock of paved roads is only 
around 7,000 kilometers.   
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Ecological Zones and the Challenge of Defining the Study Area 

A legislative compromise expanded the political boundaries of the Ama-

zon region in Brazil so that parts of Maranhão, Tocantins, and Mato Grosso 

lying outside the tropical forest might also benefit from regional development 

incentives.  The resulting area, called the “Legal Amazon”, includes the states 

of Pará, Amapá, Roraima, Amazonas, Acré, Rondônia, Mato Grosso, almost 

all of Tocantins, roughly half of Maranhão, and a tiny sliver of Goias.  When 

studying the Brazilian Amazon, researchers have typically chosen to study 

the Legal Amazon, perhaps because extra data are available for that region, 

and perhaps to be in agreement with the “legal” definition of the Amazon 

(examples include Pfaff 1997, 1999; Andersen et al.; Reis and Margulis; Perz; 

and even my own work with my colleague, in Chomitz and Thomas).  How-

ever, Figures 1 through 6 show that there is virtually no scientific reason to 

study the Legal Amazon as a single unit. 

In Figure 1, note that the Amazon Basin proper—as determined by the 

U.S. Geological Survey from their hydrological work based on the digital ele-

vation model—excludes a large portion of the eastern and southern Legal 

Amazon.  Indeed, while most of the non-Amazon river basins in the Legal 

Amazon empty into the Atlantic Ocean near the mouth of the Amazon river, 

it is interesting to note that the river basin in southern Mato Grosso empties 

into the Atlantic Ocean on the other end of the continent, thousands of kilo-
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meters away from the mouth of the Amazon.  Figure 1 also includes the 

Amazon Basin boundary created by the EOS (Earth Orbiting System) Ama-

zon Project at the University of Washington.  The names assigned to each 

river basin are those given by me for ease of reference, and are not part of the 

USGS dataset. 

While it is helpful to understand where the different river basins lie, I do 

not believe that the study area should be limited by the river basins.  What is 

really of interest is the boundaries for the ecozone which contains the tropical 

forest in and around the Amazon basin.  When we look at the maps in Fig-

ures 2 through 5, we see that all of the major ecozone systems for Brazil dis-

tinguish the forest biome from the cerrado (i.e., savanna) biome.  While these 

systems (WCMC, WWF, and two from IBGE) do not agree precisely, they 

agree generally that a large portion of the southern and southeastern Legal 

Amazon is in the cerrado biome.   

This would not be important to a study of tropical deforestation, except 

that economic development in the cerrado biome is vastly different than in the 

Amazon forest biome.  This is probably because the cerrado gets less rainfall 

on average than the Amazon forest, and therefore is more suitable for agricul-

ture.  Furthermore, there are less trees and less dense vegetation in the cer-

rado; therefore, the land is easier to convert to agriculture than land in the for-

est.  Studying the cerrado portions of the Legal Amazon to understand tropical 
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deforestation is akin to a doctor examining one patient in order to make a di-

agnosis on an unrelated patient.  It makes more sense to examine each pa-

tient, and treat each based on its own symptoms. 

This is not to say that the cerrado is unworthy of study.  Indeed it is!  Con-

servation International (CI) ranks the Brazilian cerrado as the second most 

critical environmental hotspot in the world (Mittermeier at al.), mostly due to 

its large number of threatened species.  The Brazilian Amazon is not even 

listed among CI’s top ten.  But much of the Brazilian cerrado lies outside the 

Legal Amazon.  To do a study of the Legal Amazon as a single ecosystem 

does a disservice to both the Amazon forest and the cerrado. 

To be convinced that the cerrado area of the Legal Amazon is genuinely 

different than the Amazon forest area, look at the image in Figure 6 made by 

the University of Maryland from satellite images taken in 1992 and 1993.  

Note how the cerrado has considerably less vegetation than the rest of the Le-

gal Amazon.  While this could be in part from settlement and deforestation, it 

is largely due to the vegetation naturally being much less dense. 

Upon closer inspection, we note other lightly vegetated areas within the 

Legal Amazon.  In fact, just as the cerrado biome is considered savanna, so are 

some of these areas (see Roraima, for instance).  Many systems of delineating 

ecozones declare these as part of the Amazon forest.  Why is it reasonable to 

consider these savannas as part of the Amazon forest, while the other sa-



 

 9 

vanna (cerrado) is considered a separate ecozone?  The answer lies in the fact 

that these patches are surrounded on all sides by forest, while the cerrado is a 

much larger region, and is not surrounded by one vegetation type.  While this 

study includes these patches in the analysis of deforestation in the Brazilian 

Amazon, these microvariations have very important explanatory power as to 

how the settlement pattern has become what it has within the forest biome. 

In Figure 2, we see that the babaçu forests4 extend beyond the limit of the 

Legal Amazon, making a case to likewise extend our study area to include the 

full extent of the babaçu forests.  However, some of the important data are not 

available beyond the limit of the Legal Amazon,  and for this reason, we 

likewise will exclude the portions of the babaçu forests which lie beyond the 

limits of the Legal Amazon. 

Sources of Data on Deforestation and Agricultural Expansion 

There are two categories of datasets which provide information on defor-

estation:  satellites and surveys (including censuses).  Each has strengths and 

weaknesses.  Satellite data are relatively inexpensive and the coverage is wide 

when compared to surveys and censuses.  They can be re-sampled relatively 

easily.  However, the best satellite interpretation can be costly, because it in-

                                                 

4 Babaçu trees are the natural secondary vegetation to spring up in large por-
tions of Maranhão.  The babaçu is a palm tree that produces a kernel from 
which an oil is extracted, which is useful for soap and foods.  The nut shells 
are used for charcoal for cooking (Porro). 
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volves a lot of visual inspection.  Moreover, satellite data are sometimes diffi-

cult to interpret, in the sense that there are not always clear cutoffs as to 

where a certain density of vegetation can be thought of as forest, and any-

thing less can be thought of as deforestation.  Because cerrado looks like defor-

estation, these areas are not easily examined by satellite images.   Finally, 

clouds keep us from seeing what is being done to the land in the Landsat im-

ages (but not radar images). 

Surveys are by nature limited in scope, and so usually do not provide suf-

ficient geographic coverage.  Censuses, on the other hand, have complete geo-

graphic coverage, but they are usually expensive, and as a result, can only be 

done infrequently.  Furthermore, they may miss important agents of defores-

tation.  In the case of the agricultural census, only farmers are surveyed, not 

loggers.  Even if loggers were surveyed, those doing illegal logging would 

not likely report accurate information.  Farmers also may have motives to 

report their land uses incorrectly.5  Even when farmers intend to report land 

use honestly, because of the vast size of many farms and the irregular shape 

of tracts of land, it might be difficult for farmers to report land areas 

                                                 

5 There are legal limits to the amount of deforestation that can be done on 
farms, but the survey seems to indicate that most farmers are willing to report 
that they have far exceeded those limits.  There may be motives for inflating 
clearing figures:  farmers need to show that land is being put to productive 
use, or it can be confiscated. 
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accurately.  Censuses do, however, allow us to have insight into cerrado land 

use, and this makes the agricultural census extremely important in under-

standing deforestation. 

Despite the downside of both types of data, in that both are subject to 

some measurement error, they are the best and only indicators of deforesta-

tion that we have, and therefore we should not discount them too much.  Fur-

thermore, they can be particularly valuable in tracking deforestation over 

time.  

Satellite data 

INPE 

The Brazilian space agency INPE (Instituto Nacional de Pesquisas Espaciais) 

has been charged with monitoring deforestation in the Amazon.  They do this 

by studying LANDSAT images of the Brazilian Amazon.  In their preliminary 

analysis, they examine between 44 and 49 images, representing the “hot-

spots” of deforestation—roughly 80 percent of the total deforestation in the 

Amazon.  Then, in the following year, they examine the remainder of the 229 

images, making corrections to their original estimate.  Only patches of defor-

estation that are at least 6.25 hectares in size are tracked, though the satellite 

reports data for each 0.09 hectare unit (INPE). 

INPE’s report from June 2002 states that out of the approximately 4 mil-

lion square kilometers of forest formation in the Legal Amazon, as of August 
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2001, 603,514 square kilometers have been deforested (INPE).  Since 1997, de-

forestation has averaged 17,164 square kilometers per year—a rate of 0.5 per-

cent of the remaining forest per year—an area just smaller than the state of 

New Jersey.  This is down from the 1977 to 1988 average of 21,130 square 

kilometers per year, but is higher than the average for 1989 to 1994, which 

was 13,703 square kilometers per year.  These numbers represent gross defor-

estation—that is, they do not adjust for forest added through regrowth in ar-

eas already cleared.  It is difficult to know how much, if any, regrowth is tak-

ing place each year, though later in this chapter, we will examine other data 

that will give some indication of the magnitude of regrowth. 

IBAMA 

IBAMA’s work is similar to that of INPE, in that it uses satellite data to 

monitor deforestation.  IBAMA (Instituto Brasileiro do Meio Ambiente e dos Re-

cursos Naturais Renováveis) is probably more useful to the researcher, because 

their data are more accessible, with both visual and tabular data available on 

the web.6  The smallest patch of deforestation that IBAMA measures is 1 hec-

tare, which is considerably smaller than that of INPE.  IBAMA focuses on ap-

                                                 

6 http://www2.ibama.gov.br/desmata/index.htm, last accessed July 2003.  
However, as of June 2003, INPE began making their data available, which is 
now potentially more useful than that of IBAMA.  Their data can be accessed 
from http://www.obt.inpe.br/prodesdigital/cadastro.php. 
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proximately 50 scenes7 per year, so it is not possible to research deforestation 

in the entire Amazon from their data, but only what they deem to be the most 

active scenes.  Like INPE, they do not attempt to keep track of reforestation.  

TRFIC 

The Tropical Rainforest Information Center (TRFIC) is part of the Basic 

Science and Remote Sensing Initiative (BSRSI) at Michigan State University.  

They have a large number of satellite products available for downloading 

from the web.8  At the time of this writing, one can download interpreted sat-

ellite information for 1986, 1992, and 1996 for almost any scene in the Legal 

Amazon.  The 1999 data should be available soon.  Since TRFIC uses an algo-

rithm to interpret the deforestation data, there are more likely to be some er-

rors in interpretation that would not have occurred with more time-

consuming interpretation by analysts.  On the other hand, the data are very 

accessible here.  Furthermore, their algorithm allows for regrowth of forest, 

and in that sense is superior to the data and subsequent analysis by INPE or 

IBAMA.  It is also superior in that the data allow for detection of deforesta-

tion in a patch as small as 0.09 hectares,9 and that the time horizon is much 

                                                 

7 A scene is a Landsat image in the shape of a rhombus, approximately 180 
kilometers on edge. 

8 http://www.bsrsi.msu.edu/trfic/, last accessed July 2003. 

9 They do not report deforestation patches smaller than 2.93 hectares, how-
ever. 
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longer, with some data available from the 1970s.  The weaknesses in this data 

source relative to INPE are some missing scenes, and the scenes not being 

well georeferenced through time.  That is, a gridcell can move up to two or 

three kilometers going from the 1986 scene to the 1992 scene.  In 1999 a new 

Landsat was launched which georeferences the data much better than the 

previous ones, and this problem will disappear with time.  But if one is trying 

to do some type of panel analysis with this dataset, the deforestation is likely 

to have to be aggregated to at least 8 kilometer square units of analysis to 

minimize measurement error—or the researcher will have to “rubbersheet” 

the layers of data carefully to make them align more precisely. 

JERS and other radar 

The JERS-1 (Japanese Earth Resources Satellite) Synthetic Aperture Radar 

(SAR) of the National Space Development Agency of Japan (NASDA) was 

used in late -1995 through mid-1996 to study deforestation in the Amazon.  

Radar has the advantage that it can look through clouds and can see at night.  

The resolution on this specific product is approximately 90 meters, but other 

radar images have resolutions of 20 meters.  Interpreting the image some-

times presents a challenge, but it can be useful for deforestation analysis.  

Nevertheless, even though a complete coverage of the Amazon is available to 

the public, I am unaware of any land use studies that have used the data. 
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Survey and census data 

Agricultural census 

The last agricultural census (Censo Agropecuário) was conducted from Au-

gust 1995 to July 1996, with the results published in 1998.  The preceding cen-

sus was done in 1985.  The agricultural census surveys all farms in Brazil, col-

lecting farm-related income and expenditure data, as well as data on agricul-

tural operations during the year (inputs and outputs), and land use alloca-

tion.  

Table 1 contains a summary of land use and agricultural productivity data 

from the 1996 agricultural census by ecological zone, from aggregated mu-

nicípio data.  We see that the part of the Legal Amazon that I have designated 

as the forest ecozone (using the WWF ecozones as the primary guide) has ap-

proximately 81 percent of the total land area, and 82 percent of the farm es-

tablishments.  On average, however, farms are more than three and a half 

times larger in the cerrado ecozone, and a higher percentage of the land is 

converted to agricultural uses, so that the forest ecozone has only 56 percent 

of the land claimed for farms, and only 46 percent of the land that was or is 

now recently used in agriculture.  The lower proportion of a farm converted 

for agricultural use in the forest ecozone may reflect a respect for the legal re-

quirement to keep more land in forest in the forest ecozone than the cerrado 

ecozone, or it may simply reflect that with less vegetation in the cerrado eco 
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Table 1.  Summary of Agricultural Activity in the Legal Amazon in 1996, by 
Ecozone 

 Cerrado Forest Total 

Area (hectares) 93,417,560 414,261,472 507,679,040 
# of farms 145,770 676,886 822,656 
Area of farms (hectares) 52,856,133 67,821,668 120,677,801 
Farm area in total 56.6% 16.4% 23.8% 
Mean farm size 363 100 147 
Natural forest 28.4% 51.1% 41.2% 
Natural pasture 22.5% 9.2% 15.0% 
Planted pasture 30.1% 26.1% 27.9% 
Cropland 5.8% 2.3% 3.9% 
Tree plantations 0.1% 0.4% 0.3% 
Perennials 0.2% 1.2% 0.8% 
Fallow 2.1% 1.9% 2.0% 
Abandoned 6.0% 5.1% 5.5% 
Nonproductive 4.7% 2.5% 3.5% 
Subtotal "natural" 50.9% 60.3% 56.2% 
Subtotal actively used for agric. 58.8% 39.3% 47.8% 
Subtotal formerly used for agric. 8.1% 7.0% 7.5% 
Subtotal actively or formerly used 65.6% 43.8% 53.3% 
Total cattle 15,782,492 20,313,332 36,095,824 
– per hectare of pasture 0.57 0.85 0.70 
– per farm 108 30 44 
Value of production 2,219,251 2,782,321 5,001,572 
– per farm (R$) 15,224 4,110 6,080 
– per ha. of farm (R$/ha) 41.99 41.02 41.45 
– per ha. of agric. land (R$/ha) 64.01 93.67 77.69 
– per ha. of active agr. land (R$/ha) 71.46 104.30 86.63 
Value of livestock production 826,142 1,217,021 2,043,163 
– per hectare of pasture (R$/ha) 29.73 50.74 39.46 
Value of crop production 1,393,108 1,565,300 2,958,409 
– per hectare cropland (R$/ha) 426.61 582.11 496.83 

Source:  Dataset is from IBGE (1998b).  Based on município data. 
Notes:   
1) Unless otherwise noted, values are in thousands of R$. 
2) The exchange rate in June 1996 was US$1.00 = R$ 1.0013. 
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zone it is easier to use the land for agriculture.  Later in this chapter, I use 

values of fallow and abandoned land from this table to estimate forest re-

growth. 

Table 1 also reports summary statistics dealing with cattle in the Amazon.  

We see that 56 percent of the cattle are in the forest ecozone, even though 54 

percent of the pasture is in the cerrado ecozone.  As a result, the stocking den-

sity per unit of pasture is higher in the former.  On the other hand, since 

farms on average in the cerrado ecozone of the Legal Amazon are so much 

larger in land size, the average farm there has more than three and a half 

times the number of cattle found on the average farm in the forest ecozone. 

We also see information on the gross value of agricultural production in 

Table 1.  The mean gross value of production per farm is much higher in the 

cerrado portion of the Amazon, and while it is difficult to net out labor and 

other costs, it appears that this translates into greater per capita income in the 

cerrado.  However, the forest biome farms are much more productive per unit 

of land, both in regard to livestock and crops.  

Table 2 shows the distribution of farms by size in the two ecological zones 

of the Legal Amazon, based on aggregated município data from the 1996 agri-

cultural census.  Perhaps the most notable observation from this table is how 

the extremely large farms dominate the land use in the Amazon.  Farms 

greater than 10,000 hectares in size hold 28 percent of the total farmland, and 
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this is approximately the same regardless of which of the two ecozones one 

focuses on.  Furthermore, we note that almost 53 percent of the total farmland 

is in farms greater than 2,000 hectares in size.  Here we note a difference be-

tween the two ecozones:  the cerrado has almost 58 percent in this size farm, 

while the forest only has 49 percent.  This difference arose entirely from the 

farms in the 2,000 to 10,000 hectare range, which account for 31 percent of the 

land in the cerrado, but only 20 percent of the land in the forest ecozone. 

Table 2.  Farm Size Distribution, by Ecozone 

 Cerrado Forest Total 

# of farms percent of total 
Undeclared size 0.5% 2.2% 1.9% 

 
cumulative % of total of declared 

farm sizes 
0 - 5 25.7% 39.6% 37.1% 
5 - 20 35.9% 54.9% 51.5% 
20 - 100 65.4% 85.7% 82.0% 
100 - 500 88.0% 97.7% 95.9% 
500 - 2,000 96.7% 99.4% 98.9% 
2,000 - 10,000 99.6% 99.9% 99.8% 

farm area (hectares) 
cumulative % of total of declared 

farm sizes 
0 - 5 0.1% 0.6% 0.4% 
5 - 20 0.4% 2.1% 1.4% 
20 - 100 4.5% 16.2% 11.1% 
100 - 500 18.4% 36.1% 28.4% 
500 - 2,000 41.7% 51.3% 47.1% 
2,000 - 10,000 72.6% 71.8% 72.1% 

Source:  Dataset is from IBGE (1998b). 
 

Looking at the number of farms rather than the land area of farms, we see 

that almost 40 percent of the farms in the forest are smaller than 5 hectares, 
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while just over one-quarter of the cerrado farms are in that size range.  Simi-

larly, the forest zone has 15 percent of its farms in the 5 to 20 hectare range, 

while the cerrado only has 10 percent. 

The agricultural census provides some information on agricultural trends 

in the Amazon, since it is repeated every five to ten years.  The census preced-

ing the one in 1995-1996 was conducted in 1985.  Unfortunately, this informa-

tion is only available to me at the state level.  There are essentially nine states 

in the Legal Amazon:  Rondônia, Acré, Roraima, Amapá, Amazonas, Pará, 

Maranhão, Tocantins, and Mato Grosso.  A tiny sliver of Goias is also in the 

Legal Amazon, but most researchers ignore the sliver, as they do the sliver of 

Tocantins that is outside of the Legal Amazon.  While the majority of Maran-

hão is inside the boundary, enough of it is outside that when looking at state-

level data, researchers are mixed on how to treat this state.  Here we will treat 

it as part of the Amazon.  For the purpose of trying to distinguish between 

true Amazon forest biome and cerrado biome that happens to be in the Legal 

Amazon, and when looking at only state-level data, the first six in the list will 

be considered Amazon forest states, and the latter three will be considered 

mixed cerrado-forest states. 

Table 3 compares land use in 1985 and 1996.  The first thing we note is that 

the number of farm establishments has decreased dramatically, while the to-

tal area of farms has increased only slightly.  However, this is not to say that  
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Table 3.  Farmland Use in the Legal Amazon, 1985 and 1996 

Category 1985 1996 

 All States 

# of farms 1,153,047 893,128 
Area of farms (hectares) 115,950,634 120,759,203 
Cleared area (sum next 5) 39,281,611 48,515,674 
Cropland 6,114,674 5,737,591 
Planted pasture 18,631,098 32,932,124 
Tree plantations 220,075 349,832 
Fallow (< 4 yrs old) 3,971,230 2,603,055 
Fallow (> 4 yrs old) 10,344,534 6,893,072 
Natural pasture 24,096,271 18,217,069 
Forest 46,786,448 49,824,336 
Unproductive land 5,786,304 4,202,124 
Cattle 18,758,770 35,617,365 
Stocking density (cattle / ha. Pasture) 0.44 0.70 

 Forest States 

# of farms 496,393 401,262 
Area of farms (hectares) 45,212,310 41,593,164 
Cleared area (sum next 5) 12,402,468 14,279,911 
Cropland 2,025,769 1,704,827 
Planted pasture 5,824,165 9,485,653 
Tree plantations 162,594 254,163 
Fallow (< 4 yrs old) 1,325,006 732,175 
Fallow (> 4 yrs old) 3,064,934 2,103,093 
Natural pasture 4,401,371 3,822,813 
Forest 26,652,451 22,466,464 
Unproductive land 1,756,020 1,023,976 
Cattle 5,361,795 12,058,479 
Stocking density (cattle / ha. Pasture) 0.52 0.91 

 Mixed Cerrado-Forest States 

# of farms 656,654 491,866 
Area of farms (hectares) 70,738,324 79,166,039 
Cleared area (sum next 5) 26,879,143 34,235,763 
Cropland 4,088,905 4,032,764 
Planted pasture 12,806,933 23,446,471 
Tree plantations 57,481 95,669 
Fallow (< 4 yrs old) 2,646,224 1,870,880 
Fallow (> 4 yrs old) 7,279,600 4,789,979 
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Category 1985 1996 

Natural pasture 19,694,900 14,394,256 
Forest 20,133,997 27,357,872 
Unproductive land 4,030,284 3,178,148 
Cattle 13,396,975 23,558,886 
Stocking density (cattle / ha. Pasture) 0.41 0.62 

Source:   Dataset is from IBGE (1998b).  Based on state-level data. 
Note:  Forest states are Rondonia, Acre, Roraima, Amapa, Amazonas, and 
Pará.  The mixed cerrado-forest states are Maranhão, Tocantins, and Mato 
Grosso. 
 

the land use has remained static.  What we observe is a sharp increase in 

cleared land (i.e., land that was not allowed to remain as natural forest or 

natural pasture10).  The largest component of this change is in planted pas-

ture, where we see a 77 percent increase.  This increase was reflected in corre-

sponding decreases in natural pasture, fallow, and abandoned land.  Because 

these are aggregate statistics, it is not clear whether farmers brought into pro-

duction land that was in these other land uses, or whether a large number of 

farmers abandoned their land entirely while at the same time, other farmers 

settled new land with larger quantities of planted pasture.  The answer is that 

it was probably a mixture of the two, but the data limitations do not let us de-

termine the answer. 

                                                 

10 This is IBGE’s definition of cleared land, which is also the one used by An-
dersen et al.  However, in the regression work done in the following chapters, 
natural pasture is treated as cleared land, since it is likely to be degraded 
from its natural state if it is used as pasture. 
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We also see in Table 3 that changes in land use were more intense in the 

mixed cerrado-forest states.  Farm area actually decreased in the forest states, 

while increasing by 12 percent in the cerrado-forest states.  Cleared land in-

creased more dramatically in the latter, especially in regard to planted pas-

ture.  More observations related to this table will be made in a later section 

dealing with approximating forest regrowth. 

Figure 7 shows trends in total land in farm establishments from 1975 to 

1996.  We see that two states are set apart by their phenomenal growth—

Rondônia and Mato Grosso.  We also see that the two states that distin-

guished themselves with substantial negative growth—Amazonas and 

Acré—are among the forest states.  Three other states—Amapá, Maranhão, 

and Tocantins—had virtually no change; and two other states—Roraíma and 

Pará—had total growth near 50 percent during the 21-year period.  

Table 4 shows the gross value of agricultural production, contrasting mu-

nicípios of the forest biome with those of the cerrado.  Curiously, the value of 

cattle and other large animals (which, in fact, is almost made up entirely of 

cattle) is almost the same percent of total value in both biomes:  approxi-

mately one-third of the total.  Their value per head of cattle in the herd (not 

per head harvested) is also almost identical, differing by only 2.7 percent.   
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Table 4.  Value of Production from Agricultural Census, 1996 

  Forest Cerrado 

  000s R$ % of all 000s R$ % of all 

All farm production 2,782,321  2,220,989  
Cattle and other large animals 970,638 34.9% 736,004 33.1% 
Medium animals 49,561 1.8% 25,605 1.2% 
Chickens and other birds 196,822 7.1% 65,852 3.0% 
Perennial crops 320,530 11.5% 45,232 2.0% 
 subtotal specified items 178,807  25,883  
 percent of all 55.8%  57.2%  
 banana 91,051 3.3% 20,252 0.9% 
 coffee 63,323 2.3% 2,670 0.1% 
 oranges 24,434 0.9% 2,961 0.1% 
Annual crops 811,612 29.2% 1,316,801 59.3% 
 subtotal specified items 697,826  1,285,985  
 percent of all 86.0%  97.7%  
 soybeans 10,834 0.4% 756,848 34.1% 
 manioc 438,455 15.8% 14,133 0.6% 
 rice 154,403 5.5% 148,346 6.7% 
 sugarcane 16,909 0.6% 225,060 10.1% 
 maize 74,320 2.7% 121,996 5.5% 
 cotton 2,906 0.1% 19,602 0.9% 
Horticultural crops 50,605 1.8% 6,388 0.3% 
Silvicultural products 45,441 1.6% 2,105 0.1% 
 subtotal specified items 43,659  0  
 percent of all 96.1%  0.0%  
 Logs for paper 43,658 1.6% 0 0.0% 
Extracted products 337,113 12.1% 23,004 1.0% 
 subtotal specified items 255,190  18,668  
 percent of all 75.7%  81.2%  
 Logs 152,451 5.5% 5,466 0.2% 
 Firewood 36,875 1.3% 8,876 0.4% 
 Charcoal 30,887 1.1% 4,325 0.2% 
 Açaí 34,976 1.3% 1 0.0% 
Cattle (number) 20,313  15,816  
Value per head of all cattle 47.78  46.53  

Source:  Dataset is from Censo Agropecuário 1995-1996. 
Note:  The exchange rate in June 1996 was US$1.00 = R$ 1.0013. 
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What is most notable in regard to agricultural production is that annual 

crop production represents about twice the percent of total production in the 

cerrado biome—59.3 percent—compared to the forest biome.   Furthermore, 

soybeans represent 57 percent of the value of annual crop production in the 

cerrado portion of the Amazon, with sugarcane placing a distant second with 

17 percent, and rice and maize following. 

While the forest biome is not as heavily dominated by annual crops, they 

do represent 29.2 percent of the total value of agricultural production.  Just as 

in the cerrado, annual crops in the forest biome are dominated by one crop—

manioc, instead of soybeans—which provides 54 percent of the value of all 

annual crops. 

While agriculture in the cerrado is dominated by cattle and annual crops 

(especially soybeans), the situation in the forest biome is much more diverse.  

Not unexpectedly, extracted products play an important role in forest agricul-

ture, as do perennial crops and chickens.  Since logs are considered an ex-

tracted product, one might actually be surprised to see that they only provide 

5.5 percent of the value of agriculture in the forest biome.  However, these 

tabulations are based on the agricultural census, which surveys farmers, and 

not loggers.  Of the perennial crops in the forest, bananas are the most impor-

tant, representing 28 percent of the value of all perennials harvested.  
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Annual surveys of agriculture and forestry 

There are a number of annual surveys which provide insight as to the cur-

rent trends in agricultural expansion.  These include the Produção Agrícola 

Municipal (PAM), which among other things provides estimates as to the total 

land area in each of the major crops, as well as the annual harvest of each 

crop by município; the Levantimento Sístematico da Produção Agrícola (LSPA), 

which reports estimates of the most recent harvests, by month; the Pesquisa 

Pequária Municipal (PPM), which gives information on livestock numbers and 

production of livestock products such as eggs and milk; the Pesquisa Trimestre 

de Abate de Animais, the Pesquisa Trimestre do Leite, and the Pesquisa Trimestre 

do Couro, which give information on livestock processed at slaughterhouses, 

milk processed, and animal hides, by month; Silvicultura, which catalogs an-

nual production of tree plantation products, such as charcoal; and the Pro-

dução Extrativa Vegetal, which gives annual information on extracted forest 

products, including logs.  All of these are available on the web.11 

Tables 5 through 7, and Figures 8 through 11 show trends in agriculture 

over the last decade.  Figures 8 and 9 show trends in production of major 

crops in the forest and cerrado biomes of the Legal Amazon, respectively.  

Each figure consists of three graphs:  the value of production from 1994 to 

2000, and the hectares and quantity harvested from 1990 to 2000.  While data 
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on value of production are available back to 1990, exchange rate volatility in 

the early nineties and changes in Brazilian currency make converting these 

values to either constant Brazilian currency or U. S.  dollars difficult.   

Table 5.  Yields of Important Crops, 1990 to 2000 
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1990 2.0 1.3 1.0 1.1 61.7 11.4 1.3 1.4 1.0 
1991 2.3 1.2 1.6 1.4 61.4 11.5 1.2 1.8 1.1 
1992 2.5 1.4 1.3 1.0 60.3 11.5 1.2 1.8 1.1 
1993 2.4 1.5 1.2 1.2 62.0 11.0 1.2 1.9 1.2 
1994 2.6 1.5 1.8 1.5 69.7 10.8 1.2 2.1 1.2 
1995 2.3 1.3 1.9 1.4 70.2 11.0 1.2 2.2 1.2 
1996 2.6 1.4 1.7 1.5 70.1 6.7 1.1 2.5 1.3 
1997 2.7 2.0 1.9 1.4 73.5 11.8 1.0 2.4 1.3 
1998 2.7 2.7 1.8 1.4 69.8 11.6 1.0 2.0 1.3 
1999 2.8 3.2 2.3 1.6 67.8 12.4 1.1 2.4 1.4 
2000 3.0 3.9 2.4 1.8 61.7 12.3 1.1 2.5 1.4 

Source:  PAM. 
 

Another warning about the data is that the figures show abrupt changes 

between 1995 and 1996, especially for hectares harvested.  I believe this 

means that the estimates were adjusted to the more accurate counts taken in 

the 1996 agricultural census.  Andersen et al. tell us that the “PAM data are 

intended to provide timely information so they are not estimated from a ran-

dom sample of producers, but are rather based on a ‘subjective survey’ of ex-

                                                                                                                                           

11 http://www.sidra.ibge.gov.br/, last accessed July 2003. 
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perts’ opinions” (pp 46-47).  This statement, combined with my own observa-

tion of the data, indicates that the estimates likely reflect some type of pre-

dicted growth based on the preceding year estimates, and calibrated back to 

the preceding census.12   

Table 6.  Mean Prices of Important Crops, 1994 to 2000 
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1994 0.18 0.44 0.15 0.09 0.14 0.016 
1995 0.14 0.40 0.14 0.10 0.14 0.023 
1996 0.18 0.37 0.16 0.09 0.15 0.016 
1997 0.20 0.47 0.17 0.08 0.14 0.020 
1998 0.16 0.45 0.20 0.09 0.14 0.019 
1999 0.11 0.34 0.12 0.06 0.10 0.010 
2000 0.13 0.33 0.11 0.09 0.12 0.010 
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1994 0.11 0.10 0.046 1.51 1.20 1.16 
1995 0.16 0.12 0.046 1.74 1.32 1.25 
1996 0.24 0.11 0.039 1.16 0.97 1.56 
1997 0.14 0.09 0.034 1.10 0.98 3.55 
1998 0.14 0.08 0.035 1.09 0.99 3.91 
1999 0.09 0.05 0.026 0.70 0.79 4.28 
2000 0.11 0.05 0.025 0.64 0.63 2.31 

Source:  Dataset is from PAM. 
 

                                                 

12 See Nerlove (1958) for a similar critique of U. S. agriculture data. 
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The last comment regarding the structure of these graphs is that the quan-

tity graphs reflect indices set to 100 for 1996.  The indices were necessary be-

cause the units were not identical across crops (e.g., logs were in cubic meters, 

while manioc was in tons). 

Table 7.  Value of Production per Hectare of Important Crops, 2000 

 Biome R$/ha 
soybeans cerrado 401 
soybeans forest 377 
cotton cerrado 1,307 
rice cerrado 269 
rice forest 237 
maize cerrado 230 
maize forest 158 
sugarcane cerrado 619 
manioc cerrado 1,295 
manioc forest 633 
banana forest 1,778 
coffee forest 668 
peppercorn forest 5,685 

Source:  Dataset is from PAM. 
 

While it is hard to detect at first from the graphs, the land devoted to an-

nual and perennial crops has expanded more rapidly between 1996 and 2000 

in the cerrado portion of the Legal Amazon, with an increase of 41 percent 

compared to the 27 percent of the forest portion.  The rapid expansion in the 

cerrado is fueled mostly by the expansion of soybeans, which in the four years 

has expanded by 50 percent; while the increase in the forest is led by rice, 

which has expanded in the same years by 41 percent.  Because soybeans 

dominate all other crops in the cerrado portion of the Amazon, their influence 
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on total crop area expansion was much greater than the effect of rice in the 

forest portion, since maize and manioc occupy comparable areas. 

It will be of great interest in coming years to observe the area devoted to 

cotton, since this area has quintupled over the last four years, leading it to be 

second only to soybeans in total value of production in the cerrado portion.  In 

the forest portion, we note rapid increase in area devoted to soybeans (though 

the total area is still small), coffee (since 1998), and maize.  I think it is reason-

able to be skeptical about rapid increase in maize and rice, since these crops 

showed a marked adjustment downward between 1995 and 1996, indicating a 

propensity for agriculture offices to overestimate the area cultivated and har-

vested.  The forest zone soybean increase is almost completely in Mato 

Grosso, and most of this is in four municípios located adjacent to the cerrado 

zone.  Soybeans are constrained to areas with rainfall below 2,000 millimeters 

per year, which rules out most of the forest zone for its cultivation. 

In Table 4, we saw that according to the agricultural census, logs only 

represented a small portion of total value of agricultural production in the 

forest portion of the Amazon.  However, the annual survey includes logs 

from all sources, not just farmers.  According to the estimates of the Produção 

Extrativa Vegetal, the value of logs extracted in this biome totaled R$1.67 

billion, far exceeding the value from the agricultural census of R$0.15 billion, 

and equivalent to 63 percent of the value of all agricultural production 

(excluding extracted logs), or 39 percent of agriculture plus logging.  



 

 30 

tracted logs), or 39 percent of agriculture plus logging.  However, note the 

dramatic decline in logging after 1995, with total volume in 2000 equal to only 

29 percent of the volume of 1995. 

All other things being equal, we would expect that trends in crop values 

and quantities would be similar to those for hectares harvested.  However, 

we find many differences.  Tables 5 and 6 can help us better understand the 

reason for these differences, because the reason must be related to either yield 

or price changes.  One thing we note from Table 5 is the increase in soybean 

yields from 2.0 tons per hectare in 1990 to 3.0 tons per hectare in 2000.  A 

more startling contrast appears when observing trends for cotton in the cer-

rado:  yields are flat between 1990 and 1996, and then suddenly in 1997 there 

is a 43 percent increase, followed by a stream of dramatic increases through 

the end of available data.  In 1996, yields were 1.4 tons per hectare, but by 

2000, the yields averaged 3.9 tons per hectare.   

While less remarkable, we note that in 1990, maize yields were similar in 

forest and cerrado, 1.0 and 1.4 tons per hectare; yet by 2000, there is large dif-

ference, with the cerrado averaging 2.5 tons per hectare, and the forest averag-

ing only 1.4.  We note a similar trend for rice, 1.0 tons per hectare and 1.1 tons 

per hectare for cerrado and forest in 1990, to 2.4 and 1.8 in 2000.  Finally, we 

note only small trends for the other crops:  sugarcane appears to have in-
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creased yields through 1999, but then experienced a poor harvest in 2000; 

manioc increased only slightly; and coffee appears to have actually declined. 

Table 6 shows the effects of exchange rates on prices, with the prices for 

all crops but one dramatically lower in 1999 and 2000 compared to the pre-

ceding years.  The one exception was for peppercorn, which perhaps has a 

price set by national supply and demand, rather than by the international 

market. 

Table 7 shows the average value of major crops per hectare.  Peppercorn 

leads the list at $5,685 per hectare.  This is followed by bananas, cotton, and 

manioc.  Among the grains and legumes, soybeans leads the pack.  It is not 

difficult to see why the area of some crops is expanding.  The anomaly here is 

manioc, because it has high value and is easy to grow.  Perhaps it has been 

overvalued by the surveys, due to high self-consumption but low purchases 

and sales.13   

Figure 10 shows the differences between herd growth in the forest and cer-

rado biomes of the Amazon.  We see that the herd in the forest is growing 

much more rapidly than the one in the cerrado—37 percent to 14 percent be-

tween 1996 and 2000—an annual rate of 8.2 percent against 3.2 percent.  Fig-

                                                 

13 That is, perhaps there are significant quality differences between manioc 
which is sold and that which is self-consumed, and the self-consumed manioc 
is over-valued by IBGE researchers, because it is valued as if it were the high-
quality manioc sold on the market. 
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ure 11 shows the differential growth in cattle herds across states.  We note a 

52 percent increase in herd size in Pará, between 1996 and 2000; a 43 percent 

increase in Rondônia; and a 42 percent growth rate in the Mato Grosso forest 

area.   

Population census 

Table 8 shows some of the trends in population growth between 1991 and 

2000, broken down by forest and cerrado ecozones within the Legal Amazon.  

Perhaps most surprising to many people is the degree of urbanization in the 

Amazon, with almost 80 percent of the population in the cerrado portion liv-

ing in urban areas in 2000, and almost 70 percent of the population in the for-

est portion living in urban areas.14  Both are increases of approximately 15 

percent since 1991.  While the overall population of the Amazon expanded at 

a rate of 1.7 percent per year during that nine-year time span—adding 4.3 

million people—the size of the rural population declined in both biomes:  4.1 

percent per year in the cerrado, and 2.5 percent year in the forest. 

Since 1991, the two fastest growing Amazon states have been Amapá at 

5.6 percent per year, and Roraíma at 4.5 percent per year.  In both cases, 

changes in rural population have been small, with the bulk of the population 

change observed in annual urban growth rates of 6.6 and 6.3 percent annu-

                                                 

14 Designations of “urban” and “rural” are from IBGE.  Areas designated in 
each category are updated for each census or population count. 
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ally.  Other states with large changes in urban populations are Maranhão, To-

cantins, and Pará, with rates of 5.9, 5.3, and 5.1 percent per year; while at the 

same time observing rapid rural depopulation at rates of 2.9, 3.0, and 2.4 per-

cent per year. 

Table 8.  Population Trends in the Legal Amazon 

 Cerrado Forest Total 
Urban population, 2000 2,787,006 10,666,085 13,453,091 
Rural population, 2000 796,509 4,808,308 5,604,817 
Percent urban, 2000 77.8% 68.9% 70.6% 
Urban population, 1991 2,074,438 7,079,774 9,154,212 
Rural population, 1991 1,159,393 6,057,574 7,216,967 
Percent urban, 1991 64.1% 53.9% 55.9% 
Rate of change in urban 3.3% 4.7% 4.4% 
Rate of change in rural -4.1% -2.5% -2.8% 
Rate of change in total 1.1% 1.8% 1.7% 
Mean population per sq km, 2000 3.8 3.7 3.8 
Mean population per sq km, 1991 3.5 3.2 3.2 

Source:  Data are from the 1991 and 2000 population censuses. 
 

In the period between 1980 and 1991, Rondônia and Roraima experienced 

very high total population growth rates of 7.4 and 8.8 percent per year, with 

rapid urban growth of 9.2 and 9.4 percent per year.  Even during that period, 

the states of Amapá, Tocantins, and Acre were experiencing rural depopula-

tion, with annual rates of decline of 2.6, 1.2, and 0.7 percent.  During the pe-

riod from 1970 to 1980, Rondônia experienced the most rapid inter-census 

population growth rate of any Brazilian state since 1950, when it grew 14.6 

percent per year, more than quadrupling in size to just over half a million 

people.  In fact, between 1970 and 2000, Rondônia had almost a 12-fold in-
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crease in population.  During the same period, Roraíma increased almost 

eight times its 1970 size, though even in 2000 it had slightly less than a third 

of a million people.  Mato Grosso has quintupled between 1970 and 2000, and 

both Pará and Amazonas have almost tripled in the same time frame.  Taking 

the nine states of the Legal Amazon as a unit, they have grown from 7.8 mil-

lion people in 1970 to 21.0 million people in 2000, yet the rural population has 

only grown from 5.0 million to 6.7 million. 

Caution is needed when interpreting rates of urbanization.  For example, 

between 1991 and 2000, the município of São Luís more than tripled its urban 

population, yet its total population increased by less than 25 percent.  This 

appears to have resulted from the census redesignating large areas as urban, 

and not the case of population influx or internal migration (though it is not 

impossible that in the 832 square kilometers represented by this município, 

there was some internal migration). 

The rapid growth of the urban population in the Legal Amazon seems to 

support Faminow’s hypothesis that much of the herd growth and pasture ex-

pansion in the Amazon was in response to the increased urban demand for 

beef, due both to rapid population growth and increased income of urban 

residents.15  Given the total herd growth rate of 6.1 percent per year for all of 

                                                 

15 Kaimowitz (2002) criticizes Faminow for overstating his case, but the basic 
point of Faminow’s argument is correct:  local demand for beef contributed to 
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the Legal Amazon between 1996 and 2000, it seems that the 2.9 percent per 

year population growth rate of the nine Amazon states lends support to 

Faminow’s hypothesis.   

Table 9 shows the list of cities within the Legal Amazon that according to 

the 2000 census had urban populations of 100,000 or more.  In addition to re-

porting the total and urban population of each município in the table, I in-

cluded a broader measure of each municipal area by summing all of the ur-

ban population within the census microregion (a collection of municípios).  

This broader measure is important for places like Belém, where there are 1.3 

million urbanites in the município, but a total of 1.8 million, when including 

the metropolitan area.  The Belém metropolitan area—urban and rural to-

gether—grew at an annual rate of 2.8 percent between 1991 and 2000, while 

the other Amazon megacity, Manaus, grew at an annual rate of 3.5 percent 

over the same period16. 

                                                                                                                                           

the expansion of beef supply.  During the 1970s, urban growth in Amazon 
states was 6.5 percent; in the 1980s, it was 5.1 percent; and in the 1990s, 4.7 
percent.  High urban growth rates such as these could explain a significant 
portion of the growth in the cattle population.  While I do not have figures for 
cattle populations in the 1970s and 1980s, between 1996 and 2000 the cattle 
population grew by 6.1 percent annually. 

16 For more on urbanization in the Amazon, see Browder and Godfrey.  They 
explore the mechanics of urbanization in the Amazon in great detail, dividing 
urbanization based on its causes. 
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Forest Regeneration 

We see from Table 1 that in the forest biome roughly 2 percent of farm 

area is in fallow, and that between 5 and 6 percent is vacant or abandoned  

Table 9.  Growth of Large Cities in the Legal Amazon 

Name 

Urban 
popula-

tion, 1991 

Urban 
popula-

tion, 2000 

Total 
popula-

tion, 2000 

Urban popula-
tion of metro-

politan area, 
2000 

Manaus 1,006,585 1,394,724 1,403,796 1,472,912 
Belém 849,187 1,271,615 1,279,861 1,781,871 
São Luís 246,244 835,325 868,047 874,931 
Cuiabá 395,662 476,178 483,044 706,308 
Ananindeua 74,051 391,994 392,947 see Belém 
Porto Velho 229,788 273,496 334,585 315,105 
Macapá 154,063 270,077 282,745 360,770 
Rio Branco 168,679 226,134 252,885 249,701 
Imperatriz 210,051 218,556 230,451 382,427 
Várzea Grande 155,307 211,283 215,276 see Cuiabá 
Boa Vista 120,157 196,942 200,383 205,691 
Santarém 180,018 186,567 262,721 251,341 
Rondonópolis 113,032 141,660 150,049 194,661 
Marabá 102,435 134,258 167,873 155,597 
Palmas 19,246 133,877 137,045 195,490 
Castanhal 92,852 121,198 134,442 173,281 
Araguaína 84,614 105,822 113,090 182,904 
Caxias 84,331 103,416 139,689 122,744 
Source:  Data are from the 1991 and 2000 population censuses. 
Notes: 
1)  Population is by município. 
2)  Metropolitan area population is computed by microregion. 

 

(meaning that it has been in fallow for more than 4 years).  We can try to use 

these numbers as a first pass at computing the magnitude of forest regrowth, 

and as such, perhaps provide a crude correction to the gross deforestation 

calculation provided by INPE, in order to derive a measure of net deforesta-
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tion.   

In the forest ecozone, when cropland, plantations, perennials, and planted 

pasture are added together, we see that they total 30.0 percent of total farm-

land (ignoring natural pastures).  If we want to answer the question, “What 

percentage of already cleared farmland is abandoned each year?”, we might 

begin by reasoning that since the category of fallow covers up to four years, 

and since fallow represents 1.9 percent of farmland, then maybe 0.5 percent of 

farmland is abandoned each year.  If that is true, then the land in the aban-

doned category could possibly be land that is aged between 5 and 14 years of 

abandonment, since in the forest ecozone this is 5.1 percent of farmland, and 

dividing by 0.5 percent we get approximately 10 years.  There are, of course, 

so many implicit assumptions in this calculation that we do not want to take 

it too seriously, except as a sort of “back of the envelope” calculation.   

Since we have gone this far with the crude estimation, we should at least 

finish it.  Approximately 30 percent of farmland is actively used for agricul-

ture (net deforestation) and 37 percent is now or once was used for agricul-

ture (gross deforestation).  Since 0.5 percent per year is abandoned, then the 

annual rate of forest regrowth on farms is 0.5 divided by 37, or 1.3 percent of 

gross on-farm deforestation.  If this calculation is repeated for the cerrado por-

tion of the Legal Amazon, the result is 1.2 percent of gross deforestation al-

lowed to regrow each year.   
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I have already cited INPE’s annual report that as of August 2001, 603,514 

square kilometers of gross deforestation had occurred17.  If forest regrowth 

off-farm occurs at the same rate as that which occurs on active farms (i.e., 

farms that have not been abandoned), then there are possibly 7,800 square 

kilometers of reforestation every year.  This is very significant, especially in 

comparison to the average annual gross deforestation of 17,164 square kilo-

meters. 

Table 1 shows that on-farm gross deforestation (planted pasture, crop-

land, plantations, perennials, fallow, and abandoned) in the forest ecozone 

only accounts for approximately 250,000 square kilometers of gross deforesta-

tion.  The value computed by INPE for August 1996 (when the agricultural 

census ended) was 517,000 square kilometers.  So what happened to the other 

267,000 square kilometers of gross deforestation?  It is possible that not all 

land in the municípios that are part of the cerrado biome are interpreted as cer-

rado from satellite imagery.  That is, perhaps we should count some of the 

land from the cerrado municípios in gross deforestation for the Amazon.  But 

how much?  If we only counted fallow and abandoned land as land that was 

                                                 

17 According to Table 3, cleared area in 1996 totaled 485,000 square kilome-
ters, using the traditional definition of clearing, which I used in the calcula-
tions above.  If we limit our focus to the forest biome, this figure drops to 
143,000 square kilometers. 
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once forested, we add another 43,000 square kilometers to gross deforestation 

from farms.   

Some can be accounted for by pointing to deforestation that did not take 

place on farms (such as urban and suburban areas, and deforestation near 

mines), though quantitatively this amount should be small.  Another perhaps 

larger amount of this can be accounted for by farm abandonment.  Table 3 in-

dicates that in 1996 there were around 19 percent fewer farms in the forest 

ecozone states than in 1985.  This number is the net change in farm establish-

ments, so the abandonment rate may have been higher, since there were 

likely new farms established during that period, offsetting the gross aban-

donment.  Unfortunately, this figure is further muddied by considering the 

possibility that groups of small farms may have been consolidated into larger 

farms.  More important, however, is that Table 3 also shows that the cleared 

farmland between 1985 and 1996 only increased by 18,700 square kilometers, 

which is only slightly greater than the average annual gross deforestation re-

ported by INPE.  Even if we acknowledge that the rate of deforestation is 

high in the forest ecozone portion of what I have called the “mixed cerrado-

forest states”, Table 3 shows that for all Amazonian states, the area cleared is 

only 92,000 square kilometers greater in 1996 than in 1985, which is only 8,400 

square kilometers per year, less than half of the gross deforestation computed 

by INPE, and in reasonable agreement with the calculations above. 
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To shed more light on the concept of gross deforestation versus net defor-

estation, a look at the TRFIC data would be helpful.  The results are in Table 

10.  The table shows that as of 1992, satellite imagery analysis showed that 

there were 239,000 square kilometers of deforestation, and 126,000 square 

kilometers of regrowth.  The TRFIC dataset was missing about seven and a 

half scenes, representing approximately 240,000 square kilometers of total 

land (mostly in Amapá, but also in the heart of Roraima and the fringes of 

Pará and Tocantins), and of course, unknown quantities of deforestation and 

regrowth.  Nevertheless, adding deforestation and regrowth together gives 

365,000 square kilometers of measured gross deforestation in 1992, and INPE 

reports 440,000 square kilometers of gross deforestation for the same year.  

That is to say, the TRFIC and INPE values are in reasonable agreement.  If we 

are to believe the TRFIC data, approximately one-third of gross deforestation 

is reforesting!  If we assume that it takes 15 years for forest regrowth to be in-

distinguishable from native forest in satellite imagery, then we find that an-

nual regrowth must be around 8,400 square kilometers, which is in remark-

able agreement with the amount of regrowth estimated from agricultural cen-

sus calculations.   

Brondízio et al. find that in the 3,718 farm lots in their study area west of 

Altamira along the Transamazon Highway (in the municípios of Altamira, 

Brasil Novo, and Medicilândia), 20 percent of the area was in secondary forest 



 

 41 

Table 10.  Deforestation and Regrowth, 1992 

State Fo
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Pará 960,100 73,698 48,948 31,588 33,020 43,996 1,191,350 
Maranhão 83,447 45,964 24,280 2,053 8,902 104,464 269,108 
Amazonas 1,391,705 9,000 10,037 51,692 80,461 37,754 1,580,648 
Rondônia 175,205 22,056 10,004 2,102 12,590 16,250 238,207 
Acré 143,448 6,508 1,925 385 1,210 113 153,587 
Mato 
Grosso 

467,113 65,052 11,187 6,840 6,617 346,098 902,906 

Tocantins 35,859 16,013 331 1,933 1,234 216,687 272,057 
Subtotal 3,256,877 238,290 106,711 96,592 144,033 765,362 4,607,865 
Roraima 170,078 710 19,259 38 1,930 1,585 193,602 
Amapá 43,287 22 17 246 12,818 2,248 58,638 
Total 3,470,242 239,022 125,987 96,876 158,782 769,195 4,860,104 

Source:  Author’s tabulation of GIS data provided by the Tropical Rainfor-
est Information Center (TRFIC). 

 

succession, while 17 percent was in production.  Their analysis distinguished 

age of plot (i.e., date of arrival of farmer).  They found that across all arrival 

cohorts, secondary succession medians were larger than productive agricul-

tural land medians; and that there was a trend to have larger areas in produc-

tion and larger areas in secondary succession the earlier the farmer settled in 

the region.  That is, it seems to be part of the normal land management sys-

tem of farmers in this region to have more than 50 percent of the land in for-

est regrowth.  This result is stronger than and supportive of the macro-level 

results that I just reported using both the satellite data from the Tropical Rain 

Forest Information Center (TRFIC) and the agricultural census data. 
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Brondízio et al. also report that there is a tendency to use land with 

shorter regrowth periods for pasture, and land with longer regrowth periods 

for crops.  They also write that “the ability to balance the amount of fallow in 

different stages of regrowth is an important element of farm management in 

the frontier” (p. 158).  The implication of this statement is that there is likely 

to be little or no forest regrowth on active farms that is not destined to be 

cleared again later.  This changes how I think about regrowth, at least about 

that which is on active farms:  it is not area that is destined to return to native 

forest, but land that is “scheduled” (however flexible that schedule might be) 

to be cleared again for productive agriculture. 

Deforestation and Accessibility 

One of the most compelling reports dealing with Amazonian deforesta-

tion and accessibility by roads comes from Diógenes Alves, a researcher at 

INPE.  He compares deforestation maps from the 1973 to 1978 period to de-

forestation maps from the 1991 to 1996 period, and discovers that 47 percent 

and 73 percent of deforestation between the two periods took place within 25 

and 50 kilometer bands around major roads (mostly federal roads, but also 

some important state roads).  He also noted that 86 percent of new deforesta-

tion occurred within 25 kilometers of areas which were deforested by 1978.  

This seems to imply that major roads and early deforestation are also highly 

correlated.  Since some Amazonian cities were settled in the 1600s, it may be 
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that many of these patches of early deforestation (i.e., those noted by satellite 

for 1973 to 1978) represent well-established towns and cities.  Since major 

roads connect the well-established towns and cities, it is difficult to separate 

the effects of accessibility from the effects of urban sprawl and providing food 

for the local urban centers.   

Alves also reports that he was unable to include in his report information 

on 30 percent of the Amazon due to cloud cover.  Depending on the correla-

tion between deforestation, roads, and settlements, on the one hand, and 

cloud cover on the other, there might be some significant error in the figures 

just cited. 

Other researchers reproduce Alves’s tabulations with other datasets (see 

Laurance et al. 1991), but they do not consider nearness to earlier settlement 

in their analysis, and therefore likely attribute a much heavier weight to ac-

cessibility than they should.  They also ignore official government settlement 

and relocation schemes, which are usually near roads, and which interfere 

with the ability to predict deforestation apart from government intervention. 

Since I have the TRFIC data for 1992, as well as a GIS road map and a GIS 

human disturbance (Portuguese:  antropísmo) map for 1976 (from IBGE 1997a, 

which I believe was the one used by Alves), I decided to test the influence of 

roads versus previous deforestation and settlement.  Table 11 shows the re-

sults of the cross-tabulation.  As the reader can see, deforestation is more 
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likely to occur near roads and near antropísmo, rather than far from them.  In 

order to get some idea of which has a stronger effect, we see that being less 

than 25 kilometers from a major road but greater than 100 kilometers from 

antropísmo shows only 3.7 percent deforestation, while being less than 25 

kilometers from (but not inside) an area disturbed by humans by 1976 but 

greater than 100 kilometers from a major road shows 9.1 percent deforesta-

tion.  In fact, the table shows a general trend that deforestation rates are al-

most identical for both roads and antropísmo up to 50 kilometers away from 

the actual road or disturbance, but then the influence of antropísmo fades less 

rapidly than the influence of roads at distances greater than 50 kilometers. 

These results seem to point to the tendency for new deforestation to take 

place near older deforestation.  That is, new deforestation was more likely to 

take place near the 1976 deforestation than far away from it.  The table also 

seems to imply that a major road built in an area not previously deforested 

may not lead to a high amount of deforestation.  We must be cautious before 

we embrace this interpretation.  The reason for caution—not even taking into 

consideration the potentially grave consequences to tropical forests if this hy-

pothesis is wrong—is that we have not accounted for the way in which major 

roads may have led to the pre-1976 deforestation, and so—referring back to 

Table 11—it is possible that the long-run expectation of the effect of roads is 

20.5 percent deforestation within 25 kilometers of a road, rather than 3.7 per-
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cent (the value for deforestation within 25 kilometers of a road, but greater 

than 100 kilometers from previous deforestation).  A second reason for cau-

tion is that we have not controlled for other factors that may influence the 

suitability of a site for timber harvesting or agriculture.  If one of the other 

factors were likely to influence deforestation, building a road through such an  

Table 11.  Effect of Major Roads and Pre-1976 Human Disturbances of the 
Land on Deforestation 

 Road category 

Human disturbance 
category < 25 km 

25-50 
km 

50-100 
km 

> 100 
km Total 

 proportion deforested 
Inside area 0.433 0.342 0.248 0.183 0.375 
< 25 km 0.289 0.225 0.198 0.091 0.215 
25-50 km 0.237 0.143 0.108 0.033 0.119 
50-100 km 0.134 0.073 0.044 0.023 0.050 
> 100 km 0.037 0.012 0.010 0.007 0.010 
Total 0.205 0.119 0.063 0.014 0.062 

 area of forest + regrowing + deforested (000s of square 
kilometers) 

Inside area 64.1 25.9 15.8 4.6 110.4 
< 25 km 162.8 103.5 95.2 93.9 455.3 
25-50 km 76.3 95.6 93.4 118.6 383.9 
50-100 km 80.6 80.8 221.9 275.5 658.8 
> 100 km 149.7 144.3 296.8 1,631.1 2,221.9 
Total 533.5 450.0 723.1 2,123.7 3,830.4 

Source:  Author’s tabulation of GIS data provided by the Tropical Rainfor-
est Information Center (TRFIC) for 1992. 
 

area could lead to high deforestation rates, even if it is not near previous de-

forestation. 
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Table 12 shows the results of the cross-tabulation of distance to nearest 

pre-1996 government settlement scheme vs. distance to nearest major road.  

These results must be interpreted with caution because the deforestation data 

are from 1992, but the time period notation for the settlement data only indi-

cated “before 1996” and “1996 or later” as the categories.  Thus we can at least 

limit the study to pre-1996 settlement areas, but some of these settlements 

will have been established after 1992.  Nevertheless, since many of them were 

established before 1992, we may use this as an indicator of the importance of 

settlement areas in causing deforestation.   

Table 11 seemed to show that new deforestation is more likely to happen 

near old deforestation, and this table seems to support that hypothesis (in the 

sense that we would naturally assume a settlement area would be deforested, 

and here we note that even being near—say less than 50 or 100 kilometers—

leads to higher deforestation rates).  If we believe this interpretation, then the 

implication is that government land settlement schemes actually open new 

patches of deforestation that over several years may become extremely large 

patches of deforestation—opening up areas that might never have been de-

forested, had market processes been left to themselves!  As before, I must 

urge caution in adopting this interpretation, because not only were there 

problems with the data, but we also need to consider the possibility that set-
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tlement schemes are planted in areas already undergoing deforestation, 

rather than being the cause of deforestation.  

Table 12.  Effect of Major Roads and Government Settlement Schemes on 
Deforestation 

 Road category 

Settlement category < 25 km 
25-50 

km 
50-100 

km 
> 100 

km Total 

 proportion deforested 
Within, or < 25 km 0.311 0.210 0.129 0.075 0.201 
25-50 km 0.202 0.138 0.087 0.042 0.112 
50-100 km 0.084 0.053 0.036 0.024 0.038 
> 100 km 0.044 0.010 0.014 0.003 0.007 
Total 0.205 0.119 0.063 0.014 0.062 

 area of forest + regrowing + deforested (000s of square 
kilometers) 

Within, or < 25 km 226.4 144.9 160.8 117.4 649.5 
25-50 km 136.4 120.2 161.5 163.2 581.3 
50-100 km 92.9 104.9 237.5 414.0 849.3 
> 100 km 77.9 79.9 163.4 1,429.1 1,750.3 
Total 533.5 450.0 723.1 2,123.7 3,830.4 

Source:  Author’s tabulation of GIS data provided by the Tropical Rainfor-
est Information Center (TRFIC) for 1992. 
 

To test further whether previous deforestation can lead to greater defores-

tation, we can look at another cross-tabulation contained in Table 13:  that of 

cities with populations larger than 100,000 (as of 1996) vs. major roads.  Here 

we see a very strong effect of large cities on deforestation.  In the less than 25- 

kilometer category, this is perhaps as much or more from urban and subur-

ban development than from agricultural activities.  However, as we go farther 

away from the city, we would expect that most deforestation is due to agri-
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cultural and forestry activities, perhaps in supplying goods for that particular 

city.  This cross-tabulation seems to confirm the hypothesis that deforestation 

tends to lead to further nearby deforestation. 

Table 13.  Effect of Major Roads and Cities with 100,000 People on 
Deforestation 

 Road category 

Settlement category < 25 km 
25-50 

km 
50-100 

km 
> 100 

km Total 

 proportion deforested 
< 25 km 0.426 0.247 NA NA 0.423 
25-50 km 0.254 0.157 0.079 NA 0.215 
50-100 km 0.213 0.130 0.094 0.017 0.152 
> 100 km 0.194 0.116 0.061 0.014 0.055 
Total 0.205 0.119 0.063 0.014 0.062 

 area of forest + regrowing + deforested (000s of square 
kilometers) 

< 25 km 13.0 0.2 0.0 0.0 13.2 
25-50 km 23.7 15.0 0.3 0.0 39.0 
50-100 km 63.1 46.1 45.6 1.8 156.6 
> 100 km 433.8 388.6 677.2 2,121.9 3,621.5 
Total 533.5 450.0 723.1 2,123.7 3,830.4 

Source:  Author’s tabulation of GIS data provided by the Tropical Rainfor-
est Information Center (TRFIC) for 1992. 
 

Table 14 shows the results of regressing the proportion deforested on 

road, antropísmo, and settlement distances, in the first set of regressions; and 

road and antropísmo distances alone (excluding settlement in case it is en-

dogenous or the data are faulty), in the second set of regressions.  The regres-

sions confirm the findings of Table 11 and Table 12:  the effect of building a 

new road on deforestation is potentially small, as long as there is not some 
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type of “seed deforestation” already present or about to be implanted by a 

new settlement scheme. 

Table 14.  OLS Regressions on Proportion Deforested Using TRFIC 1992 

Variable Coef. t-stat  Coef. t-stat  

major road, < 25 km 0.0751 6.433 0.1023 6.864 
major road, 25-50 km 0.0204 1.721 0.0411 2.684 
major road, 50-100 km 0.0025 0.252 0.0165 1.314 
1976 antropísmo, within 0.2698 12.411 0.3054 10.701 
1976 antropísmo, < 25 km 0.1390 11.388 0.1675 10.795 
1976 antropísmo, 25-50 km 0.0669 5.403 0.0866 5.397 
1976 antropísmo, 50-100 km 0.0154 1.553 0.0287 2.248 
settlement scheme, within or < 25 km 0.0932 7.964   
settlement scheme, 25-50 km 0.0361 3.170   
settlement scheme, 50-100 km 0.0012 0.134   
constant -0.0062 -1.177 -0.0022 -0.340 
log likelihood 202.0  171.2  

Source:  Author’s tabulation of GIS data provided by the Tropical Rainfor-
est Information Center (TRFIC) for 1992. 
Notes:   
1)  Regressions weighted by area of forest, regrowing, and deforested. 
2)  Each of the 99 observations in the regressions represent the sum of all 
gridcells with the unique combination of values from each of the three 
categories.  For example, one of the categories is “within 25 km of a major 
road, 25 to 50 km from antropísmo, and greater than 100 km from a 
settlement scheme”. 
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Chapter 2:  Agriculture and Deforestation 

 

Brief Introduction 

The preceding chapter gave a general overview of some issues involved in 

studying Amazon deforestation, including a review of various types of defor-

estation data, the importance of distinguishing between gross and net defor-

estation, the difference between deforestation measured by the agricultural 

census and satellite data, changes in agriculture and demographics over the 

past several decades, and the importance of distinguishing between the influ-

ence of roads and that of previous deforestation. 

This chapter continues the work of the previous chapter in laying some 

important foundations for the rest of the dissertation.  These include review-

ing many of the datasets which provide variables used to explain deforesta-

tion, and providing a simple static and a simple dynamic model of agricul-

tural land clearing.  The main contribution of this chapter is a number of tobit 

regressions examining the impact of roads, cities, and previous settlement on 

agricultural land use (i.e., deforestation on farms), controlling for agroclimatic 

factors.  These regressions form the basis of later regressions in Chapter 5. 

This chapter begins with a defense of the agricultural census as a source of 

data for a study of deforestation, then follows with a brief review of similar 
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studies.  Then it describes a number of datasets used to supply explanatory 

variables.  That section is followed by a presentation of the two models of de-

forestation.  The chapter concludes with a presentation of the regression re-

sults. 

Using the Agricultural Census to Study Deforestation 

In Chapter 1, I cited the difference between timber harvested on farms and 

total timber harvested.  The difference is quite large, and points to the impor-

tance of loggers in the removal of trees.  On the other hand, farmers remove 

many trees using fire—trees that are not reported in timber harvest figures, 

because they are not sold or used for any productive purpose other than their 

ash providing some valuable nutrients to the soil.  While there have been 

some studies of the relationship between logging and ranching or farming 

that show that loggers are important for the process of opening up land for 

settlers, not all land that is logged gets settled (Veríssimo et al. 1995).   

Land that has been logged but not settled in many cases has a reasonable 

chance of having trees regrow.  Regrowth is possible for a number of reasons.  

Firstly, loggers are often selective in their harvesting.  In the first wave, they 

tend to take the high-value species such as mahogany.  Then they may come 

back later for the medium-value species, and finally even later for the low-

value species (Uhl et al.).  Or, they may not come back.  Secondly, even if the 

land is clear-cut, trees can still regrow, especially if there are forest stands 
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nearby—though the land may have a lower vegetative cover for a longer pe-

riod of time than with selective harvesting.   

On the other hand, even selective logging changes the dynamics of the 

forest.  Much of the understory that is normally protected by the taller trees 

becomes exposed to sunlight after logging and dries out, making the forest 

more susceptible to fire, especially during El Niño events (Nepstad et al. 1999, 

Cochrane et al. 1999). 

What I am trying to argue here is that while I acknowledge the environ-

mentally undesirable consequences of logging, the cutting of trees is not the 

best indicator of the type of deforestation that is of greatest concern.  Rather, 

deforestation that is the most significant environmentally is the settling of 

land, with the conversion of that land to ranching or farming.18  For that type 

of measure of deforestation, the agricultural census is well-suited.  Further-

more, it has the advantage that clouds do not conceal land use—as is the case 

for satellite images—and it can be used to understand land conversion and 

use in cerrado areas, where satellites have difficulty detecting land conversion.  

A disadvantage is that the data available for analysis are aggregated, so that 

instead of knowing what is taking place on each 0.09 hectare gridcells—as we 

do with satellite images—we know what takes place on average in 558,000 

                                                 

18 Even in the case of fires destroying forests, most destructive fires are started 
by farmers and ranchers who lose control of them. 
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hectare pieces of land.  Nevertheless, we are interested in determinants of 

land use for agricultural purposes, and the 6,776 units of observation that are 

used in this study give us a significant amount of information.  I will refer to 

the units of observation as census tracts, though for the purposes of this study 

I combined many of the extremely small census tracts with their neighbors.  

This combination was necessary because the agricultural census records the 

principal location of each farm, but many farms are located in multiple census 

tracts.  The magnitude of this effect is reduced when the smallest census 

tracts are combined with neighbors.  Furthermore, a number of these tiny 

census tracts represent village or town centers, and have nothing to do with 

agriculture.  By merging, I reduce the census tracts from the original 10,032 to 

6,776. 

This chapter is related to the work I did with Ken Chomitz (Chomitz and 

Thomas 2001 and forthcoming).  It differs in the following respects.   

• I improved upon the river network, including rivers from the To-

cantins and northern coast basins, and included rivers that are used for 

transportation, but are too small for ocean-going freighters.   

• I accounted for the varzeas—seasonally flooded areas which have spe-

cial significance for settling (a deterrent) and grazing (an advantage)—

taking special care to distinguish the Marajó varzea.   

• I tested the importance of nearness to coasts.   
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• I included the parts of Maranhão excluded by Chomitz and Thomas 

because the rainfall data did not extend past 45 degrees west.   

• Because Chomitz and Thomas found high significance of previous de-

forestation, I also controlled for deforestation that might have been ini-

tiated by government settlement schemes.   

• I tried the same for mineral deposits, trying to determine whether min-

ing served as an initiator of deforestation due to agricultural settle-

ment. 

• I tested for the “Manaus” effect—that Manaus is truly a different kind 

of city, growing to its size because of the tax-free zone the government 

established there in 1967.   

• I generated a new principal road network that tries to eliminate 

potentially endogenous roads included in our earlier study.   

• I recomputed non-water areas, based on the new river network.   

• I used the WWF ecozones instead of the IBGE / IMAZON vegetation 

zones.   

• I used a weighted heteroscedastic tobit instead of the unweighted het-

eroscedastic tobit used previously, this time weighting by census tract 

area, rather than allowing census tract area to “choose” its own 

weighting based on the likelihood function.   
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• I dropped nearness to towns of greater than 25,000 people from the 

analysis, believing these to be endogenous.   

• I updated the location and sizes of cities used in the analysis, based on 

the 1996 count of the population.   

• Finally, I ran the regressions on the forest and cerrado ecozones of the 

Legal Amazon separately.   

This chapter is also similar to the work done by Pfaff (1999), but differs in 

more significant ways than it does from the Chomitz and Thomas work.  First 

of all, Pfaff only has 240 units of observation, and those in areas which are 

mostly forest (he even excludes the northern cerrados, which I include as part 

of the forest ecozone).  This means that the size of his average unit of observa-

tion must be around 14 million hectares—or approximately 26 times the size 

of the unit of observation used in this chapter.  Secondly, he uses aggregated 

satellite data.  Third—and this I believe to be the main advantage of his 

data—he had a panel of observations.  However, the explanatory data I use 

are much more detailed, and I have removed some of the most endogenous 

data. 

There have been a number of papers that have used GIS data and defores-

tation data in the Brazilian Amazon, but most of these data focus on small 

portions of the region (Mertens et al.; Brondízio et al.; McCracken et al.; 

Walker et al.; Caldas et al.).  While this work is invaluable for studying the 
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processes involved in deforestation, it is not useful as a predictor for defores-

tation caused by infrastructure being built through portions of the Amazon 

not previously settled, because of sample selection bias:  the study areas were 

chosen specifically because of some type of rapid, on-going deforestation 

process. 

Data Used in Analysis 

While most of the agricultural census data at the município level are avail-

able on the web—and that which is not available can be purchased from IBGE 

on CDROM—the census tract dataset that I use in this chapter and Chapters 3 

and 5 is not publicly available.  I am therefore extremely grateful to Sérgio 

Besserman Vianna of IBGE for granting me use of the census tract data, which 

included land use type, value of production, and gross farm income and ex-

pense.  I also used the GIS files for the census tracts provided by IBGE. 

Rainfall data was critical to this study.  Jeffrey Richey and Miles Logsdon 

of the University of Washington EOS Amazon project provided the precipita-

tion layer, based on interpolation of the ANEEL (the Brazilian meteorological 

and hydrological agency) rainfall gauge data.  The dataset they kindly shared 

was in 0.2 degree gridcells, and covered most of the Amazon, except in the 

east where it stopped at 45 degrees West.  I extrapolated the data using quad-

ratic approximation in GAUSS.  I also interpolated the set to 5 kilometer reso-

lution, using double linear interpolation. 
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Hari Eswaran and Paul Reich of the USDA World Soil Resources kindly 

provided the soil limitations dataset, which is based on the FAO world soils 

dataset at 1:5,000,000 scale.  The World Wildlife Federation ecozones pre-

sented in Chapter 1 are used in the regressions of this chapter.   

I used river polygon and river arc files, and lake polygon files provided by 

ESRI from data they have readily available for their software users.  I used a 

river file given to me by IMAZON to guide in selecting the level of river that 

is useful for cargo ships.  All river arcs were converted to 228 meter gridcells 

before I computed the area of water in each census tract.  To get the total area 

of a census tract, I used Arc View to compute the area of each census tract 

polygon in a sinusoidal projection, 54 degrees west, with a spherical datum.  

Then I subtracted the area of water contained in the census tract, computed 

using Arc View’s tabulate areas feature.  I used IBGE census tract files to-

gether with ESRI water files to determine which indentations on the map 

were for rivers, and which were coastal inlets.  I also used ESRI files for min-

eral locations. 

I chose the primary roads by looking at road shapefiles provided to me by 

IMAZON, after they had processed files from IBGE’s Diagnostico Ambiental 

CDROM (IBGE 1997a).  I chose roads based on whether they connected major 

cities, and by advice given in papers by Alves and by the team at Woods’ 

Hole LBA project.  The settlement dataset was given me by IMAZON.  The 
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antropísmo dataset was also given to me by IMAZON, which was processed 

by them from the Diagnostico Ambietal CDROM (IBGE 1997a).  I processed the 

varzea locations from Diagnostico Ambiental myself. 

The location of cities came from many sources.  The larger cities came 

from ESRI’s dataset.  Some of the other cities came from NIMA, and when all 

else failed, from a printed map. 

Model of Deforestation 

The simplest model of deforestation is a static model in which gross reve-

nue is given by (expected) price of the agricultural output, p, times a produc-

tion function, f( ), with cleared land, D, as the only input.  Total land available 

to the farmer is S.  Presumably the production function gives decreasing re-

turns to scale, because household labor is fixed, and the labor market for hir-

ing additional laborers is thin; or because of imperfect capital markets; or be-

cause land has varying characteristics of quality—slope being the most obvi-

ous and the one of perhaps greatest importance on a given farm—and the 

best land is cleared first.  There is a cost to clearing land, and a cost to main-

taining land for agriculture.  In a static model, we would not model these as 

separate costs, so would simply posit a cost of clearing function, c( ), that has 

one input, D.  In a simple model, it makes sense to assume a linear function 

for c(D) = cD.  The farmer then chooses D to maximize profit, equal to pf(D) – 

cD, subject to the land constraint of S – D > 0.  An interior solution is the well 
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known result that the farmer clears the land until the marginal revenue from 

an additional unit of cleared land equals the marginal cost, c, of clearing that 

land. 

The simplest dynamic model would assume the same gross revenue func-

tion for each period, but a slightly more complicated clearing function.  As-

sume dt is the quantity of land cleared during period t, with total cleared land 

at the beginning of period t, Dt, equal to Dt–1 plus dt–1.  Clearing cost is now a 

function of dt.  In practice, we rarely observe farmers clearing all of their land 

during one period of time.  This is probably because the clearing function has 

increasing marginal costs, caused either by imperfect labor markets19 or im-

perfect capital markets.  It would also be possible to postulate an alternative 

hypothesis:  that the farmer is learning about the production process in a par-

ticular location, and clears more land as he or she learns how to optimize 

production on his or her farm.  Research by Perz and Walker support the ear-

lier point about imperfect markets.  They look at land use changes as house-

hold composition changes.  When children leave a farm to start their own 

household, then it is common for some land that has already been cleared on 

                                                 

19 If a farmer relies on household labor alone, this devoting labor to clearing 
land may pull labor away from farming activities, reducing farm income.  In a 
case where a farmer has unlimited capital, with thin labor markets, hiring ad-
ditional units of labor drives up the cost of each additional unit of labor.  
When capital markets are thin, borrowing additional units of money becomes 
increasingly costly. 
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that farm to be put into fallow—pointing to labor market constraints or the 

non-substitutability of household labor and hired labor. 

We can write the discrete current value Hamiltonian for this problem as 

H = pt f(Dt) – c(dt) + µt+1 dt + λt (S – Dt) 

where λt is the Lagrange multiplier on the constraint limiting land available 

for clearing, and µt+1 is the co-state variable for Dt. In continuous time, we 

would write the Hamiltonian as 

H = p(t) f(D(t)) – c(d(t)) + µ(t) d(t) + λ(t) (S – D(t)) 

Suppressing the time indices, the first order conditions are 

( ) µ+′−==∂∂ dc0dH  (1a) 

( ) λµµ −′=−=∂∂ DfprDH &  (1b) 

dDH ==∂∂ &µ  (1c) 

λ (S – D) = 0, 0≥λ , and 0DS ≥−  for every t. (1d) 

Solving (1a) gives µ = c’(d).  Taking the derivative with respect to time gives 

( ) ( )DDcddc &&&&& ′′=′′=µ .  Substituting into (1b) and assuming that this is not a 

corner solution gives 

( ) ( )[ ] ( )dcdcrDfpd ′′′−′−=&  (2) 

At steady state, neither d nor D will be changing.  Furthermore, d will 

equal 0. This implies that at steady state D solves ( ) ( )0crDfp ′=′ ; or, if the 

land constraint is binding, D = S. 
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Figure 12 shows a phase-plane diagram which uses equations (1c) and (2).  

Graphing 0D =&  is trivial using (1c).  At 0d =& , (2) reduces to  

( ) ( )dcrDfp0 ′−′= .   

Totally differentiating and rearranging gives us 

( )
( )dcr
Dfp

dD
dd

′′
′′

=  

By second order necessary conditions, the denominator is non-negative 

(Kamien and Schwartz, p. 128), and I will assume it is strictly positive for d > 

0 due to my earlier argument about my belief that marginal costs of clearing 

are increasing.  So for d > 0, the slope is negative since the production func-

tion is assumed to have decreasing marginal returns.  Kamien and Schwartz 

(p. 133) tell us that the Kuhn-Tucker conditions are also sufficient, as long as 

the single-period profit function is concave, and maximized over a closed 

convex region. 

We could adapt the model to allow for land abandonment.  Farmers might 

choose to abandon land if incentives for farming change, including changes in 

prices, taxes, subsidies, and soil fertility.  This change requires a piecemeal 

clearing cost function:  one value for non-negative d; another for negative d.20  

                                                 

20 It would be piecemeal simply because we would normally expect the cost 
of abandonment to be 0, and no function is exactly equal to 0 for negative val-
ues, increasing marginal costs with positive values; and continuous and twice 
differentiable at 0. 
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In this model in which abandonment is costless and clearing is costly, we 

would never choose to simultaneously do both, because we could have a less 

expensive outcome by simply clearing the net of the two.  However, when 

mechanisms for maintaining soil fertility are not available or perhaps not op-

timal to use (Barrett, Krautkraemer), farmers might allow natural regenera-

tion to restore soil fertility (i.e., allow land to become fallow).  In such an in-

stance, simultaneous clearing and abandonment might occur on separate 

plots. 

Alston, Libecap, and Mueller suggest that the perverse property right sys-

tem in Brazil may lead to greater deforestation and clearing than is optimal.  

Brazil’s laws allow for expropriation of unused private land.  In order for a 

farmer to guard against expropriation, he or she needs to make the land 

claimed to appear productive, often by establishing low-value pasture with 

widely scattered cattle.  This is at cross-purposes with other Brazilian legisla-

tion which limits deforestation to 20 percent of land owned in the forest zone 

of the Amazon, or 50 percent of the land owned in the cerrado part of the 

Amazon.  The implication of deforesting to protect property rights is a larger 

than optimal up-front deforestation.21  But since the model already shows a 

declining clearance through time, adding the cost of defending against ex-

                                                 

21 And possibly a larger than optimal steady state deforestation 
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propriation adds little to the outcome of the model.  If we think that farmers 

actually worry that they will one day be penalized for exceeding the legal 

limits of clearance on their farmland, then we could also include this in the 

model. 

Consider the implications of this simple micro-model at the farm level in 

the broader context of what causes on-going deforestation in the Amazon.  

Clearly some of the deforestation is taking place on already established farms 

as farmers incrementally clear land, as the model predicts.  Furthermore, if 

prices shift, so that they increase at a point in time (whether expected or not), 

farmers who have already reached the steady-state level of clearance might 

decide to deforest additional land.  These price shifts might occur through in-

creases in the world or local price of a commodity, or they might simply oc-

cur because of decreased transportation costs resulting from cheap fuel or 

new infrastructure.  The focus of this thesis is on the effect of the latter. 

Of course, the already established farm is only one source of on-going 

clearance.  The other source is the establishment of new farms by settlers.  

Prospective settlers include children of Amazon farmers who move out of 

their original household to establish a household of their own.  New settlers 

could also come from other areas of Brazil—either with or without previous 

farming experience—or from urban areas in the Amazon.  While it is beyond 

the scope of this dissertation to model the process which drives new settle-
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ment, it seems clear that the prospective farmer is one who is weighing the 

option of establishing a farm or ranch in the Amazon against one or more al-

ternatives.   Presumably prospective farmers would try to time their settle-

ment to when the market is favorable to farming, especially as measured rela-

tive to their current situation and other alternatives.  Unemployment and in-

flation rates are just two factors which might influence decisions.  

The prospective farmer, perhaps after deciding to establish a ranch or per-

haps simultaneously with that decision, decides where to locate his ranch.  

Presumably the economic factors include profitability measures, including 

farmgate prices, rainfall, and soil quality.  They might also include availabil-

ity of off-farm work, as a means of minimizing risk if the ranch is unproduc-

tive, or as a strategy to maximize total household income.  Non-economic fac-

tors might include nearness to hospitals, schools, or neighbors. 

Since the best land from an economic perspective is already taken (in the 

absence of changes to the status quo, such as road construction), and since 

economic values are geographically correlated (e.g., output prices paid at 

neighboring farms would be very close), apart from change in accessibility 

brought on by new infrastructure, we would expect settlers to move in near 

already established farms.  Travel is costly, as is building access roads.  If a 

settler establishes a farm in a “fishbone” settlement (see figures with satellite 

imagery in Chapter 4), he or she is likely to move only as far down one of the 
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bones as is necessary to find a vacant plot.  In a non-fishbone settlement 

where a settler has to build his own access road, he would like to build as 

short a road as possible, and that would be from the neighbor’s access road to 

his own new farm location. 

Returning once again to the basic model in translating its implications for 

applied analysis, we would like to estimate a reduced form equation of total 

deforestation.  Recognizing, first of all, the on-going nature of on-farm land 

clearance, and second, the desire to minimize costs in settling a new farm, 

1976 antropísmo is an important variable to include in the analysis because it 

establishes a baseline that is indicative of how far along farms are in the land 

clearance process, and provides a base from which we believe new settle-

ments will have spread out. 

While output price should be in the regression, we do not have a price 

measure.  What we do have, however, are factors affecting price, including 

accessibility (roads and rivers) and nearness to demand centers (cities with 

population greater than 100,000). 

Anything that increases the productivity of the land will likely affect both 

the rate and the steady state level of deforestation.  Things such as soil type 

and rainfall fall in this category.  Furthermore, anything that increases the 

cost of clearance will affect the rate and level of deforestation.  This would 

include vegetation zones. 
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Now that we have motivated the explanatory variables of the analysis, we 

are ready to move onto the results. 

Results 

In the regressions reported in this chapter, I use census tract-level data 

from the 1996 agricultural census.  The dependent variable is the proportion 

of the census tract cleared for agriculture.  There are 613 census tracts with no 

deforestation (i.e., censored at 0) and 276 census tracts with clearing greater 

than or equal to the area of the census tract.22  Because of the censoring on 

each end, I used a double tobit.  Furthermore, I believe that there will be some 

heteroscedasticity present, not only because there is measurement error in the 

dependent variable that is likely to be correlated with the perimeter-to-area 

ratio of the census tract (i.e., “skinny” census tracts are more likely to have 

“spillover” than rounded ones, and smaller census tracts are also more likely 

to have “spillover” than larger ones), but also because the variance might be 

effected by levels of certain variables.  One example is that I would expect 

that there would be lower variance at higher rainfall levels, since I expect that 

higher rainfall levels as a rule will result in lower clearance levels. 

                                                 

22 Clearing is greater than census tract area for some census tracts with farms 
that “spillover” into neighboring census tracts, but are reported as being pre-
sent in one census tract. 
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The first regression I ran is not reported in any table, because it simply re-

gressed proportion of census tract land used for agriculture23 on road buffer 

variables and a constant, with perimeter-to-area ratio (of the census tract) and 

its square in the heteroscedasticity term.  The results were 0.227 in the 0 to 25 

kilometer buffer; 0.137 in the 25 to 50 kilometer buffer; and 0.120 in the 50 to 

100 kilometer buffer; all with t-statistics of 10 or larger.  Each parameter in the 

heteroscedasticity term had a t-statistic of 27 or larger.  Large perimeter-to-

area ratios have large heteroscedasticity, as expected.  The road buffer pa-

rameters in this regression using the 1996 agricultural census data are similar 

to the cross-tabulations from the 1992 TRFIC data in Table 13:  20.5, 11.9, and 

6.3.  Since the datasets were 4 years apart, and since the sources picked up 

different types of deforestation, the similarities are remarkable. 

The results of more complex weighted heteroscedastic double tobits are 

reported in Table 15, and the results by biome are reported in Table 16.  A 

graph of the regressions reported in Table 15 is shown in Figure 13.  In Figure 

13, we see that the cerrado curves cut off at 2,100 millimeters of rainfall, be-

cause rainfall averages simply are not observed in the cerrado above that limit.   

                                                 

23 In the previous chapter, the cross-tabulations on cleared land excluded 
natural pasture.  In this chapter, we consider natural pasture as agricultural 
land, and it is part of the numerator of the dependent variable, which in-
cludes all of the other components of cleared land (crops, perennials, tree 
plantations, fallow, and vacant but productive—i.e., long-term fallow). 
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Table 15.  Tobit Regressions on Proportion of Census Tract in Agricultural 
Land 

 
All variables 

Roads and natural 
regressors 

 param t-stat param t-stat 

Observations 6,693  6,693  
Log likelihood 4,156.4  3,242.6  

Rain, annual, mm -2.13E-03 -10.97 -2.67E-03 -10.44 
Rain squared 8.10E-07 10.94 1.03E-06 10.46 
Rain cubed -1.00E-10 -10.79 -1.30E-10 -10.39 
Protected area -0.0206 -8.23   
Road buffer, <25km 0.0650 10.09 0.1210 16.09 
25-50km -0.0083 -1.01 0.0164 1.59 
50-100km 0.0048 1.00 0.0214 3.68 
Settlement, <25km 0.0465 7.83   
25-50km 0.0096 1.53   
50-100km -0.0014 -0.31   
Antropísmo, inside 0.4117 24.30   
<25km 0.1417 17.66   
25-50km 0.0337 4.26   
50-100km -0.0007 -0.16   
City buffer, <25km -0.0959 -1.35   
25-50km -0.0435 -1.25   
50-100km 0.0442 3.89   
Manaus, <25km -0.5245 -1.90   
25-50km -0.1207 -1.01   
50-100km -0.0711 -2.47   
Low organic mtr. 0.1520 6.43 0.1114 3.92 
Seas. excess water 0.0096 0.08 -0.0577 -0.45 
Minor root restr. 0.0283 3.34 0.0153 1.44 
Impeded drainage -0.0339 -3.59 -0.0478 -3.91 
High aluminum 0.0679 3.03 0.0925 3.02 
Excess nutr. leach 0.0059 0.79 -0.0100 -0.97 
Low nutr. holding -0.0097 -2.32 -0.0426 -8.18 
High P, N, & organic retention -0.0325 -1.61 -0.0199 -0.84 
Low water holding -0.0316 -3.39 -0.0739 -6.39 
Salin. or alkalinity 0.1436 5.54 0.1411 4.34 
Shallow soils -0.0026 -0.40 -0.0625 -6.72 
Cerrado 0.1941 20.81 0.2074 18.78 
Northern savannas 0.0311 1.71 0.0313 1.47 
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All variables 

Roads and natural 
regressors 

 param t-stat param t-stat 

Varzea, Marajo 0.0143 1.13 0.0301 1.82 
Varzea, other -0.0188 -2.99 -0.0091 -1.07 
Pantanal 0.2011 6.58 0.1819 5.25 
Mangroves -0.1793 -2.43 -0.1069 -1.57 
Campinarana 0.0106 2.31 -0.0005 -0.06 
Dry forests 0.0231 3.65 0.0718 9.43 
Babaçu forests 0.0561 2.24 0.1377 4.55 
Varzea, fluvial -0.1488 -5.88 -0.1232 -3.76 
Varzea fluvial *Varzea, Marajo 0.3546 8.65 0.2637 5.02 
Varzea, marinha -0.4641 -6.31 -0.4411 -6.38 
River area 0.1549 3.78 0.1821 3.56 
Constant 1.8357 10.91 2.2744 10.45 
ln(σi)     
Perimeter / area 642.523 43.24 606.164 39.92 
Squared -8,023.2 -37.98 -7,617.7 -35.54 
Within 10 km of river -0.1471 -3.92 -0.2394 -12.32 
Rain, annual, mm -1.26E-03 -49.82 -1.07E-03 -39.50 
Constant -0.4624 -9.09 -0.5822 -11.92 
 

In fact, very few places in the cerrado have values above 2,000 millimeters.  In 

the forest biome, rainfall is observed below 1,600 millimeters (also for the cer-

rado) and up to 3,600 millimeters, but both of these extensions cover such 

small portions of the land that it seemed to give an incorrect perception to ex-

tend these curves further. 

In Figure 13, each biome has 3 curves.  All curves show predicted defores-

tation based on the assumption of the dominant soil and vegetation type of 

the biome, but far from cities and rivers.  The solid curves show deforestation 

expected at distances far from roads and antropísmo.  The long-dashed curves  
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Table 16.  Regressions on Proportion of Census Tract in Agricultural Land, 
by Biome 

 Forest Cerrado 
 param t-stat param t-stat 

Observations 5,412  1,281  
Log likelihood 4,598.2  71.7  
Rain, annual, mm -1.64E-03 -11.54 -1.53E-03 -0.11 
Rain squared 6.16E-07 11.51 1.79E-06 0.21 
Rain cubed -7.57E-11 -11.40 -5.33E-10 -0.32 
Protected area -0.0111 -6.91 -0.3512 -12.38 
Road buffer, <25km 0.0531 9.67 0.0463 1.91 
25-50km -0.0102 -1.44 0.0298 1.12 
50-100km -0.0033 -0.95 0.0437 1.99 
Settlement, <25km 0.0460 9.67 0.0153 0.50 
25-50km 0.0163 3.25 0.1194 4.11 
50-100km -0.0011 -0.36 0.0670 2.44 
Antropísmo, inside 0.4434 16.73 0.4734 6.88 
<25km 0.1351 18.90 0.1336 4.81 
25-50km 0.0193 2.87 0.0974 3.55 
50-100km -0.0065 -2.09 0.0707 2.78 
City buffer, <25km -0.0598 -0.72 -0.0018 -0.01 
25-50km -0.0630 -1.71 0.1425 2.03 
50-100km 0.0307 2.99 0.0744 2.18 
Manaus, <25km -0.5728 -1.27   
25-50km -0.0865 -0.67   
50-100km -0.0425 -1.76   
Low organic mtr. 0.1429 7.20 -0.2702 -1.23 
Seas. excess water   0.1411 1.33 
Minor root restr. 0.0146 2.02 0.1012 4.09 
Impeded drainage -0.0244 -3.55   
High aluminum 0.0715 4.20 -0.2818 -4.28 
Excess nutr. leach 0.0046 0.91 -0.2137 -2.58 
Low nutr. holding -0.0076 -2.53 -0.4987 -4.57 
High P, N, & organic retention 0.2625 5.50 -0.0338 -1.03 
Low water holding -0.0232 -3.15 0.0351 1.60 
Salin. or alkalinity 0.1298 6.35   
Shallow soils -0.0065 -1.41 0.0593 1.06 
Cerrado 0.1460 6.11 -0.0175 -0.06 
Northern savannas 0.0054 0.38   
Varzea, Marajo 0.0356 3.34   



 

 71 

 Forest Cerrado 
 param t-stat param t-stat 

Varzea, other -0.0128 -2.86   
Pantanal   -0.0124 -0.04 
Mangroves -0.2564 -5.70   
Campinarana 0.0028 0.98   
Dry forests 0.0252 5.70 -0.0728 -0.26 
Babaçu forests 0.0844 4.25 -0.3292 -0.90 
Varzea, fluvial -0.1147 -6.03 0.4052 0.98 
Varzea fluvial *Varzea, Marajo 0.2792 8.62   
Varzea, marinha -0.3958 -9.04   
River area 0.1673 5.41 -1.0323 -0.73 
Constant 1.4272 11.52 0.2788 0.03 

ln(σi)     
Perimeter / area 958.127 48.28 192.342 7.70 
Squared -12,209.8 -44.53 -2,430.8 -3.88 
Within 10 km of river -0.2015 -4.89 0.0371 0.44 
Rain, annual, mm -1.34E-03 -43.10 -1.86E-04 -0.83 
Constant -0.9967 -14.81 -1.5990 -4.09 
 

show predicted deforestation based on being within 25 kilometers of a prin-

cipal road.  The short-dashed curves show predicted deforestation based on 

being within 25 kilometers of a principal road and 25 kilometers of an-

tropísmo.  We might see this as a worst-case scenario in the very long run. 

The curves show us a number of important points about the deforestation.  

First, we see that all other things being equal, deforestation (more precisely, 

converting land for agricultural uses) is higher by far in the cerrado biome 

than in the forest biome.  Second, we see that increased rainfall leads to a ta-

pering off of deforestation, then a flat response after around 2,300 millimeters 

of rain.  Third, we see that road construction by itself leads to only a modest 
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increase in probability of deforestation, but in conjunction with “starter de-

forestation”—a locus of deforestation from which future deforestation may 

spread—there is a dramatic increase in probability of deforestation.  We 

noted this interaction earlier in the discussion of Table 11, but it is an impor-

tant point that cannot be over-emphasized.   

If policies can be put in place to limit the establishment of “starter defores-

tation” along principal roads, then the unintended consequence of deforesta-

tion resulting from building a road through undisturbed forest can be limited 

dramatically.  This may involve policies that set aside most of the land along 

the road as protected area.  When we examine the results in Tables 15 and 16, 

we see that protected areas seem to be effective in limiting agricultural con-

version in the cerrado.  In the forest biome and in the combined analysis, the 

parameter estimate for protected areas is quantitatively small.  However, if 

most protected areas are in areas with low predicted deforestation even with-

out a protected area, the small parameter might still represent a significant 

percentage reduction in deforestation.24   

                                                 

24 Indigenous areas were chosen principally because of the location of the in-
digenous people.  The location of national forests and other non-indigenous-
area protected areas, however, may be endogenous (in a statistical sense of 
the word).  If that is so, the parameter estimate likely overstates the true pro-
tection offered by protected areas. 
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A more radical second policy to be used in conjunction with the first 

might be to concede that there will be some development along the new road, 

and actually encourage the development to be concentrated in a specific loca-

tion.  This second policy option might backfire—it might create more defores-

tation by promoting the development in a specified location than it prevents 

by letting development take place where it would occur naturally, even given 

the first policy.  On the other hand, it might make establishing protected areas 

along the rest of the road more politically feasible, and it might limit the 

number of “starter deforestation” patches, resulting in less deforestation.  The 

model I ran suggests that one concentrated patch results in less deforestation, 

but the model is not sensitive to the nuánces of this policy suggestion. 

Figure 13 suggests that deforestation would more readily approach the 

worst-case scenario in the cerrado biome than in the forest biome.  That is be-

cause the probability of deforestation is so much higher in the cerrado than in 

the forest, that more “starter deforestation” patches are likely to occur there 

than in the forest. 

The curves in Figure 13 lead us naturally into warning the reader about 

dangers in interpreting parameters from heteroscedastic tobits, compared to 

interpreting parameters from OLS regressions.  Note that the solid forest 

curve never rises, even though the parameters tell us that it should rise for 

values greater than 2,300 millimeters of rain.  The failure to rise is due to two 
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effects.  First, the variance of the error term decreases with increasing rainfall, 

and a small variance has a dampening effect relative to a large variance.  Sec-

ond, as other parameters cause the uncensored predictions to be below 0, any 

positive effects of rainfall (which the parameters tell us should increase after 

2,300 millimeters) are muted by the censoring.  Compare the solid forest 

curve to the short-dashed forest curve:  the rainfall rise is clear in the latter.  

Also, note the “muting” effect of censoring for rainfall below 1,800 millime-

ters, by comparing the difference between the solid forest and long-dashed 

forest, to the difference between the solid cerrado and the long-dashed cerrado:  

they are both shifted by the same parameter, but the shift is much smaller in 

the forest curves. 

To see why, look at the following formula for the expected value of a tobit. 

( )( ) ( )baEY biiabai Φ−++Φ−Φ+Φ= 1λσµ   

where µi = Xiβ ; σi = exp(Ziα); 
ab

ba

Φ−Φ
−

≡
φφ

λ ; ( )( )iia a σµ−Φ=Φ  and Φb defined 

similarly; ( )( )iia a σµφφ −=  and φb defined similarly; a is the lower censoring 

value; b is the upper censoring value; and Φ and φ are the normal cdf and pdf.  

If µi is negative, then Φa is greater than 0.5 but less than Φb.  In such a case, the 

difference between Φa and Φb is less than 0.5, and λ is positive, since its de-

nominator is always positive, and since the pdf is decreasing after 0, the nu-
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merator is also positive.  As µi becomes more negative, Φa and Φb converge, 

producing the “muting” effect of censoring. 

By taking the derivative of the expected value of y with respect to x, we 

see that the marginal effect of a change in an independent variable x on the 

conditional mean is ( ) ( )baab φφσµ −′+Φ−Φ′ , where µ' and σ' are shorthand 

for partial derivatives with respect to x.  If µi is either a large negative number 

or a large positive number, Φa and Φb will be close to each other, as will φa 

and φb.  In such a case, µ' will be multiplied by a number close to zero (as will 

σ'), meaning that any change in the level of x will have a small impact on y.  

What is also important is the fact that the marginal is affected by the variance 

as well as the mean (assuming the variable of interest influences the vari-

ance). 

While we have looked at some of the most important variables in our dis-

cussion of Figure 13, we also need to shift our focus to some of the other vari-

ables reported in Table 15.  The first set of results in the table is the main re-

gression for this chapter.  The second set of results show road variables and 

“natural” variables.  Variables that reflect the intervention of people—apart 

from roads—were dropped from the first set of results, to show the effect of 

roads, controlling for agricultural and locational suitability.  Earlier I reported 

that not controlling for agricultural and locational suitability, the parameters 

on the road buffers were 0.227 in the 0 to 25 kilometer buffer; 0.137 in the 25 
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to 50 kilometer buffer; and 0.120 in the 50 to 100 kilometer buffer.  Now we 

see that they are 0.1459, 0.0483, and 0.0249.  The difference is quite important 

for the debate about the impact of roads on deforestation, because the previ-

ously published results in Science (e.g., Laurance et al 2001) and elsewhere 

used cross-tabulations (equivalent to the regression results which did not 

control for agricultural suitability) to argue for the large adverse effects from 

building roads, and the second set of results in Table 15 show that the effects 

are quantitatively smaller:  by one-third out to 25 kilometers; almost two-

thirds in the 25- to 50-kilometer buffer; and almost four-fifths in the 50- to 

100-kilometer buffer.  These results might be looked upon as the combination 

of direct- and indirect-effects of road construction, controlling for agricultural 

suitability. 

However, as I argued above when discussing the meaning of the results in 

Figure 13, the direct effect of roads is much smaller.  Table 15 reports that 

they are 0.0623, 0.0091, and 0.0018, respectively—the latter two not statisti-

cally different than 0.  The regression shows antropísmo (human disturbance) 

by 1976 is the variable that has high quantitative and statistical significance.  

However, when we regress 1976 antropísmo on proportion in various road 

buffer categories, we find that nearness to roads explains antropísmo.  It is 

through the antropísmo variable that roads appear to exercise an indirect ef-

fect. 
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We also see that government settlements might possibly offer “starter de-

forestation”, but I am hesitant to conclude this, because the data only show a 

response out to 25 kilometers, and a large part of this response might be the 

settlement itself rather than deforestation that grew up around the settlement.  

This is not a serious blow to the hypothesis of disturbance being a “seed” for 

further deforestation, because we did not have the precise age of any of these 

settlements, and if they had been formed not long before 1996, then the 

“seed” effect would not have had a chance to spread beyond a 25-kilometer 

radius.   

Testing the “starter deforestation” hypothesis even further, I tried seeing if 

mines and minerals led to deforestation.  But there was no statisticially sig-

nificant response at any distance, and so I dropped the variables from the re-

gression.  Because of uncertainty about what the minerals dataset actually 

represents, I am cautious to draw too strong an inference from this result as a 

blow against my “starter deforestation” hypothesis. 

Buffers around centers of cities with populations greater than 100,000 in 

1996 show negative parameters out to 50 kilometers.  I believe this reflects the 

absence of farms in urban and suburban areas, not the absence of deforesta-

tion.  Indeed, Table 13 shows that deforestation is high in these areas, not low.  

The positive response in the 50- to 100-kilometer buffer is small but signifi-

cant, and probably indicates some of the demand effect of cities on agricul-
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ture.  The actual effect could be even larger if suburban areas extend out into 

this buffer, as they would in a large metropolitan area like Belém, with a 

population well over one million.  For cities with populations closer to 

100,000 people, it is not clear that the non-farm influence would extend that 

far. 

It has been suggested that development in and around Manaus is different 

from anywhere else in the Legal Amazon, because of the free trade zone de-

clared for it in 1967.  The regression results confirm that something is differ-

ent about Manaus, with less agricultural activity in all buffers around it than 

would be expected from a city of its size.  It is possible that the free trade has 

distorted prices enough that it is not optimal to have agricultural activities 

near the city to produce the type of von Thünen product that is costly to 

transport greater distances.  An alternative hypothesis is that the demand by 

manufacturers for space in the free trade zone displaced farmers to even 

greater distances from the city.  The latter hypothesis seems weak, since much 

of the 50- to 100-kilometer buffer around Manaus is outside of the 10,000-

square kilometer trade zone. 

In regression results not included here, I also explored the influence of cit-

ies with populations between 25,000 and 100,000.  These tended to be positive 

in all buffers, with relatively large values and statistically significant.  I de-

cided in the end that this size city was probably endogenous (in the sense that 
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a number of these cities grew to their size because of principle roads passing 

though them), or at least another avenue through which the indirect effects of 

major roads is expressed. 

Protected areas provide a quantitatively modest but strongly statistically 

significant negative effect on agricultural clearing.  This does not mean that it 

is not important for preventing settlement and deforestation.  The weighted 

mean of proportion of land used for agricultural purposes, as calculated from 

the agricultural census, is 13.0 percent.  However, it is only 8.2 percent for the 

forest biome, while it is 38.8 percent for the cerrado biome.  But 77.6 percent of 

the land in our study area is in the forest biome25.  Furthermore, for the forest 

biome, 26.2 percent of it is in a protected area, while that is true for only 10.8 

percent of the cerrado.  That means that the parameter on protected areas 

mostly reflects its value in limiting agricultural conversion in the forest zone.  

Still, a negative shift of 2.1 percent is not as large as expected when mean de-

forestation is 8.2 percent.  As argued previously, if many of the protected ar-

eas are in remote places where the agricultural potential may also be quite 

low, it is likely that a parameter of –0.0201 reduces expected deforestation 

significantly (to a small percentage of what it would have been without the 

protected area). 

                                                 

25 using the definition of land being in the cerrado biome if 50 percent of its 
area is in the Pantanal or southern cerrado, using the WWF definitions 
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As we look at the effects of WWF vegetation zones, we see that cerrado and 

Pantanal have almost equally high shifts, indicating that they are similar to 

each other in terms of land clearing, and that there is a large difference be-

tween agriculture in those areas relative to agriculture in moist forests.  When 

comparing the cerrado parameter to the parameter on the northern savannas 

variable, we also note a significant difference.  Unless the qualities of the 

northern savannas are significantly different than the southern savannas (cer-

rado)—and I have not found anything in the literature to suggest such a dif-

ference—then the difference must be due to a mixture of economic and non-

economic advantages of being nearer to the major population centers of Bra-

zil.  For ranchers, this could include price effects from restrictions on inter-

state transport of beef for most of the Legal Amazon states, due to foot and 

mouth disease.  The restrictions have not been as strict for Mato Grosso, most 

of which is in the cerrado zone. 

Varzeas (floodplains) are considered important areas for ecology and agri-

culture.  However, the WWF designation of varzeas differed substantially 

from that of IBGE.  As an economist, it was difficult to determine which des-

ignation to use, so I tried to use both, and included an interaction term on 

Marajó island, to distinguish the two parts of Marajó.  The part of Marajó that 

was included in both types of varzea showed an extremely large and statisti-

cally significant value, while the part of Marajó not counted as varzea by IBGE 
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was not statistically different from zero.  Both fluvial and marine varzeas 

were large and negative determinants of agricultural settlements.  This makes 

sense for agricultural census figures, since these areas are often seasonally 

flooded, and may be undesirable for permanent settlement, though they may 

be good as common grazing areas in the drier parts of the year. 

The primary limiting factors for soils are more difficult to interpret, 

probably due to an ignorance on my part of the technical obstacles each limit-

ing factor presents.  Presumably some limitations are relatively easy to over-

come with inexpensive interventions, while others are more costly to deal 

with.  Soil limitations can put constraints on agricultural activity.  As a simple 

example, very steep slopes seem most suitable for trees; steep slopes can be 

suitable for livestock; land requiring large farm equipment needs to be rea-

sonably flat.  Steep land would eliminate the possibility of growing soybeans, 

which are most economically cultivated with large tractors.   

Some of the soil limiting factors with the largest absolute values on the as-

sociated parameters are areas which make up a very small portion of the 

study area.  Soils with salinity or alkalinity problems make up less than one 

percent.  Soils with low organic matter make up 1.5 percent, and soils with 

high aluminum make up 1.3 percent.  The main soils are those with seasonal 

moisture stress (the omitted category), which makes up almost a quarter of 

the study area, and almost 50 percent of the cerrado zone; and those with low 
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nutrient holding capacity, which makes up almost 45 percent of the study 

area.  While the parameters on soils are jointly significant, they seem to be 

useful in explaining the differences in only a small part of the Legal Amazon. 

Having a river in a census tract resulted in a positive and statistically sig-

nificant effect on agricultural clearing.  This might indicate the role of rivers 

in accessibility and transporting people and products.  In some regressions 

not reported in the tables, I included buffers around rivers.  They were either 

not statistically significant, or only mildly significant, and so were excluded.  I 

even tried separating major rivers from less important rivers, but this had no 

statistically significant effect.  I also tested buffers from the coast.  They were 

not statistically significant. 

Table 16 records the results from regressions run separately on forest and 

cerrado biomes.  We note the high significance of running them separately, by 

comparing the sum of the values of the log likelihood for the two regressions 

reported in Table 16, and comparing it to the log likelihood in the first regres-

sions reported in Table 15. The difference is 513.5, and the likelihood ratio test 

statistic is twice this number.  This statistic is distributed as a chi-square with 

55 degrees of freedom.  Needless to say, it is statistically significant at all 

meaningful standards of comparison.  Note that a number of parameters 

were dropped from the cerrado regression.  I normally did this because the 

variables were not represented in the dataset (e.g., no part of the biome was 
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less than 100 kilometers from Manaus), but in some cases it was dropped due 

to being statistically insignificant. 

The effect of rainfall on deforestation in the forest biome behaves almost 

identically to what is reported in Table 15 and Figure 13 for the whole sam-

ple:  deforestation declines until 2,300 millimeters, then rises to 3,200 millime-

ters, then declines again, with most of the change occurring between 1,400 

millimeters and 2,000 millimeters.  The effect of rainfall on deforestation in 

the cerrado behaves differently:  it rises from 1,400 millimeters to 1,630 milli-

meters, then declines afterward. 

The magnitude on the parameters for protected areas differ markedly be-

tween the two zones: –0.011 to –0.352.  As argued earlier, this probably repre-

sents the values of the parameters necessary to show protected areas as being 

quite effective in limiting agricultural encroachment in the respective biomes, 

given the difference in mean agricultural clearance between the two biomes, 

and taking into consideration the location of the protected areas in each bi-

ome.   

The next set of parameters we come to in Table 16 are those for road buff-

ers.  In the forest biome, road buffers seem to have an effect out to 25 kilome-

ters, and then nothing afterward.  Whereas in the cerrado biome, we see an ef-

fect all the way to 100 kilometers (though the parameter for the 25- to 50-

kilometer buffer is not statistically different from zero).  The magnitude of the 
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road effect out to 25 kilometers is larger in the forest biome.  Perhaps this in-

dicates the importance of roads in the forest biome for agricultural clearance, 

but the difficulty for farmers and ranchers to cut their own access through the 

forest is too great, and so the depth of cutting into the forest is much more 

limited in the forest biome. 

Antropísmo continues to be an important factor in deforestation, with pa-

rameters similar across biomes.  The impact of government settlement areas 

are different, however.  In the forest biome, government settlement areas 

seem to only have the strongest effect out to 25 kilometers, and then a smaller 

but statistically significant effect from there out to 50 kilometers; while in the 

cerrado biome, they seem not to have an effect out to 25 kilometers, but a large 

and significant effect from 25 to 50 kilometers, and a moderate and significant 

effect from 50 to 100 kilometers.  It is not clear why this would be.  It may 

simply be an artifact of not having dates for each settlement scheme.  

The last parameters I want to comment on are the city buffers.  The really 

large cities—Belém, Manaus, and São Luís—each with a population larger 

than three-quarters of a million, are all located in the forest biome.  The larg-

est city in or near the cerrado is Cuiabá with around 400 thousand.  It seems 

reasonable that under the effect of these large cities, agricultural settlements 

would be smaller than expected out to 50 kilometers in the forest biome; 

while that effect would only go out to 25 kilometers in the cerrado biome. 
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In an effort to control for possible spatial autocorrelation in the tobit, I 

tried a number of possible solutions.  The first 3 used the same principle:  

grouping observations by geographical units (here, I tried 9 states, 30 

macroregions, and 103 microregions), and running the tobit with dummy 

variables for each geographical unit (except one, to avoid multicollinearity 

with the constant term).  The fourth attempt at compensating for spatial auto-

correlation used the method that Pfaff used in his paper:  including a 

weighted product of each of the independent variables of the neighbors.  That 

is, I made a row-normalized weights matrix, W, of all neighbors of each cen-

sus tract, and multiplied it by the matrix of independent variables, X.  I then 

ran a tobit regression with X and WX. 

I tested whether each solution sufficiently corrected for spatial autocorre-

lation using the Kelejian-Prucha generalized Moran I test.  In each case, I had 

to reject the null hypothesis of no spatial autocorrelation.  This means that 

while Pfaff’s method—which was incorporated into the analysis by Andersen 

et al. as well—provides some interesting insight about how municípios influ-

ence deforestation in neighboring municípios, it ultimately does not correct for 

one of the main problems he was trying to address:  spatial autocorrelation.  

While my experiment of trying to find ways to correct for spatial autocorrela-

tion was disappointing in not accomplishing the main objective, it had the 
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positive benefit of demonstrating that the critical parameters of interest were 

robust to all alternative specifications. 

In the next chapter, we will repeat the main regression from Table 15, but 

use a new methodology which seeks to be able to disaggregate results geo-

graphically within the census tract, and improve efficiency by retaining the 

information contained in the more detailed distribution of each of the ex-

planatory variables. 
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Chapter 3:  Using GIS to Disaggregate Census Tract Data 
Spatially 

 

Introduction 

The second half of Chapter 2 presented the results of several tobit regres-

sions, investigating how the proportion of each census tract cleared for agri-

culture is explained by infrastructure, agroclimatic suitability, and other vari-

ables.  This chapter reproduces the main tobit regression from the previous 

chapter using a technique which will be outlined in the following section.  

This new technique subdivides each census tract using a gridded pattern, and 

predicts deforestation in each grid, based on the level of clearing in the census 

tract and explanatory variables in each grid.  The second half of the chapter 

presents the results of this new regression, and compares them to those pre-

sented in the preceding chapter. 

Wasting Valuable Information 

It is common in studies to have information on different scales.  For ex-

ample, some variables might be known at a county level, while others are 

known only at the state level.  Typically information is adjusted to fit the de-

pendent variable.  If an explanatory variable is coarser than the dependent 

variable—such as when the dependent variable is at the village-level and the 
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explanatory variable is at the state-level—then most researchers feel comfort-

able saying that the coarser (state) variable is a crude indicator of the true (but 

unmeasured or unavailable) finer (village) variable.  If an explanatory vari-

able is finer than the dependent variable, then researchers typically sum or 

average (depending upon whether the variable is better aggregated as a sum 

or a mean) the finer explanatory variable.  An example might be a case in 

which the dependent variable is agricultural output by state, with one of the 

explanatory variables being quantity of land cultivated, which might be 

known for each county in each state.  Here, the researcher would normally 

sum all of the cultivated land in the state, and not be concerned about what 

the data perhaps could have told us about output in each county. 

Geographical Information Systems (GIS) provide information about vari-

ables of economic interest across continuous surfaces.  As we have already 

seen in the preceding chapters, types of information include location of and 

distances to roads, rivers, cities, etc.; climate variables such as precipitation 

and temperature; land survey data such as soils and native vegetation; and 

satellite based information such as current vegetation and fire location.  Since 

a GIS dataset is continuous across surfaces, it tends to be fine relative to many 

typical dependent variables.  Until now, researchers have not exploited the 

fineness of the data.  In the last chapter, for example, since the dependent 

variable was proportion of land cleared in the census tract, I used explanatory 
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variables such as rainfall at the centroid of the census tract and proportion of 

census tract in each type of vegetation zone.  These variables disregarded the 

information that I had about the distribution of rainfall levels throughout the 

census tract, the locations of each vegetation zone inside the census tract, etc.  

Disregarding this information implies some loss in efficiency. 

How can we keep from disregarding explanatory data that we have avail-

able to us that happen to be at a finer level than the dependent variable?  The 

simple answer is that if we have a model that tells how the process under 

study combines the explanatory variables to generate the dependent variable, 

we can form expectations at the finer (disaggregated) level, and then sum (or 

average, as appropriate) these expectations to get the expectation of the de-

pendent variable.   

For the example of agricultural output at the state level and area culti-

vated at the county level, we need to add a model of output.  Let us say we 

believe output is a function of land cultivated, labor, and capital.  If our labor 

and capital data are only available at the state level, then we do not seem to 

gain any efficiency by first forming expectations at the county level.  But if we 

have measures for capital and labor at the county level, we could potentially 

improve the efficiency of our analysis by forming expectations at the county 

level, and summing to get the state total.  An important additional benefit is 

that we would also have predicted output for each county—something we 
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could not have done (or at least not well) if we had simply summed our data 

for land, labor, and capital up to the state level before doing the analysis. 

Since GIS data are continuous, at first pass one might think that we could 

disaggregate the data to infinitesimally fine points.  However, while the 

boundary between two vegetation types appears infinitesimally small, the 

maps on which the GIS data are based have some type of scale—and by im-

plication, are likely to have measurement error near the boundary between 

two types or regions.  For example, if the map is drawn on a 1:1,000,000 scale, 

a mistake on the map of one millimeter represents a difference on the ground 

of 1 kilometer.   

Map scale is just one reason for locational errors with GIS data.  Even sat-

ellite data are subject to georeferencing errors.  Before the ETM+ was put into 

service in 1999, satellite data could have errors of 2 or 3 kilometers.  With 

ETM+, error is likely to be less than a few hundred meters.  Another reason 

for locational error is poor data handling by GIS practitioners.  It is not un-

usual for a GIS dataset to pass through many hands before it arrives for the 

researcher’s use.  Because practitioners do not always document the work 

they do on a dataset, it is not unusual to find a 5 kilometer error.  Such an er-

ror might result from converting the dataset from one projection to another 

when there was confusion over whether the dataset was in a spherical datum 

or other datum, such as WGS84.  Finally, some layers of data—such as pre-
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cipitation—are “guestimates” based on models.  With all the inherent error 

and uncertainty in GIS data, it does not pay to disaggregate too finely.  For 

the deforestation study—using the data of the previous chapter—I chose to 

disaggregate to 5 kilometer squares, though it was tempting to go with the 

more conservative use of 10 kilometer squares.  Before I present the study re-

sults, I will first give a brief overview of where this idea falls into the litera-

ture, then in the following section describe more explicitly the method of dis-

aggregation that I have sketched above. 

One of the first major works dealing with linear aggregation was written 

by Theil in 1955.  His work was motivated by the earlier discussion presented 

in three articles in a single issue of Econometrica by Klein, May, and Pu.  

Later work by Lütjohann extended Theil’s work to include the type of analy-

sis suggested here, which he called “semiaggregation”.  A recent review of 

empirical approaches to aggregation over individuals was written by Stoker. 

Van Garderen, Lee, and Pesaran extend and apply aggregation to non-linear 

models.  While my approach does deal with aggregation, it is an aggregation 

of artificial units of observation (gridcells) rather than true units of observa-

tion (farms). 
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When applied to geographic analysis, this idea is related to small area es-

timation26 and to the modifiable areal unit problem—MAUP27 (Openshaw 

1984a; Paelinck; Holt et al.; Wong), which leads into the issue of ecological 

fallacies28 (Openshaw 1984b; Steel and Holt).  This idea is also close in spirit 

to the work being done with poverty mapping, except that it does not require 

the linking of a survey and census (Deichmann; Demombynes et al.; Hen-

ninger and Snel; Davis; Ravallion and Wodon; Jalan and Ravallion). 

Disaggregation Methodology 

We will begin with the simplest kind of aggregation, in which we simply 

sum an expectation that is modeled linearly.  We assume that there is a proc-

ess at the unit-level that generates each yij in group i, but we only observe the 

                                                 

26 A good overview is contained in Bigman and Deichmann.  Small area esti-
mation techniques are ones which use related geographic areas and addi-
tional data sets to strengthen the geographic inference made by surveys 
which otherwise had too few observations from which to make predictions at 
such a fine resolution (Bigman and Deichmann). 

27 The modifiable areal unit problem arises when one aggregates individual 
units of observations.  The units of observations can be aggregated in a num-
ber of different ways, because there are few logical constraints to place on the 
method of aggregation.  Furthermore, different aggregations may lead re-
searchers to different conclusions from the data, and this is the main point of 
the MAUP (Openshaw 1984b). 

28 The ecological fallacy “occurs when analyses based on area level... [statis-
tics] give conclusions very different from those that would be obtained from 
an analysis of unit level data, if it were available” (Steel and Holt, p. 39). 
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sum of these values, yi.  Nevertheless, we observe the explanatory variables at 

the unit level.  Let yij = β0 + Xij β  + ε ij, where ε ij ~ N(0, σε2).  Then 
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Note that the constant term from the unit-level model sums to Ji at the 

group-level, which is the number of disaggregated units in group i.  Care 

must be taken when estimating (1), because it is easy to run a regression acci-

dentally with a constant rather than, or in addition to, the Ji.  If the ε ij are un-

correlated, then ε i ~ N(0, Ji σε2), which shows that unless Ji = Jk for every i and 

k, the regression of yi on Ji and Xi is heteroscedastic, and an appropriate ad-

justment needs to be made in the estimation procedure to avoid a bias to the 

standard error estimates of the parameters.   

If the dependent variable is a ratio (as is the case in this chapter), then each 

ratio at the unit level has to be multiplied by a zij equal to the denominator of 

the ratio divided by the sum of the denominators for all units in a group.  To 

make this more concrete, in the case of proportion of land cleared for agricul-

ture, the multiplier for any unit is equal to the number of hectares in the unit 

divided by the number of hectares in the group.  The regression equation for 

this case is 
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Here, the constant term was included as part of the matrix of independent 

variables.  Since the zij sum to 1, the constant term does not change when ag-

gregated. 

The log likelihood function for this is 
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This is also the log likelihood function for the case where the aggregation 

is a simple sum, if we let zij = 1 for all i and j.  It can also be seen as the log 

likelihood function for any other kind of weighted sum or average.  The ad-

vantage of the linearity is seen in that the zij Xij  and zij2 can be multiplied and 

summed before entering the optimization algorithm.  

Suppose we make the description of the problem more general yet, by al-

lowing the variance to be heteroscedastic, and both the expected value and 

the variance to be nonlinear in parameters.  That is, let yij = µ(Xij,β) + ε ij, 
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where ε ij has mean 0 and variance σij2 = σ2(Rij,α).  Then we may write the log 

likelihood function as 
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Relative to (3), (4) is computationally more difficult, not only because of 

the nonlinearities, but also because in general we have to compute each unit-

level expectation and unit-level variance every time a new parameter vector 

is proposed in the optimization algorithm. 

In the preceding chapter, we estimated a doubly censored tobit.  Is there a 

way to treat doubly censored data using this “adding up” methodology?  Yes, 

there is.  Feasible Weighted Nonlinear Least Squares (FWNLS) is an alterna-

tive to the tobit for estimating censored regressions.  In order to see this, let us 

begin by assuming that there is an unobserved variable, yij*, such that 

ijij
*
ij uXy += β , where ( )( )( )2

ijij Rh,0N~u α ; that is, I allow the error term to be 

heteroscedastic.  Recall that for the case of a doubly censored regression, in-

stead of yij* we observe a variable yij which is equal to yij* for yij* between a and 

b; equal to a for yij* < a; and equal to b for yij* > b.  In the FWNLS for censored 

data, we regress yij—not yij*—on the expected value of yij given Xij and the 
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censoring points.  In order to use (4), we need to note that the µ(Xij,β) in (4) is 

the expected value of yij, given by 

( ) ( ) ( ) ( ) ( )b1RhXaEy,X bijbaijabaijij Φ−+−+Φ−Φ+Φ== αφφββµ  (5) 

where Φk is the standard normal cdf and φk is the standard normal pdf, both 

evaluated at ψk = (k – Xijβ) / h(Rijα), with k representing either a or b.  We also 

note that σ2(Rij,α) in (4) is given by 
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Note that (5) and (6) are meant to be the µ and σ2 of (4), even though in (4) µ 

is only a function of Xij and β , and σ2 is only a function of Rij and α. 

To use the above formulas for single censoring, if we have a case of left 

censoring, b is implicitly equal to infinity; and in a case of right censoring, a is 

implicitly minus infinity.  Any cdf evaluated at minus infinity is 0, and at plus 

infinity is 1.  Any pdf is 0 at plus or minus infinity.  Using L’Hospital’s Rule, 

it is also possible to show that ψkφk is 0 at both plus and minus infinity. 

For the specific data that I use in this analysis, I made two further adjust-

ments to the likelihood function.  First, I assumed that yi was measured with 

measurement error, but that the error was uncorrelated with the residual.29  I 

                                                 

29 I made the assumption of measurement error because some farms were 
contained in more than one census tract, while all of the area and activity of 
that farm was tabulated as belonging to one census tract.  Smaller census 
tracts and narrow census tracts are more likely to be affected by this error—
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therefore was able to add the measurement error to the variance that was al-

ready modeled.  Second, I weighted larger census tracts with higher weights 

than smaller census tracts, by dividing the variance by the weight equal to the 

area of the census tract, times a normalization factor given by the number of 

census tracts divided by the total area. 

To compensate for a degree of correlation between the disaggregated units 

within the same census tract, but not with units from other census tracts—

which I did not choose to do here—we would allow both µij and σij2 to have 

variables and parameters measured at the aggregated level. 

The likelihood function I maximize is 
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where wi is the weight described previously and ω2 is the variance of the 

measurement error, which is a function of Si, the vector of explanatory vari-

ables in unit i which effect the measurement error of the dependent variable 

and vector of parameters; and γ, the vector of parameters effecting the meas-

                                                                                                                                           

both of which have higher perimeter-to-area ratios—the variable I use to con-
trol for this type of error. 
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urement error of the dependent variable.  Here, Si is the perimeter-to-area ra-

tio and its square. 

Data and Results 

I made a GIS grid of 5 kilometer square cells.  I intersected the grid with 

the census tract shapefile.  There were 303,617 units of intersection, which I 

considered to be the “individual” units for the analysis.  In the regression, I 

used the same constraint as in the previous chapter, which reduced the total 

number of units for the regression to 301,763.  Some census tracts intersected 

with only one cell, while the largest census tract intersected with 2,799 grid-

cells.  The median had 21 intersections.  

The underlying data are the same as used in the previous chapter, so the 

reader should refer back for a complete description.  Except for calculating 

the area of the individual unit, the data were collected by determining what 

the value of each variable was at the center of each gridcell, and treating those 

variables as the value for the entire gridcell.  The value of the gridcell was 

then assigned to all related units of observation.30 

The results are reported in Table 17.  It took more than 70 hours for the re-

gression to converge—a clear disadvantage to this method on highly nonlin-

ear specifications like the FWNLS approach to censored regressions used 

here.  The regression was run using Stata version 6.0. 
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Table 17.  Regressions on Proportion of Census Tract in Agricultural Land  

 param t-stat 

Disaggregate observations 301,763  
Aggregate observations 6,693  
Log likelihood -39.0  

Rain, annual, mm  -0.0110 -13.56 
Rain squared  1.82e-06  10.31 
Protected area -2.8869 -43.27 
Road buffer, <25km  1.1477  16.30 
25-50km  0.5634   7.58 
50-100km  0.4737   7.31 
Settlement, <25km   1.0503  13.82 
25-50km  1.1867  15.73 
50-100km  0.4155   5.81 
Antropismo, inside  2.6674  24.08 
<25km  1.5176  21.45 
25-50km  1.1130  15.00 
50-100km  0.8874  12.77 
City buffer, <25km -1.1821  -6.85 
25-50km  -0.4390  -3.59 
50-100km -0.1983  -2.46 
Manaus, <25km -4.4490  -6.38 
25-50km -2.1716  -5.63 
50-100km  0.7874   2.83 
Low organic mtr.  1.8132  13.93 
Seas. excess water  -2.0316  -5.95 
Minor root restr. -0.5658  -6.84 
Impeded drainage -1.5242 -12.89 
High aluminum   0.6410   4.00 
Excess nutr. leach -0.3887  -3.22 
Low nutr. holding -1.0940 -16.48 
High P, N, & organic retention  -0.3575  -2.54 
Low water holding -0.2393  -2.55 
Salin. or alkalinity   0.1674   0.87 
Shallow soils -1.4906 -12.17 
Cerrado  0.8342   9.94 

                                                                                                                                           

30 Some gridcells will be associated with more than one census tract. 
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 param t-stat 

Northern savannas  2.5423  16.68 
Varzea, Marajo -0.0168  -0.11 
Varzea, other -1.3078 -12.06 
Pantanal -0.7843  -4.05 
Mangroves  6.1985  32.85 
Campinarana -2.6383  -4.54 
Dry forests  0.6105   6.97 
Babaçu forests -0.8819  -5.24 
Varzea, fluvial  -3.7184 -21.47 
Varzea fluvial *Varzea, Marajo  8.0069  20.05 
Varzea, marinha -7.9751 -31.02 
River area   2.3673  27.65 
Constant  10.8341  11.90 
ln(σij)   
Constant 0.9336 > 100 
Log measurement error variance   
Perimeter / area  1,005.7  34.37 
Squared -24,518.8 -21.29 
Constant -11.1660 -62.76 
 

The parameters are quantitatively much larger in magnitude than those of 

the previous chapter.  This is one of the quirks of working with censored 

data—the parameters can be large even when the marginal effects are small 

or moderate.  The marginal effect of a change in an independent variable x on 

the conditional mean is ( ) ( )baab φφσµ −′+Φ−Φ′ , where µ' and σ' are short-

hand for partial derivatives with respect to x.  So if the cdf evaluated at a has 

a value similar to that when evaluated at b, the multiplier on µ' can be quite 

small.  Furthermore, if σ is also a function of x, the marginal effect of a change 

in x can be opposite in sign to that of µ'.  The multiplier at the weighted mean 

is 0.8139 for the main regression from the previous chapter, and is 0.0317 for 
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the regression in this chapter.  The ratio of the two is 25.68, which means that 

to compare marginal effects here to those of the previous chapter, we need to 

divide the parameters here by 25.68 to get the true marginal effects evaluated 

at the means.  Since only rainfall is non-linear in variables, we can simply 

multiply (or divide) the parameter estimates by these values to get the true 

marginal effects. 

Upon doing this, we find that the marginal effects for most variables are 

smaller in the disaggregated method that in the standard method of the pre-

vious chapter.  We recall, however, that the variables are not entirely compa-

rable.  In the previous chapter, most of the variables (i.e., those related to soil, 

vegetation, distance classes) were the proportion of each type found in the 

census tract.  In the disaggregated approach they are still proportions, but be-

cause the disaggregated units are so small, the proportion is either a one or a 

zero—each gridcell consists of exactly one type of soil, one type of vegetation, 

etc.  

The multiplicative factor in this disaggregated regression is highly re-

sponsive to rainfall.  The weighted mean for rainfall is 2,174 millimeters per 

year—the value at which the multiplicative factor of 0.0317 was computed.  

Yet in the cerrado portion of the Legal Amazon, the normal mean annual rain-

fall is just about 1,600 millimeters.  At 1,600 millimeters, the multiplicative 

factor is approximately 3 times higher, which means the marginal effect of all 
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of the other parameters is 3 times higher at 1,600 millimeters than at 2,174 

millimeters.  The multiplicative factor in the aggregated model of the previ-

ous chapter is not very responsive to rainfall, and in fact is actually smaller at 

1,600 millimeters than at 2,174 millimeters (though it is larger at 3,000 milli-

meters). 

Figures 14 and 15 are similar to Figure 13 from the previous chapter.  

These figures show the effect of rainfall on clearing at a “typical” site (i.e., at 

the most frequently found soil type, vegetation type, etc.)  Figure 14 is for the 

aggregated regression of the previous chapter, and Figure 15 is for the disag-

gregated regression of this chapter.  The lower curve in each shows the situa-

tion far from roads and earlier settlement (i.e., antropísmo).  The middle curve 

shows the effect of being within 25 kilometers of a primary road, and the top 

curve shows the effect of also being within 25 kilometers of previous settle-

ment.  We see in Figure 14 that the curves are relatively evenly spaced regard-

less of whether the rainfall is low or high.  This shows that rainfall has very 

little effect on the marginal effect (the slopes of the middle and top curves) 

through the multiplicative factor.  But in Figure 15, we see that the distance 

between either the middle or top curve and the bottom curve is very high at  

1,600 millimeters, but very small after 2,100 millimeters, and that there is a 

large magnitude of slope at low rainfall, but a very flat curve at high rainfall.  

This shows that rainfall has a high multiplier effect on marginal values (in the 
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figure, the marginal values shown are the parameters for being less than 25 

kilometers from a road and less than 25 kilometers from antropismo). 

This emphasizes the importance of rainfall in clearing for agricultural pur-

poses.  It says very strongly that roads or settlements are much less likely to 

cause clearing if the rainfall levels are too high to be hospitable to agriculture.  

It also says that the marginal benefits of protected areas are smaller in 

preserving forest in high rainfall areas, because these areas are not very en-

dangered to start with.  This is the result I had expected to find in the previ-

ous chapter but did not.  Perhaps this shows the importance of trying to dis-

aggregate the data as much as possible. 

In order to see how well the aggregated FWNLS fit the data, I compared 

the absolute mean square error and the root mean square error to those of the 

ones found in the previous chapter.  The aggregated method seemed to per-

form slightly better, but not by much.  The mean absolute deviation was 10 

percent lower in the gridded method (0.202 vs. 0.181), but the mean squared 

deviation was less than 2 percent lower (0.069 vs. 0.068).  This was disap-

pointing, but not entirely unexpected.  The FWNLS is not as efficient as the 

tobit (maximum likelihood), as Ruud points out.  Furthermore, censored data 

often have thick tails.  Ruud suggests using a distribution other than the 

normal for censored analysis, such as the t-distribution with a small number 

of degrees of freedom, the Laplace distribution, or the logistic distribution. 
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Censored data analysis is not a fair test of the potential of this method to 

increase efficiency in estimates.  Gains in efficiency from using the disaggre-

gated explanatory variables can be lost in the lower efficiency of FWNLS rela-

tive to the tobit. 

However, Figure 16 shows an advantage of using this method.  It is a map 

of predicted deforestation by the more than 300,000 individual units used in 

the analysis.  Compare this to Figure 17, which are the predictions from the 

previous chapter, and to Figure 18, which are the actual levels of deforesta-

tion by census tract observed in the 1996 Agricultural Census.   

If we use the actual levels of clearing by census tract to scale the predic-

tions made by the disaggregated method, we get Figure 19, which is a map 

showing prediction in and near the state of Amapá.  Figure 20 shows the 

equivalent census tract measures of true clearing from the agricultural census.  

The “disaggregation” of the prediction would be useful for anyone interested 

in a more refined picture of deforestation than a census can give.   

There was less refinement in the smaller census tracts than in the larger 

ones, because the smaller census tracts sometimes only had one or two grid 

cells to be disaggregated to, while the larger ones may have had hundreds.  

Paradoxically, the larger census tracts are in many ways the ones of least in-

terest:  the reason they are large is that there is little or no economic (and 

demographic) activity in them.  What might be useful in future research using 
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this method is instead of overlaying a regular grid, use an algorithm that 

subdivides each aggregate unit into n different polygons of similar size, 

where n might be in the range of 4 to 16 (though there is no specific restric-

tion).  This would let us peer into both the large and small aggregate units.  

How to subdivide the aggregate units is a programmer’s challenge:  it is too 

time-consuming to do the division by hand, and it is not an easy task to pro-

gram, either.  One possible route would be to find the containing rectangle for 

each unit polygon (easy for GIS software to do), then divide the containing 

rectangle into subrectangles, and finally intersecting the subrectangles with 

the unit polygon.  This can result in tiny (and not very useful) sliver poly-

gons, and the challenge then is to modify the algorithm to get rid of the sliv-

ers by somehow merging with neighboring subpolygons. 

The values in Figure 19 were calculated by multiplying each Eyij by a scale 

factor.  If Eyi was greater than yi, then I simply multiplied each Eyij by the ra-

tio yi / Eyi.  If Eyi was less than yi, then I multiplied each (1 – Eyij) by the ratio 

(1 – yi) / (1 – Eyi), then subtracted the result from 1.  This second method sim-

ply reverses the direction in which the scaling is done.  As a result, expected 

values are not scaled to numbers greater than 1.  I acknowledge that this 

method of scaling is somewhat ad hoc from the perspective of the model.  A 

more satisfactory method from a modeling perspective would have been to 

assume that each gridcell in the census tract had a “fixed effect” common to 
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the census tract.  The problem with implementing this is that it would require 

a complex algorithm, using either an optimization routine or a gridsearch, 

solving for the fixed effect one at a time for each aggregated unit.  The solu-

tion would have had identical qualitative effects (i.e., the values would have 

been shifted in the same direction) and similar quantitative effects (i.e., the 

magnitude of the shift would have been similar) to the much simpler method 

I used.  Since I had no stong a priori belief in the “fixed effect”, I chose the 

much simpler proportional scaling method to predict disaggregated values 

adjusted for known aggregate levels. 
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Chapter 4:  A Bird’s-Eye View of Deforestation 

 

IBAMA’s Satellite Data 

Except for summary data provided by INPE and my own tabulations of 

data from TRFIC, the previous chapters have relied on census and survey 

data to study Amazonian deforestation.  The time dimension was also largely 

ignored, because the main data on which I have relied—the 1996 Brazilian 

agricultural census—covered only the one period of time.31  Reis and 

colleagues (notably Andersen et al.; Reis and Guzmán; Reis and Margulis) 

have used data from the five Brazilian agricultural censuses from 1970 to 1996 

to examine the dynamic aspects of deforestation.  However, this panel was 

not available to me.   

This chapter differs from the earlier ones in that it is based on satellite 

data; it has an explicit time dimension and dynamic component; and it (un-

fortunately) focuses on a subset of the Brazilian Amazon, because of data 

limitations.  The deforestation data are from the Instituto Brasileiro do Meio 

Ambiente e dos Recursos Naturais Renováveis (IBAMA), the Brazilian agency re-

                                                 

31 The time dimension was partially treated, in that I used nearness to 1976 
antropísmo and pre-1995 settlements.  However, it was not a true dynamic 
analysis. 
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sponsible for enforcing environmental regulations.  Since their focus is on en-

forcement of deforestation regulations, their data necessarily concentrate on 

areas where violations are thought to be the highest.  IBAMA kindly pro-

vided digital maps of 1996 forest cover and incremental deforestation for 

1996-97, 1997-98, and 1998-99.  These data were constructed through visual 

interpretation of 30-meter resolution Landsat satellite images. 

I combined the latter 3 datasets into one that described deforestation that 

took place between 1996 and 1999.  Together with the first IBAMA dataset 

listed, these two datasets describe the rate of new deforestation over the 

three-year period, and the level of deforestation up to 1996.  These two top-

ics—rate and level of deforestation—are the focus of this chapter.  I also at-

tempt to distinguish deforestation on already established farms from defores-

tation caused by new settlement.   

The chapter begins with observations concerning what the two deforesta-

tion datasets show concerning patterns of deforestation.  It then describes 

how the farmgate prices of beef and milk variables were generated, and areas 

which were intentionally excluded from the analysis.  Tobit regressions are 

used to analyze deforestation rates and levels in areas with previous defores-

tation, and a probit regression is used to examine determinants of new set-

tlement areas.  It concludes with a summary of lessons learned from the 

analysis in this chapter. 



 

 109 

The “Arc of Deforestation” is an approximately semi-circular area cover-

ing the “frontier” of deforestation in the Brazilian Amazon—areas currently 

experiencing high deforestation rates, spanning from Rondonia in the south 

and west, eastward through Mato Grosso, then northward through Tocantins 

and southern and eastern Pará. The IBAMA data that I have available for this 

chapter cover the southern portion of the “Arc of Deforestation”.  I restrict my 

attention to areas corresponding to Landsat scenes for which deforestation 

data were reported in all three years (1997 through 1999), and for which I 

have baseline data for 1996.  I decided to create a series of artificial units of 

observation (since I did not have information on boundaries of farms and 

ranches), 5-kilometer square gridcells.  In Figure 21, they appear as tiny blue, 

green, orange and pink squares.  Each Landsat scene (the overlapping, tilted, 

square, see-through windows in the map in Figure 21) is approximately 180 

kilometers square. 

Figure 22 is a closer look at deforestation, and is the area enclosed by the 

red rectangle in Figure 21.  In Figure 22, the pink, green, orange, and blue ar-

eas are 5 kilometer squares.  These are overlaid with the smaller gold and red 

squares, which are 30 meter squares.  In both Figure 21 and Figure 22, we see 

that new deforestation tends to be located very close to previous deforesta-

tion.  First, in Figure 21, the green squares show that most of the deforestation 

that occurred between 1996 and 1999 occurred in the same 5 kilometer 



 

 110 

squares where pre-1996 deforestation had occurred.  Second, we note that the 

blue squares are generally surrounded by green squares.  This means that ar-

eas that have had previous deforestation but no new deforestation are at the 

“core” of new deforestation, suggesting a pattern of an expanding frontier, 

where “old” areas have finished their deforestation, and newer, adjacent ar-

eas are in the process of finishing their deforestation.  This pattern is more 

obvious in Rondonia than in Mato Grosso.  Rondonia is noted for the organ-

ized colonization schemes designed for small farms on plots of around 100 

hectares in size. 

The third thing we note is that most of the orange is just outside and adja-

cent to the green.  That is, “frontier” deforestation tends to simply extend the 

previous deforestation.  This last observation is confirmed in Figure 22, where 

we see the red new deforestation is almost always adjacent to the gold pre-

1996 deforestation. 

These figures suggest that deforestation starts in a core, and then expands 

outward.  In order to examine this hypothesis further, I created rings of 5-

kilometer gridcells.  The frontier or outer edge of 1996 deforestation appears 

in orange in Figure 23, and is given the designation of “Neighbor Level 0”, 

which I abbreviate as “nbr0”, “nbrs = 0”, or “the ‘0’ ring”.  These are the 5-

kilometer gridcells which have some pre-1996 deforestation, and have 

neighbors that have no pre-1996 deforestation.  The 5-kilometer cells immedi-
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ately adjacent to this ring and part of the interior (i.e., they have pre-1996 de-

forestation) is designated at the “–1” ring; adjacent and interior to that is the 

“–2” ring; and adjacent and interior to that is the “–3” ring.  Everything more 

interior to that is designated as “–4”.  Adjacent and outside the “0” ring is the 

“1” ring; “2” and “3” are analogous.  Ring “4” is everything not deforested by 

1996 and external to ring “3”. 

Figure 24 shows the indigenous and protected areas in two shades of 

green, based on Arc View shapefiles from IMAZON and Instituto Socioambien-

tal.  Comparing Figure 21 to Figure 24, we see a high correlation between in-

digenous and protected areas on the one hand, and deforestation prevention, 

on the other.  The multivariate analysis should at least partially distinguish 

the influence of the protected and indigenous areas from the desirability of 

the land for deforestation, as indicated by farmgate price, soil, and rainfall. 

I am concerned that either the measurement of deforestation (i.e., omis-

sions or misinterpretations), or the actual nature of deforestation might be 

different in forest and non-forest (i.e., cerrado) portions of the study area.  Fig-

ure 25 shows the non-forest areas (based on Ministerio da Agricultura et al. 

1988).  The visual comparison of Figure 21 and Figure 25 does not give the 

impression that non-forest areas have different patterns of deforestation than 

strictly forest areas, though this figure is not fine enough to show all of the 
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potential differences between these two types.  In the statistical analysis 

which follows, I check for differences. 

The model for our analysis was already presented in Chapter 2.  From this 

model and the basic principles of optimal control, we know that in steady 

state, d, the rate of clearing (i.e., annual clearing) equals 0; and D, the total 

clearing, depends on prices and agricultural suitability measures.  However, 

along the path to steady state, the optimal action, d*, depends as well on D.  

The analysis we are about to do should shed some light on the optimal path.   

This chapter is based on an unpublished manuscript by Thomas, Chomitz, 

and Arima, but does not include the simulation of tax policies that was in-

cluded in that paper, and adds new material not reported there.  Other stud-

ies that have analyzed the effect of previous deforestation on current defores-

tation rates have shown that proximity to past deforestation is a strong pre-

dictor of current deforestation (Liu et al; Mertens and Lambin; Alves).  

Chomitz and Thomas—and my work already presented in Chapter 2—find 

that agricultural conversion as of 1996 is strongly influenced by proximity to 

pre-1976 clearing, controlling for agroclimatic conditions and current road 

access.   
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Data 

I have already discussed the deforestation data from IBAMA, as well as 

protected and indigenous areas, and non-forest areas.  In this section I will 

briefly discuss the other variables used in the analysis.  

Farmgate price derivation 

Farmgate prices of beef and milk were imputed based on surveys of Ama-

zonian slaughterhouses and dairies conducted by IMAZON (2000d, e, f, g)  

The surveys determined purchase prices for cattle and milk at these process-

ing facilities, together with typical per-kilometer transport costs.   After ad-

justing transport costs for road quality, and allowing for the possibility of 

river and off-road transport, I constructed a friction grid representing the cost 

of transportation of cattle across each grid cell in the sample.  I used GIS 

methods to compute for each grid cell the maximum farmgate price of beef, 

where the farmgate price is the price at the slaughterhouse, less transport 

costs to the slaughterhouse, less fixed costs of loading.  I used a similar pro-

cedure for milk, but imposed a maximum radius of seven hours transport 

time to the dairy.  The resulting farmgate price map is in Figure 26. 

Excluded areas 

Some additional exclusions were necessary for applying the model.  Be-

cause I wanted to focus on the decision to convert to pasture, I excluded rela-

tively small areas where soybeans were predicted to be profitable (based on 

Costa).  I also excluded small areas where cloud cover made data unavailable. 
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Results 

Table 18 shows the number of 5-kilometer gridcells in this study, by state.  

Rondonia has the most cells, followed closely by Mato Grosso.  Especially 

once areas are excluded, the contributions of Amazonas and Pará are mini-

mal.  We see that almost a third of the cells contain more than 100 hectares 

(out of 2,500 hectares total) of either protected or indigenous areas.  We also 

see that more than 40 percent of the gridcells would be excluded if we studied 

only the cells that are not within 10 kilometers of a non-forest area.  If both 

exclusions are in effect, only 42 percent of the study area remains. 

Table 18.  Number of 5-kilometer square gridcells by state and various re-
strictions  

State 
Minimal 

exclusions 

Excludes 
protected 

areas 

Excludes 
non-forest 

areas 

Excludes non-
forest areas and 
protected areas 

Rondonia  8,354  6,003  5,720 4,168 
Amazonas  1,388  1,025    422   265 
Pará    784    103    207 0 
Mato Grosso  7,751  5,543  4,106 3,302 
All 18,277 12,674 10,455 7,735 

Notes: 
1)  A cell is excluded because of protected areas when the protected 
area (including indigenous areas) contained in the 2,500 hectare cell is 
greater than 100 hectares. 
2)  Non-forest areas and a 10-kilometer buffer around non-forest areas 
are excluded in columns claiming “excludes non-forest areas”. 
 

I compared total deforestation and rate of deforestation for the study area 

and the area excluding non-forest areas for the nine rings mentioned earlier.  

The values for the two comparison groups were almost identical in every 
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ring.  Since excluding non-forest areas made no difference in the results (nor 

in any other cross-tabulations I do in this study), from this point forward, I do 

not report their results.  Table 19 shows total deforestation, rate of deforesta-

tion, and number of 5-kilometer gridcells by ring for the study area and the 

area excluding gridcells with more than 100 hectares in protected areas. 

Table 19.  Deforestation statistics by ring, per 2,500 hectare gridcell 

 Entire study area Excluding protected areas 

Ring 

Mean hec-
tares de-
forested, 

1996-1999 

Total area 
deforested 

before 
1996 

# of 5-
km 

cells 

Mean hec-
tares de-
forested, 

1996-1999 

Total area 
deforested 

before 
1996 

# of 5-
km 

cells 

–4  63 1,449  1,694  63 1,449  1,686 
–3  99 1,105    548  95 1,118    533 
–2 108  951    918 109  961    867 
–1 101  769  1,857 104  772  1,667 
0  86  331  3,810  95  350  3,125 
1  24    0  3,465  33    0  2,348 
2   6    0  1,688  10    0    846 
3   3    0  1,153   8    0    457 
4 0.5    0  3,144 0.8    0  1,145 
All  48  362 18,277  64  493 12,674 

Notes: 
1)  A cell is excluded because of protected areas when the protected area (in-
cluding indigenous areas) contained in the 2,500 hectare cell is greater than 
100 hectares. 
 

The first thing we note from this table is that pre-1996 deforestation in-

creases as we move from the edge or frontier (ring 0) to the core (ring –4).  

This is supportive of the idea that deforestation expands outward from a core 

area.  The second thing we note is that the rate of deforestation is lower in the 
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core than on the interior but near the frontier (though perhaps not right on 

the frontier).  This suggests that in the core, some cells (and by implication, 

farms and ranches) have reached steady state (i.e., the desired level of defor-

estation), and deforestation has stopped.  Recall the blue cells in Figure 21.  It 

also suggests that deforestation rates slow as ranchers approach their desired 

level of deforestation. 

The third thing we note is that most deforestation that takes place outside 

the frontier is located very close to the frontier.  This again suggests expan-

sion of deforestation from a core.  This does not imply that nearness to defor-

estation is causing deforestation.  It is equally plausible at this point in the 

analysis that farmgate prices are driving this phenomenon.  That is, if settlers 

claim land with the highest profitability (high farmgate prices and good agri-

cultural conditions), the next group of settlers would naturally settle nearby, 

since farmgate prices nearby are almost the same, and the agricultural condi-

tions are likely to be similar.  Furthermore, some infrastructure or public ser-

vices may have been established as a result of the first cohort of settlers, mak-

ing the area even more attractive. 

Finally, in Table 19 we note that very little of the core and rings –2 and –3 

are in protected areas, but as we expand outward, an increasing proportion of 

gridcells are in protected areas, rising to 64 percent in ring 4.  The rise in rings 

0 and –1 does not mean that the deforestation is taking place in protected ar-
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eas, but in gridcells that have at least 100 hectares of protected areas.  That is, 

the deforestation frontier is at least right up against protected or indigenous 

areas (which I treat the same in the regression). 

Table 20 shows the impact of farmgate price of beef on total deforestation 

and rate of deforestation.  Most statistics are broken down into “inside 

boundary” (rings –4 to 0) and “outside boundary” (rings 1 to 4).  From this 

table we note, first of all, that except for the highest price category and a flat-

tening in the middle categories, the general trend is that the higher the ex-

pected farmgate price, the higher the level of deforestation observed before 

1996.  Assuming that relative prices have been stable in the nineties and late 

eighties, this is what we would expect, with the areas receiving the highest 

price for beef exhibiting higher levels of deforestation. 

The next thing we note is that rates of deforestation inside the boundary 

are lower in the top 3 price categories than in the second to fifth price catego-

ries.  This is consistent with the idea that deforestation rates slow as ranchers 

approach their desired level of deforestation.  We also see that deforestation 

rates, for the most part, rise with prices outside the boundary. 

The next set of columns in the table show us how many gridcells are in 

each category, which tells us how reliable the levels and rates of deforestation 

are for that category.  For example, there are only 10 gridcells inside the 

boundary with farmgate price of beef less than R$436 per MT.  We would not 
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want to put too much stock in the deforestation rate of 10 hectares or 64 hec-

tares total deforestation before 1996. 

Table 20.  Deforestation statistics by farmgate price of beef, per 2,500 hec-
tare gridcell 

 

Pre-1996 
deforest

ation, 
hectares 

Deforesta-
tion, 1996-
1999 (hec-

tares) 
# of 5-km 

cells 

% of cells 
with some 
new defor-

estation 

Rate (has. 
in 3 yrs) for 
cells with 

some defor-
estation 

1996-1999 
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385-436   64  10  0    10    68 40.0 0.0  26 NA 
437-486  294 104  6   181   403 79.0 11.2 132  50 
487-559  406 114 17   991 1,163 65.1 12.2 174 138 
560-606  649 107  9 1,354 1,229 68.8 8.7 156 105 
607-642  578 100 17 1,228 1,194 67.4 16.3 148 106 
643-674 1,039  76 39 2,122   404 70.6 33.7 108 116 
675-712 1,058  89 62 1,489   279 61.9 29.7 144 208 
711-759  845  60 47   503    56 52.9 25.0 113 189 
All  794  92 19 7,878 4,796 66.5 15.1 138 124 

Notes: 
1)  Data are for gridcells in which the protected area (including indigenous 
areas) contained in the 2,500 hectare cell is less than 100 hectares. 
 

The next columns tell us the proportion of gridcells with new deforesta-

tion between 1996 and 1999.  Inside the boundary, there is not much varia-

tion, except for the lowest category—which we have suggested is not reliable 

because of the limited number of cells—and the highest category, which 

shows a slight tapering.  Outside the boundary, the trend is that the higher 
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price categories have a higher percentage of cells with new deforestation than 

the lower price categories. 

The last set of columns in the table show the rate of deforestation for cells 

with any deforestation at all.  On average, the rates of deforestation in cells 

where deforestation is taking place is not very different inside and outside the 

boundary:  138 hectares to 124 hectares.  There are too few observations in the 

price categories outside the boundary to make solid inferences, but inside the 

boundary, it appears that except for an unexplained deviation in the R$643 to 

R$674 category, the rates of deforestation across the non-extreme price cate-

gories do not vary much from each other, and certainly not in a way which 

reveals a trend.  This seems to imply that prices have a weak or non-existent 

effect on rates of deforestation (but not on levels of deforestation) inside the 

deforestation frontier. 

In the discussion for Table 19, I suggested that part of the tapering off in 

the rate of deforestation in the core was due to some ranchers stopping defor-

esting altogether, while others were slowing down.  If the highest farmgate 

prices tend to be in the core—and in fact, they are—then Table 20 has shown 

how much of the slowing of deforestation is due to ranchers stopping defor-

estation, and how much is due to ranchers slowing their rates, with both ex-

planations contributing to the modest slowing noted in the core. 
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Table 21 is similar to Tables 19 and 20, except that the focus is on the effect 

of deforestation levels on deforestation rates.  The category that has no pre-

1996 deforestation represents rings 1 to 4.  We see from this table that the rate 

of deforestation rises to the peak that occurs when a gridcell of 2,500 hectares 

has between 400 and 800 hectares already cleared in it, and then falls to close 

to zero for the category of 1,800 to 2,500 hectares deforested32.  We note that 

all of the categories seem to have a sufficient number of gridcells to make the 

results not subject to a high standard error.  When we consider the rate of de-

forestation in cells which have at least some new deforestation, we once again 

observe an inverted-U relationship of the effect of deforestation level on de-

forestation rate, but the “U” is flatter on the left or lower end.  We also see a 

surprisingly constant percentage of gridcells with new deforestation for cate-

gories between 100 and 1,800 hectares.  Even above 1,800 hectares, more than 

40 percent of the cells have new deforestation, which implies that the steady 

state level of deforestation for the type of soils and precipitation observed in 

the study area might well be above 80 or 90 percent of total land.  Because 

IBAMA ignores reforestation, this conclusion may be premature, because re-

forestation over the same 3 years could conceivably exceed the new deforesta-

                                                 

32 By law, 80 percent of a farm establishment in the forest biome of the Ama-
zon is to be kept in forest. 



 

 121 

tion of 24 hectares (less than 1 percent of all land in the grid) observed for this 

category. 

Table 21. Deforestation rate, by deforestation level (rates and levels are per 
2,500 hectare gridcell) 

Pre-1996 
deforesta-
tion, hec-
tares 

Hectares de-
forested, 1996-

1999, all cells 
5-km 
cells 

Hectares deforested, 
1996-1999, cells with 
any new deforesta-

tion 

% of cells 
with new 

deforesta-
tion 

0  19  4,796 124 15.1 
1-100  77  1,477 145 52.9 
101-400 116  1,626 162 71.3 
401-800 131  1,452 166 78.8 
801-1,200 108  1,110 140 77.2 
1,200-1,800  70  1,280  98 71.7 
1,800-2,500  24    933  58 40.6 
All  64 12,674 136 47.0 

Notes: 
1)  Data are for gridcells in which the protected area (including indigenous 
areas) contained in the 2,500 hectare cell is less than 100 hectares. 
 

Multivariate analysis of deforestation rates 

While the cross-tabulations have shed light on the effects of price, level of 

deforestation, and nearness to the core of deforestation on the rate of defores-

tation, they have not answered some of the most important questions.  This is 

because the proposed explanatory variables are correlated, and two-way 

cross-tabulations cannot sort out the competing effects.  For this, we must rely 

on multivariate regressions.  Since the effect of prices inside the deforestation 

frontier appears to differ from the effect outside the frontier, I will analyze the 

areas independently.   
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Table 22 presents a tobit regression of the annual deforestation rate inside 

the frontier on farmgate prices, controlling for other agronomic determinants 

of profitability (rainfall and soils), protected area status, and prior deforesta-

tion.  The second set of results in the table also controls for the nearness to the 

core; that is, in which “ring” the cell is located.  Because the tobit is a nonlin-

ear functional form, Figure 27 plots the partial effect of some of the most im-

portant variables. 

In the top graph in Figure 27, we see that farmgate prices have little effect 

on rate of deforestation.  In fact, their effect is opposite what we might have 

anticipated.  That is, all other things being equal, we might expect that higher 

prices result in faster deforestation, due to the higher incentives to clear the 

land more quickly.  But we observe a slight negative trend, with the rates fal-

ling just over 25 percent over the feasible price range of R$450/MT to 

R$750/MT (approximately representing the first and ninety-ninth percentiles 

of observed prices).  Indeed, over the interquartile range of observed prices, 

the drop is less than one percent.   

I believe that the reason we observe a decrease in rate of deforestation as 

prices increase is because the cubic specification for the level of deforestation  

imperfectly captured all of the effect of the level, and the parameters on price 

compensated.  Other variables—like soil type or rainfall—may have also im-

perfectly captured their own effects (recall that this is a linearized specifica-
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tion of a highly non-linear function reviewed in Chapter 2).  Alternatively, the 

assumption that the price variables were relatively constant through time 

may have been in error, and instead of observing the optimal path from no 

deforestation to steady state deforestation, we may instead be observing 

movement from one equilibrium to another as the critical parameters change. 

Table 22.  Tobit showing the effect of prices on annual rate of deforestation 
inside deforestation frontier 

Variable param t-stat param t-stat 

Log likelihood -34,618.67  -34,593.19  
Rain (mm)  3.3643   1.87  3.6547   2.03 
Rain, squared -0.0018  -2.02  -0.0019  -2.15 
Rain, cubed  3.19e-07   2.16  3.34e-07   2.26 
Farmgate price of beef (R$/MT) -4.1255  -1.92 -4.1060  -1.91 
Farmgate price, squared  0.0071   1.96  0.0070   1.93 
Farmgate price, cubed -4.01e-06  -2.01 -3.94e-06  -1.97 
Within 7 hours of a dairy -7.6656  -3.09 -9.9622  -3.95 
Protected area (hectares) -0.0155 -10.50 -0.0142  -9.58 
Hectares deforested by 1996  0.1330  14.84  0.1190  12.88 
Deforestation, squared -1.15e-04 -11.42 -1.08e-04 -10.61 
Deforestation, cubed  2.18e-08   7.26  2.08e-08   6.82 
Soil: minor root restricting layer -19.900  -3.66 -18.565  -3.42 
Soil: seasonal moisture stress  11.497   4.64  10.845   4.37 
Soil: excessive nutrient leaching  5.6966   1.67   5.1186   1.49 
Soil: low water holding capacity  4.9394   1.46  4.7710   1.41 
Ring “–3”   -0.7333  -0.19 
Ring “–2”   -1.5581  -0.47 
Ring “–1”   -4.1239  -1.39 
Ring “0”   -17.160  -5.57 
Intercept -1,256.2  -0.93 -1,462.0  -1.09 

Notes: 
1)  There were 8,827 observations. 
 

The other thing to note from the top graph in Figure 27 is that protected 

areas seem to reduce deforestation inside the frontier by around 40 percent. 
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The bottom graph in Figure 27 shows that the level of deforestation has a 

major effect on the rate of deforestation.  This graph shows the rate of defor-

estation increasing until around 30 percent of the gridcell has been defor-

ested, and then declining until all land has been deforested.  This graph and 

Table 21 help us see that deforestation is a relatively slow process in most 

cases.  The peak rate of deforestation in the bottom graph of Figure 27 is just 

over 60 hectares per year.  This compares reasonably well with the cross-

tabulations of Table 21, where we observe 131 hectares deforested over 3 

years (about 44 per year) in the 401 to 800 hectare category—and that cate-

gory includes some cells with protected areas and poorer agroclimatic condi-

tions than we assumed for the graph.  Now, if we assume ranchers deforest at 

a rate of 60 hectares per year regardless of the level of deforestation, it would 

still take 42 years to completely deforest a ranch the size of a gridcell.33 

Table 22 shows a small negative effect of being near enough to a dairy to 

make selling milk feasible.  Location within this radius slightly moderates the 

impact of beef profitability on deforestation, lowering the peak by between 7 

and 10 hectares per year.  It is possible that presence of a dairy industry pro-

motes intensification, reducing pressures for pasture expansion. 

                                                 

33 The average rate for this graph, using trapezoidal approximation, is 39.4 
hectares per year. 
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The effect of rain on deforestation levels appears to be U-shaped.  The 

curve has a value of almost 68 hectares deforested per year at 1,650 millime-

ters of rain per year; dips to around 56 hectares deforested per year at 2,100 

millimeters; and rises to near 68 hectares deforested per year at 2,350 millime-

ters per year.  The work in the earlier chapters led me to expect a relatively 

flat effect over this rainfall range—and certainly not a U-shape.  However, it 

may simply reflect particular variations that are due to unmeasured variables.  

In any case, the effect of rainfall on deforestation rates—in the relatively nar-

row range observed in this study area—is similar in variation to that ob-

served for farmgate prices, and is not close to the degree observed in the ef-

fect of deforestation level on deforestation rate or the effect of protected areas 

on deforestation reduction. 

Soil type appeared to have a significant quantitative effect on rate of de-

forestation, with the “least preferred” soil (in terms of estimated parameters) 

—soil with a minor root restricting layer—leading to 30 hectares per year less 

deforestation than the most preferred soil—that with seasonal moisture 

stress. 

Adding dummy variables for rings had little effect on the other parameter 

estimates or their standard errors.  As it turned out, with the core (ring “–4”) 

the omitted category, dummies for rings “–1” through “–3” had no statistical 
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significance either individually or jointly.34  However, the frontier ring “0” 

was highly statistically significant.  Its parameter indicated that the deforesta-

tion rate on the frontier was 17 hectares per year lower than in the core.  This 

clearly reflects the fact that the true decision-making unit—the farm or ranch 

management—does not fit neatly into the artificial units, the gridcells.  That 

is, on the frontier, many of the gridcells are only partially claimed by ranches, 

whereas in the more interior rings, most or all of the gridcell is likely to be 

claimed by farms or ranches.  The slower rate on the frontier may also possi-

bly reflect a slower rate of deforestation for ranches just starting out.  This lat-

ter hypothesis is only partially supported by cross-tabulations in Tables 19 

and 21. 

Given the preceding comments about the frontier cells (ring “0”) being 

only partially settled, I re-estimated the tobit, excluding frontier cells.  I was 

especially concerned that the rising portion of the bottom graph in Figure 27 

was caused by including these cells.  I will not show the tobit results or graph 

here, but the result was that the rising portion was still present, but the differ-

ence in deforestation rates at 0 and at the peak was only 17 hectares per year 

instead of 29 hectares per year. 

                                                 

34 Because there is likely spatial autocorrelation here which has not been con-
trolled for, and because these results are from a tobit regression, the parame-
ter estimates are likely to be inconsistent.  Therefore, discussions about statis-
tical significance should not even be our primary concern. 
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I was also concerned that pioneers—settlers who try to get ahead of the 

frontier (here, I mean the “true” boundary of productive, non-speculative ag-

riculture), so that they can sell their land when the frontier arrives—might be 

causing the rise.  They tend to have smaller farms, and so their pattern of de-

forestation could easily be different than those who are more permanently 

settled and who are not relying on capital gains in land value for their main 

profit.  In Figure 22, the settlers would likely be in the blue gridcells at the 

bottom and just left of center.  These patches of deforestation are 10 or more 

kilometers away from the fishbone pattern of settled deforestation.  These 

pioneers would likely appear in the 1 to 100 hectare category of Table 21, and 

could explain why the percentage of cells with new deforestation was smaller 

for this category than for the four categories below it in the table with more 

pre-1996 deforestation. 

Trying to eliminate pioneers from the analysis, I ran another tobit (equiva-

lently, a simple OLS, since there were no censored observations), excluding 

cells with no new deforestation, as well as cells on ring “0”.  It turns out that 

the rise in the curve from 0 to the peak—and the fall in the curve from the 

peak to 2,500 hectares—were both shortened, but not eliminated.  The rise 

was only 12 hectares, while the fall was 30 hectares.  Eliminating all cells with 

no new deforestation, I removed those cells which truly had reached steady 

state levels of deforestation.  So I ran a similar tobit, but this time only elimi-
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nated gridcells not on ring “0” and that had stopped deforestation in a cell 

with less than 500 hectares of total deforestation when the deforestation 

ceased.  This time, the rising portion was eliminated, suggesting that those 

interested principally in agriculture and not primarily in capital gains start 

with a high rate of deforestation, rather than starting slow and building to a 

higher rate of deforestation.  This is exactly what was predicted in the phase 

diagram presented in Chapter 2.   

However, a possible explanation for the rising portion at the beginning of 

the curve (if the reader chooses not to accept the justification I gave for elimi-

nating the cells that I did in the above exercise) is that when a household set-

tles a new plot of land, their resources of capital and labor are also devoted to 

getting settled, which might include building a house and other start-up 

tasks.  Once these other tasks are significantly completed, then all resources 

can be focused on clearing land and planting food crops.  The point is, how-

ever, that other objectives not incorporated in the simple dynamic model of 

Chapter 2 could explain deforestation starting off slowly, increasing in speed, 

then finally tapering, as the dynamic model predicted. 

For areas outside the frontier, Table 23 presents a probit regression for the 

likelihood of new deforestation taking place inside the gridcell.  Figure 28 il-

lustrates the effects of greatest interest to us from Table 23—those of the 

farmgate price of beef on probability of a cell having deforestation in it dur-
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ing the three-year period from 1996 to 1999.  The graph shows three different 

lines.  The top green curve shows the probability of deforestation in ring “1” 

for a typical soil (seasonal moisture stress) and rainfall (2,000 millimeters), 

outside the area where dairy production is feasible, and with no protected 

area.  The middle blue curve shows the effect of a gridcell being completely 

within a protected area, but still in ring “1”.  The bottom red curve shows the 

effect of being in ring “4” but not in a protected area.  The soil, rainfall, and 

dairy feasibility assumptions are the same for all 3 curves. 

Table 23.  Probit showing the effect of prices on the probability of clearing 
a gridcell outside the deforestation frontier 

Variable param t-stat 
marginal 

change 
variable 

mean 

Log likelihood -2,429.7    
Rain (mm) -0.0114  -3.86 -0.0013 2,084 
Rain, squared  2.84e-06   4.02  3.15e-07 4.4e+06 
Farmgate price of beef (R$/MT) -0.0090  -2.20 -9.94e-04 575.49 
Farmgate price, squared  9.25e-06   2.59  1.03e-06  336,441 
Within 7 hours of a dairy  0.0122   0.20  0.0014  0.1304 
Protected area (hectares) -2.90e-04 -13.63 -3.22e-05 1,134 
Soil: minor root restricting layer -0.1828  -1.95 -0.0180 0.0897 
Soil: seasonal moisture stress  0.0768   1.28  0.0087 0.3503 
Soil: excessive nutrient leaching -0.1991  -1.86 -0.0191  0.0516 
Soil: low water holding capacity  0.1211   1.60  0.0143 0.1643 
Ring “1”  0.9784  14.64  0.1384 0.3667 
Ring “2”  0.4798   6.32   0.0680 0.1786 
Ring “3” 0.1684   1.78  0.0207 0.1220 
Intercept  11.58  -3.86 -0.0013 1 

Note:  There were 9,450 observations. 
 

The curves all show that the probability of deforestation doubles when 

comparing farmgate prices on the low-end of those observed to the high-end 
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of those observed.  Furthermore, we see that the probability of deforestation 

does not change very much between R$400 per hectare and R$560 per hec-

tare, and then begins to rise to R$700 per hectare.  We note the effectiveness of 

protected areas in keeping deforestation from starting, reducing the probabil-

ity by a third or more.  This complements the results from Figure 27, where 

we noted that even if deforestations starts, it is slowed dramatically by pro-

tected areas.  Finally, we see that the probability of settling and clearing land 

more than 15 kilometers from the frontier is very small relative to land less 

than 5 kilometers from the frontier.  The rainfall effect, while statistically sig-

nificant—is quantitatively small over the range 1,650 to 2,350 millimeters.  

The influence of being near a dairy is both statistically and quantitatively in-

significant.  The soil type, however, does have a noticeable quantitative effect, 

with a moderate measure of statistical significance. 

One question of great interest is how much land ranchers and farmers ul-

timately intend to deforest.  It is not clear that we can answer that question 

with the data available here, but we can perhaps try to shed some light on 

this matter.  If there is no deforestation between 1996 and 1999 but there was 

some pre-1996 deforestation, it seems reasonable to ask whether the reason 

for no new deforestation is because the cells have reached their steady state 

level.  It turns out that 35 percent of the cells on the interior (including fron-

tier cells) have no new deforestation.   
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If it is not true that these cells have reached steady state, then the alterna-

tive conclusion is that it is common to have long pauses between periods of 

deforestation, which means that a mean annual deforestation rate of 40 hec-

tares per year might really mean that 200 hectares is cleared every fifth year, 

or 400 hectares every tenth year—a kind of “pulse” deforestation rather than 

a steady process.  This “pulse” deforesting is consistent with the finding of 

Brondízio et al. 

Table 24 shows the results of a tobit, regressing pre-1996 deforestation on 

the same variables we have been using throughout this chapter.  The tobit  

Table 24.  Tobit showing the effect of prices on the ultimate desired level of 
clearing at steady state 

Variable param t-stat 

Log likelihood -8,483.7  
Rain (mm)  154.27  2.239 
Rain, squared  -0.0706 -2.103 
Rain, cubed  1.06e-05  1.952 
Farmgate price of beef (R$/MT)   19.455  2.684 
Farmgate price, squared  -0.0163 -2.902 
Within 7 hours of a dairy -3,310.4 -2.306 
Farmgate price of milk  7.7204  2.379 
Protected area (hectares) -0.0672 -1.052 
Soil: minor root restricting layer -502.37 -4.020 
Soil: seasonal moisture stress -331.05 -6.109 
Soil: excessive nutrient leaching -137.40 -2.475 
Soil: low water holding capacity -809.52 -7.763 
Intercept -114,942 -2.460 

Note:  There were 1,128 observations. 
 

was restricted so that it only considered cells with pre-1996 deforestation and 

which had no new deforestation after that, and eliminated cells on the fron-
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tier (i.e., ring “0”).  Because of the existence of pioneer areas that have not 

reached their long-run steady state, I further restricted this regression to be 

for cells with more than 500 hectares of pre-1996 deforestation. 

Key results are graphed in Figure 29.  In the top panel, we see that above 

R$600/MT, increased beef prices result in a lower desired level of deforesta-

tion.  This result is robust to dropping all other explanatory variables, one 

group at a time (e.g., all soils), or all at once35.  It is not clear why this would 

be, but seems to point to intensification of land use in high farmgate price ar-

eas36.  This result is consistent with the cross-tabulations in Table 20.   

In the top panel of Figure 29, we also see that in the long-run, the impact 

of protected areas—once deforestation has started—might be limited.  In the 

cells which were used in the regression, only 4.5 percent had any deforesta-

tion.  However, these are more than 92 percent indigenous areas only.  That 

is, the parameter is not a good measure of the true impact of protected areas 

once deforestation has started, because these are not truly protected areas 

such as national forests, but instead are indigenous areas.  Deforestation is 

permitted in indigenous areas.  Furthermore, the part of Rondônia in this 

                                                 

35 In some of these alternative specifications, the value of beef prices at which 
maximum deforestation occurred sometimes rose as high as R$650 per hec-
tare. 
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study area is the exact area where there was much concern expressed by the 

World Bank in the late 1970s and early 1980s that the rights of the indigenous 

peoples were not being protected (Redwood; Lele et al.). 

In the second panel of Figure 29, we see that increases in the farmgate 

price of milk leads to higher levels of desired deforestation.  This contrasts 

with the slower rate of deforestation for dairy-feasible areas, reported in Ta-

ble 22.  It is possible that relatively new dairies have caused a shift from beef 

herds to dairy herds, and that during the shift, new deforestation is limited.  

But for the longer-term, it is more reasonable to expect higher prices to lead to 

higher deforestation. 

The third panel of Figure 29 shows that the highest level of deforestation 

is found at around 1,950 millimeters per year, with a considerably lower level 

of deforestation noted with higher rainfall levels.  The drop is steep:  for a 350 

millimeter change in annual rainfall, desired level of deforestation drops 43 

percent.  The fall is consistent with the results of Chapters 2 and 3, but the rise 

noted at lower levels of precipitation is not.  Nevertheless, it is very believable 

that over a short range in the low-end of Amazonian rainfall (values < 1,950 

millimeters per year), deforestation would increase as rainfall increases.   

                                                                                                                                           

36 The effect appears robust even when dropping restrictions on pioneers, 
boundary cells, and even allowing for deforestation to be on-going in the 1996 
to 1999 period. 
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Using the results of Table 24, I predicted the desired level of deforestation 

for all cells.   Statistics showing the goodness of fit for the predictions are pre-

sented in Table 25.  The within sample predictions—those with at least 500 

hectares of pre-1996 deforestation but no new deforestation—had a predicted 

mean less than 1 percent away from the actual mean, and in 45.5 percent of 

the cases, the prediction was larger than the actual.  These figures simply con-

firm that the regression did a good job in fitting the model to the data. 

Pioneers—those with less than 500 hectares of pre-1996 deforestation and 

no new deforestation—had vastly less deforestation than predicted, and 100 

percent of the predictions were larger than the observed levels of deforesta-

tion. 

Table 25.  Summary statistics for desired level of deforestation predictions 
based 

Variable # of cells 
mean of 

pred 
mean of 

actual 
% of pred 

> actual 

Within sample  1,128 1,630 1,640 45.5 
Pioneers 285 1,452 185 100.0 
Others w/ pre-1996 defores-
tation 

3,603 1,515 960 81.7 

Note:  There were 1,128 observations. 
 

Finally, cells that had some pre-1996 deforestation and additional post-

1996 deforestation had a predicted mean of 1,505 hectares (out of 2,500), while 

having an observed mean of 960 hectares.  This is as it should be if the origi-

nal hypothesis is true, that the cells used for the regression are at steady state.  
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Since some of the cells in this group are likely to be near steady state, while 

others are likely to be far, the fact that 81.7 percent of the predictions were 

greater than the actual level of deforestation is a favorable statistic.  Because 

of the unmeasured residual, we would expect that some of the gridcells that 

are near to steady state would have real values greater than predicted values, 

just as the “within sample” predictions showed slightly more than half of the 

actual values being greater than the predicted values. 

While these statistics are not proof that the tobit of Table 24 is a reasonable 

estimate of the desired level of deforestation at steady state, their behavior is 

consistent with this hypothesis. 

Conclusion 

In this chapter, we have used satellite data for 1996 through 1999 to study 

the dynamic nature of deforestation.  There are several key points to take 

away from this study.  First is that deforestation patches seem to lead to ex-

pansion of deforestation outward, even after we have controlled for prices 

and agroclimatic conditions.  Second, protected areas seem effective in limit-

ing the start of patches, slowing deforestation once it starts, and putting 

boundaries on patches that are growing.  While it is true that many protected 

areas are on land that has less agricultural potential, the effectiveness of pro-

tected areas is still significant after controlling for agricultural suitability.  The 

first two points lead to the third point:  pro-active use of protected areas 
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might be an important tool, especially in the case of changing economic con-

ditions, brought about by many things, but especially road construction, 

which raises farmgate prices for agricultural products. 

The fourth point to take away is that in general, deforestation is incre-

mental, averaging around 40 hectares per year in cells of 2,500 hectares that 

have been brought under settlement (as indicated by having some pre-1996 

deforestation).  This is most likely an indicator of both labor and capital 

shortages.  It should give policy makers desiring to slow deforestation some 

hope, because at the micro-level (i.e., gridcell), total deforestation could easily 

take 60 years.  Even if deforestation-control policies take several years to de-

sign and implement, the damage incurred by implementation delays seems 

like it would be limited. 

Fifth, as we have seen in Chapters 2 and 3, agroclimatic conditions have a 

statistically and quantitatively significant impact on deforestation level and 

rate.  In this chapter, we saw how soil type caused large differences in both 

the level and rate of deforestation; and rainfall had a particularly large effect 

on the desired level of deforestation. 

Finally, while rates of deforestation on land that is settled seem not to be 

affected by farmgate price, or possibly negatively affected, the choice of 

which land to settle is positively affected by farmgate price.  This implies that 

policies attempting to modify incentives—such as taxes or subsidies—might 
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be limited in their effectiveness against farmers and ranchers once they have 

settled, but could have good effectiveness against those considering establish-

ing a farm or ranch.  
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Chapter 5:  Avança Brasil and Deforestation 

 

Introduction 

This chapter seeks to answer the basic question asked in this dissertation:  

How much deforestation will result from the planned road paving under 

Avança Brasil?  It begins by reviewing four published predictions, pointing to 

the strengths and weaknesses of each.  It then uses an almost identical regres-

sion to the main one in Chapter 2 to make my own predictions.  Instead of re-

lying on a single estimate, this chapter makes multiple estimates, restricting 

the analysis in various ways, looking at both gross and net deforestation, and 

using both agricultural census and satellite data.  It then briefly discusses the 

estimates in terms of possible policy avenues to pursue. 

The Brazilian government’s current plan for the economic development of 

the Amazon is called Avança Brasil.  It is an ambitious plan to invest $45 bil-

lion (Cattaneo) to construct and improve infrastructure, so that products pro-

duced in the Amazon can be transported to international markets more 

cheaply.  The plan includes construction of railroads, waterways, hydroelec-

tric dams, and paving several major roads.  It has come under attack by noted 

environmentalists. 
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In its defense, Mr. José Paulo Silveira, who at the time of his letter to Sci-

ence in 2001 was Secretary of Planning and the Avança Brasil Plan Coordina-

tor, pointed out that the infrastructure interventions have been carefully 

planned to avoid a rush toward new deforestation.  Evidence of such care in-

clude paving only existing roads rather than creating new roads, use of wa-

terways instead of highways, using natural gas to replace oil and to limit the 

need for new hydroelectric dams, and dams designed to “minimize reservoir 

size and impact.”   

Even with care taken to minimize the impact of the infrastructure devel-

opment on deforestation, we would expect some impact on the Amazonian 

forest.  The question is, “How much?”  There have been three well-known at-

tempts to answer this question, and one lesser-known attempt.  The first two 

were published just one week apart in January 2001:  Carvalho et al. in Na-

ture, and Laurance et al. (2001a) in Science.   Carvalho et al. was less than a 

one-page summary of a report by the Instituto de Pesquisa Ambiental da 

Amazônia (IPAM), the Instituto Socio-Ambiental (ISA), and The Woods Hole 

Research Center (WHRC).37  Laurance et al. did not seem to have an earlier 

report, but they did provide extensive supplementary material on the Science 

webpage.  It was the report of Laurance et al. to which Silveira was respond-

                                                 

37 Andersen et al. attribute this report to Nepstad et al. (2001). 
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ing.  The third well-known estimate was published at the end of 2002 as a key 

part of a book reporting on deforestation in the Brazilian Amazon by Ander-

sen et al.  The fourth, lesser known estimate by Cattaneo was published by 

IFPRI, also at the end of 2002.  One of the main purposes of this thesis is to 

add another estimate to the debate. 

Environmentalists worry that paving major roads will give year-round ac-

cess to areas that are not highly developed, allowing loggers, miners, and set-

tlers to move in and clear trees at record rates.  IPAM et al. believe that log-

ging increases the flammability of forests, which become particularly dry dur-

ing El Niño events38.  Furthermore, they are concerned that increased defores-

tation and wildfires will lead to decreased rainfall, which would provide un-

desired feedback that might increase fire threat and lead to even more dam-

age. 

Those in favor of development see ranches, farms, and agricultural busi-

nesses hindered by the high cost of getting products to overseas markets.  

While the immediate impact of infrastructure development is to help wealthy 

agro-business people,39 we would expect some spillover to all sectors because 

                                                 

38 See also Nepstad et al. (1999) and Cochrane et al. (1999). 

39 This was a point raised by Laurance et al. (2001b) in their reply to Silveira.  
The main item for export is likely to be soybeans.  There appear to be econo-
mies of scale in land in soybean production, which means that soybeans are 
naturally produced on large farms.  Beef might also become an export prod-
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of supporting industries and because of demand for inputs and consumer 

products. 

The Four Predictions 

Laurance et al. 

Laurance et al. model deforestation rates with and without the Avança 

Brasil projects.  To understand their model requires reference to the technical 

details posted on the Science website.40  They overlay the 1995 road network 

on the 1992 deforestation data from the Tropical Rain Forest Information Cen-

ter (TRFIC) of the Basic Science Remote Sensing Institute (BSRSI) at Michigan 

State University, where one of the coauthors (Cochrane) works.  Their Sup-

plemental Figure 1 shows the road network, including the present and future 

road surfaces (paved and unpaved).  Their Supplemental Figure 2 shows a 

graph of the tabulations of deforestation for various categories measuring dis-

tance to paved and unpaved roads.  The graph shows deforestation starting 

                                                                                                                                           

uct, and this can be produced on small- and medium-size farms.  However, 
foot and mouth disease has regularly kept beef from most of the Amazon 
from being exported—even across state lines.  Also, Kaimowitz and Angelsen 
(2001) report that Belém slaughterhouses are demanding a higher quality 
animal for the local consumer, and that small-ranchers are having difficulty 
upgrading their livestock, and therefore being squeezed out of business.  It 
seems sensible that the overseas consumer might be as demanding as urban 
Amazonians, and that these small farmers might have difficulty taking ad-
vantage of the potential export market, even if the problem with foot and 
mouth disease is eradicated. 

40 http://www.sciencemag.org/cgi/content/full/291/5503/438/DC1, which 
I downloaded on May 17, 2001. 
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as equal for the two road types in the 0 to 10 kilometer category, with defores-

tation further out from unpaved roads fading more rapidly than that for 

paved roads.41  Using their Figure 2 as a guideline, they compute possible 

changes in deforestation. 

Without Avança Brasil, they believe deforestation will be 269,000 to 506,000 

hectares less per year.  Their Supplemental Table 4 outlines their baseline de-

forestation prediction, and in their prediction for deforestation with Avança 

Brasil they predict annual deforestation will increase from 1.89 million hec-

tares per year (the average they calculated for the 1995 to 1999 period42 using 

INPE published data) to between 2.16 million and 2.40 million hectares per 

year, depending upon whether one looks at their optimistic or pessimistic 

scenario.   

Laurance et al. believe that instead of the infrastructure development pro-

posed by Avança Brasil, investments should be made which would encourage 

high-value agroforestry and perennial crops, so that the land would develop 

intensively rather than extensively. 

                                                 

41 Distance categories are 0-10, 11-25, 26-50, 51-75, and 76-100—not too dis-
similar to my model. 

42 This figure may be a little high, since INPE reports that from August 1995 
to August 2001, gross deforestation has averaged 1.67 million hectares per 
year. 
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IPAM et al. 

While the tone and recommendations are similar to Laurance et al., there 

are some differences found in IPAM et al.  While they are against most of the 

paved roads, they did seem to be fairly positive about the prospects of paving 

the stretch of the Transamazon Highway between Marabá and Rurópolis, as 

long as it was accompanied by investments in schools, health care, and tech-

nical assistance.  This road project received good reviews because it was al-

ready densely populated, and the population is stable.  Their hope is that in-

vestment will lead to intensification and a reduction of slash-and-burn, with 

farmers adopting other types of agriculture or techniques for cultivation and 

fertility maintenance. 

IPAM et al. have strong reservations about the other road projects.  While 

they acknowledge that the roads are likely to reduce transport costs substan-

tially for soybeans and other exported agricultural commodities and prod-

ucts, they are concerned that opening up year-round accessibility will lead to 

rampant logging and settling, and will stretch the government’s ability to 

monitor deforestation and provide public services.  They estimate that over 

the next 25 to 35 years, projected deforestation within 50 kilometers of the 

proposed Avança Brasil roads will average between 3,429 and 10,800 square 

kilometers per year.  Their lower figure adjusts for deforestation that took 

place in the presence of unpaved roads; their upper figure does not.  Using 
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my own calculations based on their description of their methodology, they 

must have estimated that 41,000 square kilometers of deforestation (7.1 per-

cent of the area) would take place along these roads if they remained un-

paved, meaning that the upper range of their estimates for the increase in de-

forestation with paving is 229,000 square kilometers total, which implies an 

upper bound on the increased rate of deforestation equal to 9,160 square kilo-

meters per year. 

Andersen et al. 

Andersen et al. take a highly complex regression approach which elimi-

nates statistically insignificant variables randomly one at a time, then repeats 

the process of running the regression and removing another insignificant 

variable until only statistically significant variables remain.  They repeat the 

entire variable elimination process 100 times to see which variables are ro-

bust.   

Instead of satellite data, used by both Laurance et al. and IPAM et al., An-

dersen et al. use agricultural census data.  Instead of one time period, which 

the other two teams used, Andersen et al. have a panel spanning the period 

from 1970 to 1995.  However, they only have 257 cross-sectional units, one of 

them an entire state. 

Andersen et al. do not use a model to guide their estimates, which makes 

projecting the results into the future a much bolder action.  Nevertheless, they 
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suggest that their regression shows that the road paving proposed in Avança 

Brasil will actually reduce deforestation by 15,580 square kilometers after 10 

years.  They state that their starting point was the roads in place in 1995.  

However, their starting level of clearing must have been the 1985 level of 

clearing (389,169 square kilometers, from p. 67), because their 1995 level of 

deforestation (485,809 square kilometers) exceeds their baseline 2005 level of 

deforestation (441,550 square kilometers)43.  Using this interpretation, we see 

that Andersen et al. seem to predict only 2,619 square kilometers per year be-

ing cleared, in contrast to the just under 10,000 square kilometers per year ac-

tually cleared between 1985 and 1995 (Andersen et al. p. 67).   

Cattaneo 

Cattaneo uses a computable general equilibrium (CGE) model for Brazil to 

focus on Amazonian deforestation.  In his study, he investigates a number of 

policies:  devaluation, Avança Brasil, regulating and monitoring land titles 

more closely, agricultural technology changes, logging taxes, deforestation 

taxes, and non-timber forest extraction subsidies.  The work he did on Avança 

Brasil shows that in the short run, deforestation would increase by 15 percent, 

and in the long run, by 40 percent.  Cattaneo also finds that if Brazil continues 

                                                 

43 The alternative explanation for their numbers is that under their baseline 
scenario (even without roads being paved), they predict a 4,426 square kilo-
meter decline in deforestation between 1995 and 2005, and that road paving 
increases the decline to 5,984 square kilometers per year. 
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enforcing changes in titling laws passed in 1991, which strengthen discovery 

and prosecution of holders of fraudulent titles, deforestation in the Amazon 

could be reduced by 23 percent.   

Cattaneo’s prediction of an increase in deforestation of 40 percent from the 

implementation of Avança Brasil  provides an upper bound on his estimate.  

Since he also predicts a 23 percent reduction in deforestation if the Brazilian 

government continues with its enforcement of recently passed laws designed 

to root out fraudulent land titles, I will treat the difference between his long 

term estimate of the effect of Avança Brasil and the impact of Brazil’s new ti-

tling enforcement as the lower bound of his deforestation prediction.  That is, 

it seems reasonable to argue that the policy environment in Brazil has 

changed from the 1970s and 1980s, and as a result of one example of that 

change, deforestation rates in the future should not be as steep as if the old 

policy regime prevailed.   

Table 26 summarizes the four predictions.  I use the baseline assumption 

of Laurance et al.—1.89 million hectares of annual deforestation—to compute 

percentage increase and decrease in deforestation for the IPAM et al. esti-

mate, and I use the observed mean annual clearing (on farms) between 1985 

and 1995—966,400 hectares—to compute the annual percentage decrease in 

deforestation from road paving from the Andersen et al. prediction.  
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Table 26.  Deforestation Estimates under Avança Brasil by Three Different 
Teams of Researchers 

Team Annualized change in Deforestation 

Laurance et al. 14.2% - 26.8% 
IPAM et al. 18.1% - 48.5% 
Andersen et al. -16.1% 
Cattaneo 17% - 40% 

Notes: 
1)  Laurance et al. is based on their prediction that Avança Brasil will lead to 
an additional 269,000 to 506,000 hectares of deforestation per year, and their 
assertion that current deforestation averages 1,890,000 hectares per year, 
with this being the baseline for future deforestation without Avança Brasil. 
2)  IPAM et al. predicted net increase in deforestation along the roads to be 
paved by Avança Brasil will be between 120,000 and 229,000 square kilome-
ters in the next 25 to 35 years.  The upper value was adjusted by an as-
sumed 41,000 square kilometers of deforestation along the unpaved roads.  
This means that the annual rate is projected to be between 3,429 and 9,160 
square kilometers per year.  Using Laurance et al. baseline gives the annual 
percentage increase. 
3)  Andersen et al. predict a reduction in deforestation of 15,580 square kilo-
meters over 10 years.  The observed mean annual clearing from 1985 to 1995 
of 966,400 hectares gives the baseline. 
 
Some comments on methods used 

The Laurance et al. methodology is very similar to that of IPAM et al., and 

their results are in good agreement.  However, they are vastly different from 

the results of Andersen et al.—resulting in completely opposite policy pre-

scriptions!  In terms of changes in deforestation, it is the Andersen et al. re-

sults that are the most shocking—completely opposite of what almost any 

model would predict.  But the magnitude of increase in deforestation in 

Laurance et al., IPAM et al., and Cattaneo predictions is also surprising.  My 
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prior expectations for my own estimates were for them to show increased de-

forestation, though not as much as those predicted by Laurance-IPAM. 

My first criticism of Andersen et al. is that their lack of a model leaves us 

with curious multi-variate correlations, but little to base predictions on.  Their 

most intriguing result—decreased deforestation with increased paving—is 

only supported by their regression results from the 1985 to 1995 time period, 

but not at all for the 1980 to 1985 time period.  Unfortunately, they did not 

publish means and interquartile ranges of their data, so it is difficult to delve 

more deeply into their work.   

Kaimowitz and Angelsen (2001) point out that “economic theory suggests 

that cattle ranchers that adopt more profitable livestock technologies will be 

inclined to expand their pasture areas unless one of two conditions applies: 

1) The new technologies depress livestock product prices by greatly increas-

ing aggregate beef and/or dairy production... or 2) The new technologies re-

quire more capital, labor, or managerial efforts per hectare of pasture and cat-

tle ranchers have limited access to those resources...  Where neither of these 

two conditions hold, one would expect technological improvements in live-

stock production to have no affect on deforestation or to encourage it.”  While 

paving is not a shift in agricultural technology, it does represent a shift in po-

tential profitability of ranching and farming, and the same principles apply in 

predicting its impact on deforestation.  The paving of roads should actually 
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lead to a broader market for beef and other agricultural products, and there is 

not an implied shift in the required inputs of labor and agriculture—so since 

neither of the conditions are met, we must conclude that there ought to be an 

expansion of clearing with paving. 

If I had to point to one variable in the Andersen et al. analysis that would 

most likely explain their counter-intuitive results, it is land prices.  We would 

expect paved roads to drive up land prices much more than unpaved roads, 

yet they do not appear to model how land prices evolve with the addition of 

roads.  Since this parameter is positive and highly significant, it could offset 

the negative parameter on the interaction of clearing and unpaved roads. 

Another item that could be driving their perverse conclusion is that they 

are using agricultural census data.  More paved roads implies more urban 

and suburban area, which means that there is less room in each minimum 

comparable area (MCA)44 for farms.  Their “proportion cleared” variable uses 

the area of the entire MCA as the denominator, while the numerator is re-

stricted to clearing done on farms.  So, more paved roads means more urban 

areas, which in turn means less farms and therefore less clearing.  Neverthe-

                                                 

44 “Minimum comparable area” is their term for their cross-sectional unit, and 
essentially it is either a 1970 município, or a joining together of two or more 
1970 municípios.   
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less, whether forest is cleared for agricultural or residential purposes, it is still 

cleared. 

The final suggestion as to what might have gone wrong in their estimation 

procedure is that it appears that they did not weight the regressions to adjust 

for land area.  Here is an extreme example of why it is important to weight by 

land area.  Let there be ninety-nine MCAs that total ten percent of the area of 

the Amazon and which are not growing at all.  And let there be one MCA 

representing ninety percent of the land area of the Amazon growing at a rate 

of five percent per year.  Weighting the observations by land area would let 

this one large MCA tell us that the land cleared in the Amazon is growing at a 

rate close to five percent; while an unweighted regression would tell us that 

land clearing in the Amazon is hardly growing at all.  In their data, the whole 

state of Rondonia—which has grown at a phenomenal rate since the seven-

ties—is only one MCA, out of a total of 259 used in their analysis.  At the 

same time, geographically small MCAs tend to be those which were highly 

developed in 1970, and therefore would tend not to be growing rapidly in 

later periods.  They would also tend to be the ones with the highest density of 

paved roads. 

As for the Laurance-IPAM methodology, one wonders if the simple cross-

tabulations are merely reflecting the correlation of paved roads and deforesta-

tion with some other variable that is really the pertinent one for the regres-
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sion.  As shown in Chapter 1, there is a very high correlation between princi-

pal roads and antropísmo.  Whether antropísmo should even be an explanatory 

variable is somewhat of a philosophical question which I will address later.  

We have already seen in Chapter 2 that there is a vast difference in the effect 

of roads on deforestation if antropísmo is included in the regression.   

In addition to antropísmo, if paved roads currently happen to be located in 

areas with good agroclimatic conditions, while unpaved roads are in areas 

with poor agroclimatic conditions, we would expect that simple cross-

tabulations would show a higher expected deforestation rate than would ma-

terialize if Avança Brasil road paving were to take place. 

One problem with their analysis, and mine also, is that to extrapolate de-

forestation rates, we need to assume that the policies and conditions of the 

present and future are the same as those of the past (or if not, control for how 

they have changed).  Clearly, policies in the 1970s and 1980s which encour-

aged deforestation (e.g., tax and subsidy policies; incentives for farmers in 

other parts of Brazil to relocate to the Amazon) have been changed to limit 

the incentives for deforestation.  Perz argues that in the 1990s, deforestation 

was no longer driven by in-migration as it was in the 1970s and 1980s.   

INPE’s data supports the idea of some type of shift in deforestation pat-

terns from the 1980s to the 1990s:  the average rate of deforestation between 

January 1978 and April 1988 was 2.20 million hectares per year, while be-
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tween April 1988 and August 2001, deforestation averaged 1.70 million hec-

tares per year.  Note, however, that this is gross deforestation, which does not 

adjust for reforestation, which is probably sizeable.  The main regressions in 

Andersen et al. showed that there was probably some type of shift between 

the early eighties and the late eighties and early nineties, as a number of their 

parameters changed.  Nevertheless, when they made predictions for Avança 

Brasil, they assumed that the latter conditions would prevail into the future, 

therefore committing the same error as the other teams and I have. 

Regression Revisited 

The main regression in Chapter 2 suggests that the direct effect of roads 

on deforestation is modest.  However, this regression did not distinguish be-

tween paved roads and unpaved roads.  It is conceivable that their impact on 

deforestation could be vastly different.  To examine whether there is a differ-

ence—and if so, its magnitude—I re-ran the regression, but this time distin-

guishing paved and unpaved roads.  I used the map of Laurance et al. as the 

primary reference, but also compared it with the map of Nepstad et al. and 

the digitized road map I used earlier—which already had information on 

road surfaces—to compile two new sets of principal roads: one paved and 

one unpaved.  In order for the experiment to work, I redesignated some roads 

as “principal” that in the earlier regression I had excluded.  These upgraded 

roads were state roads that were either already paved, or were designated to 
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be paved under Avança Brasil.  I had already designated all federal roads as 

“principal”.  The resulting regression is found in Table 27. 

Table 27.  Differentiating the Effect of Paved and Unpaved Roads on De-
forestation 

 param t-stat 

Observations 6,693  
Log likelihood 4323.13  

Rain, annual, mm -0.0018 -10.918 
Rain squared  6.77e-07  10.826 
Rain cubed -8.26e-11 -10.642 
Protected area -0.0167  -8.053 
Road buffer, <10km, paved 0.153   9.743 
<10km, unpaved 0.1262   7.103 
10-25, paved 0.0323   1.756 
10-25, unpaved -0.0037  -0.168 
25-50km, paved 0.0376   3.475 
25-50km, unpaved -0.0192  -1.677 
50-100km, paved 0.0085   1.390 
50-100km, unpaved 0.0117   2.210 
Settlement, <25km 0.0214   3.849 
25-50km 0.0030   0.518 
50-100km -0.0070  -1.715 
Antropismo, inside 0.3637  20.828 
<25km 0.1360  18.333 
25-50km 0.0278   3.924 
50-100km  7.40e-04   0.198 
City buffer, <25km -0.1034  -1.504 
25-50km -0.0785  -2.408 
50-100km 0.0480   4.637 
Manaus, <25km -0.6022  -2.039 
25-50km -0.1021  -0.916 
50-100km -0.1248  -4.820 
Low organic mtr. 0.1702   7.709 
Seas. excess water 0.0302   0.269 
Minor root restr. 0.0356   4.742 
Impeded drainage -0.0293  -3.544 
High aluminum 0.0596   3.152 
Excess nutr. leach 0.0076   1.252 
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 param t-stat 

Low nutr. holding -0.0056  -1.592 
High P, N, & organic retention -0.0276  -1.476 
Low water holding -0.0320  -3.864 
Salin. or alkalinity 0.1171   5.188 
Shallow soils -5.69e-04  -0.106 
Cerrado 0.1900  22.290 
Northern savannas 0.0025   0.152 
Varzea, Marajo 0.0133   1.167 
Varzea, other -0.0170  -3.185 
Pantanal 0.2262   7.829 
Mangroves -0.1456  -2.152 
Campinarana 0.0055   1.582 
Dry forests 0.0328   5.923 
Babaçu forests 0.0327   1.442 
Varzea, fluvial -0.1790  -7.815 
Varzea fluvial *Varzea, Marajo 0.3802  10.317 
Varzea, marinha -0.4370  -6.626 
River area 0.1761   4.756 
Constant  1.5800  10.928 
ln(σi)   
Perimeter / area  692.45  47.569 
Squared -8,607.6 -41.196 
Within 10 km of river -0.0071  -0.195 
Rain, annual, mm -0.0014 -56.175 
Constant -0.4276  -8.946 
 

I added a finer distance measure than I used in the regression of Chapter 

2.  I split the 0- to 25-kilometer category into a 0- to 10-kilometer category and 

a 10- to 25-kilometer category.  The results show that paved roads lead to 

only slightly higher deforestation than unpaved roads.  The parameter for the 

0- to 10-kilometer category on paved roads is 0.153, while the one on unpaved 

roads is 0.126.  The deforestation falls off rapidly in the 10- to 25-kilometer 

category, dropping to 0.032 and –0.004 (not statistically different than 0).  
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Breaking the 0- to 25-kilometer category into two groups revealed something 

quite important:  almost all of the predictable deforestation takes place in the 

first 10 kilometers away from a road, and very little in the next 15 kilometers. 

In the 25 to 50 kilometer categories, we find that paved roads have a small 

but statistically significant45 parameter of 0.038 (not statistically different than 

the measure observed for the 11 to 15 kilometer category), and that unpaved 

roads have a measure of –0.019—a measure which is just barely significant at 

the 10 percent level—but for purposes of interpretation, probably should be 

considered equal to zero.  Finally, in the 50 to 100 kilometer category, the 

paved roads have a parameter of 0.008, while the unpaved roads have a pa-

rameter of 0.011.  The latter is statistically significant, though quantitavely 

small. 

With the parameter estimates of paved and unpaved roads being so simi-

lar, one would not expect a paving project—even a massive paving project—

to have a strong impact on overall deforestation.  To test this for the case of 

Avança Brasil road paving, I predicted the level of deforestation for the status 

                                                 

45 The statistical significance is based on the standard errors reported in the 
analysis.  Since there is likely to be spatial autocorrelation, the parameters are 
likely to be inconsistent, and therefore we should not conclude too much 
from their statistical significance.  I did not control for spatial autocorrelation, 
because the data is censored, and some of the techniques to deal with spatial 
autocorrelation in censored regressions rely on distributional assumptions 
which I felt were not appropriate for this analysis (chapter 5 of LeSage 1998; 
chapter 5 of LeSage 1999a; and chapter 7 of LeSage 1999b). 
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quo, and then predicted the deforestation if the paving projects had been 

completed.  Actual deforestation (to be precise, “clearing”, since some of the 

area is cerrado and might  not have been truly in forest), according to the 1996 

agricultural census which I used in the regression, is 12.85 percent.  Predicted 

deforestation before paving is 12.88 percent.  Predicted deforestation after 

paving is 13.21 percent.46  This is a 2.5 percent increase in the area deforested, 

or new deforestation representing 0.33 percent of the area of the Brazilian 

Amazon. 

Table 26 shows that Laurance et al. estimate an increase of between 14.2 

percent and 26.8 percent; IPAM et al. estimate an increase of between 18.1 

percent and 48.5 percent; and Andersen et al. estimate a decrease of 16.1 per-

cent.  My estimate of an increase of 2.5 percent seems to be quite a reasonable 

intermediate estimate between the two camps (considering Laurance et al., 

IPAM et al., and Cattaneo to be in one camp).  However, I decided to investi-

gate further to see if I could explain the reason for the significant gaps be-

tween my estimate and those of Laurance et al., IPAM et al., and Cattaneo.  

Table 28 summarizes my investigation. 

First, I decided to exclude the antropísmo and settlement variables from the 

regression.  This leads to a substantial increase in predicted deforestation,  

                                                 

46 These are in sample predictions.  A few small census tracts near rivers were 
excluded from the regression. 
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Table 28.  Deforestation Estimates for Now and under Avança Brasil or 
Various Datasets and Restrictions 

    Predicted  Deforestation4,5 
T

yp
e 

Biome 
Dependent 

Variable 
Vari-
ables1 Obs N

ow
 

A
va

nç
a 

%
 

ch
an

ge
 

All Defor & regrow All 6693 12.88% 13.21% 2.5% 
All Defor & regrow No antro 6693 12.66% 13.66% 7.9% 

Forest Defor & regrow All 5412 8.91% 9.12% 2.3% 
Forest Defor & regrow No antro 5412 8.40% 9.37% 11.5% 
Forest Modified defor8  All 5412 7.47% 7.81% 4.5% 

A
gr

ic
. C

en
su

s 

Forest Modified defor8 All7 5412 7.52% 7.86% 4.5% 
Defor & regrow All 6283 10.26% 11.67% 13.7% 
Defor & regrow No antro 6283 10.11% 12.51% 23.7% 
Current defor All 6283 7.32% 8.03% 9.8% A

ll2
,3

 

Current defor No antro 6283 6.91% 8.41% 21.7% 
Defor & regrow All 5126 9.78% 11.19% 14.4% 
Defor & regrow No antro 5126 9.63% 12.07% 25.3% 
Current defor All 5126 6.97% 7.69% 10.3% 

Fo
re

st
2,

3  

Current defor No antro 5126 6.53% 8.06% 23.4% 
Defor & regrow No antro 3972 8.01% 9.76% 21.9% No cit-

ies6 Current defor No antro 3972 5.34% 6.37% 19.3% Sa
te

lli
te

 (T
R

FI
C

, 1
99

2)
 

Mills9 Defor & regrow No antro 5126 10.13% 12.27% 21.2% 
Mills & cities Defor & regrow No antro 3972 8.35% 9.97% 19.5% 

Drop Ron-
donia 

Defor & regrow No antro 4317 9.07% 11.71% 29.1% 

Notes: 
1)  “No antro” means “no antropísmo”.  Settlements were also omitted when 
antropísmo was omitted. 
2)  With satellite data, non-omitted area is forest, deforested, and regrowth.  
Omitted area is cerrado, water, clouds, shadows, and missing scenes. 
3)  When using satellite data, excluded census tracts which had less than 100 
hectares of non-omitted area. 
4)  Predicted deforestation is the mean of all predictions weighted by census 
tract area (census data) or non-omitted area (satellite). 
5)  Predicted deforestation is only for in-sample census tracts. 
6)  Excluded census tracts with a portion within 25 km of a city with a popu-
lation of at least 25,000. 
7)  With an additional variable allowing for road interaction with antropísmo. 
8)  In this variable, I use the dependent variable of Andersen et al. who do not 
consider natural pasture as having been deforested. 
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consider natural pasture as having been deforested. 
9)  “Mills” is short for “timbermills”. 
 

from 2.5 percent to 7.9 percent.  The question is, “Should those variables be 

excluded”?  The answer depends in part on how far into the future we want 

to predict deforestation occurring, and how much deforestation we believe 

occurred as a result of the long history of settlement in the Amazon near 

Belém and the region of Bragantina.   

Table 29 is based on the agricultural census for states with at least some of 

their area in the Amazon.  It shows that a reasonable amount of deforestation 

had occurred by the time roads were being built in the Amazon in the sixties 

and seventies.  Both Laurance et al. and IPAM et al. want to attribute all de-

forestation that is observed in the 1992 satellite images to clearing which took 

place in the preceding 15 to 35 years.47  Since my objective was to project 

ahead around 20 years, using the 1976 antropísmo as a baseline seemed to be 

the correct thing to do.  Laurance-IPAM data were from 1992 (instead of 1996 

for the agricultural census data), and so if they used antropísmo as a baseline, 

they would have only been able to project 16 years into the future.  For them 

to make a projection of deforestation without using a baseline implicitly as-

sumes that there was no deforestation prior to their starting point.  In fact, 

they make arguments to the effect that if there were any deforestation when 

                                                 

47 Laurance et al. suggest 15 to 25 years; IPAM et al. suggest 25 to 35 years. 
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the roads were originally constructed in the sixties and seventies, then the de-

forestation was so small as to be negligible. 

Table 29.  Historical Farm Area in Amazonian States 

   Hectares   
 1950 1960 1970 1980 1996 

Para 6,593,399 5,253,272 10,754,828 20,448,421 22,520,229 
Mato 
Grosso 

7,037,269 7,806,303 17,274,745 34,554,548 49,839,631 

Amazonas 5,592,863 6,398,804 4,475,941 7,009,594 3,322,566 
Rondonia 693,775 303,316 1,631,640 5,223,630 8,890,440 
Acre 8,897,883 9,386,075 4,122,084 5,679,532 3,183,065 
Roraima 595,795 869,582 1,594,398 2,463,106 2,976,817 
Amapá 734,192 1,242,037 603,441 735,128 700,047 
Subtotal 30,145,176 31,259,389 40,457,077 76,113,959 91,432,795 
Tocantins NA NA 11,450,373 18,667,649 16,765,716 
Maranhao 9,538,144 8,215,613 10,794,912 15,134,236 12,560,692 
Total 39,683,320 39,475,002 62,702,362 109,915,844 120,759,203 

Source:  Agricultural census (IBGE 1998) 
 

INPE’s earliest measurement of deforestation in the Amazon was January 

1978, with 15.2 million hectares of deforestation.  By August 1992, it was 44.0 

million hectares of gross deforestation.  The 1978 figure was both gross and 

net, since there had not been any previous measurements.  We know from 

agricultural censuses that at about the same time as INPE’s first measurement 

(based on a linear interpolation of the 1975 and 1980 agricultural censuses), 

there were between 82 million and 96 million hectares claimed by farm opera-

tions in the Legal Amazon, including those in the cerrado.  We also see in Ta-

ble 29 that in 1950, there were almost 40 million hectares claimed (excluding 

Tocantins).  Indeed, whether or not we omit Maranhão and Tocantins, land in 
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farms in 1950 was about one-third of what it was in the latest agricultural 

census in 1996.  So land has been farmed for a long time, and many of the 

processes of deforestation were set in motion before Laurance et al. assume 

they began.  Therefore, they have probably overstated the impact of road con-

struction by not controlling for the starting value of deforestation.  Neverthe-

less, for the benefit of those who would vehemently disagree, I report values 

in Table 28 for calculations resulting from regressions that in some cases in-

cluded the antropísmo buffer variables, and some cases which excluded them. 

As I considered the Laurance-IPAM work, I realized that they had ex-

cluded most of the cerrado portion of the Amazon, so I also tried excluding 

that portion from the regressions.  As we see in Table 28, using antropísmo as 

an explanatory variable, the effect of road paving on deforestation yielded a 

slightly smaller increase when we considered only the forest biome instead of 

the entire Amazon.  However, ignoring antropísmo resulted in a sizable in-

crease in the effect of road paving on deforestation.  This latter result implies 

that road paving is more important in the forest biome than in the cerrado bi-

ome.  If we believe that antropísmo should be included in the analysis, the re-

sult seems to imply that there are no differences in clearing between the forest 

and the cerrado portions of the Amazon when a road is converted from un-

paved to paved. 
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The next two rows in Table 28 attempt to investigate the results of Ander-

sen et al. in a crude way.  Andersen et al. use a different dependent variable 

than I do.  Their land clearing excludes natural pasture.  I include it, because I 

believe that farm land that is used as  pasture is degraded and is no longer 

“natural”.  The two rows show the results of using their dependent variable.  

The first prediction shows that there is a larger percentage change in defores-

tation when roads are paved using their definition of deforestation, which is 

the opposite of what I was expecting, since they predicted a decrease in de-

forestation with road paving.  In the second prediction, I tried to imitate their 

interaction of roads and land clearing by interacting proportion of census 

tract within 10 kilometers of a paved road with proportion of census tract 

within the 1976 antropísmo areas.  I did the same for unpaved roads and an-

tropísmo.  The outcome yielded highly significant parameters, both with t-

statistics greater than 3.  The parameter for unpaved roads interacted with 

antropísmo was more than 4 times larger than its paved counterpart, but the 

predictions for clearing if Avança Brasil were implemented were almost iden-

tical to those from the regression without these two interaction parameters.  

So my attempt to duplicate the results of Andersen et al. failed, meaning that 

I can offer no additional insight into their results. 

Since I have the 1992 dataset used by both Laurance et al. and IPAM et al., 

I decided to tabulate the data by census tract.  Their dataset classifies land as 
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either forest, deforested, regrowth, cerrado, water, cloud, shadow, or missing 

(they were missing a small number of Landsat scenes).  The rest of the rows 

in Table 28 show the results of my analysis using this data.48 

The first two rows of this second section of Table 28 use a dependent vari-

able equal to the sum of deforestation and regrowth divided by the sum of 

deforestation, regrowth, and forest.  I call the denominator the “non-omitted” 

area.  Census tracts with less than 100 hectares of non-omitted area were 

dropped from the regression.  To my surprise, even when antropísmo was in-

cluded in the regression, the increase in deforestation from paving roads was 

quite large.  I had expected that the Laurance-IPAM results were driven by 

their use of cross-tabulations and their failure to take correlation with other 

variables into account.  This appears not to be the case.  The Laurance et al. 

range of estimates for increased deforestation are very close to the estimates I 

derived for the full regression (on the low end) and the regression without 

antropísmo and settlements (on the upper end). 

My next thought was that the difference between their results and mine 

was due to the fact that they use gross deforestation instead of net deforesta-

tion.  While it is true that in the agricultural census I use gross deforestation 

                                                 

48 I ignore the measurement error in the data resulting from the satellite data 
file not being well geo-referenced to the shapefile with census tract bounda-
ries, particularly in the western Amazon. 
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on farms—since I include land in fallow (not in use for less than 4 years) and 

vacant land (not in use for more than 4 years)—I naturally do not (and in fact, 

cannot, because the data are not available) include farms that have been to-

tally abandoned (i.e., I cannot account for the portion of gross deforestation 

due to farms that no longer exist), but for which my discussion in Chapter 1 

indicates might represent quite a large quantity of land.  So I next report on 

the results using net deforestation (i.e., I exclude regrowth in the numerator 

of the dependent variable). 

We see that a large proportion of the land was in regrowth, meaning that 

there is quite a gap between net and gross deforestation.  We also see that the 

effect of paving on net deforestation is considerably less than on gross defor-

estation when antropísmo is included as an explanatory variable, but the pre-

dictions in percentage change in the two deforestation measures are not terri-

bly different when antropísmo is omitted.  Nevertheless, when all explanatory 

variables are used, there is still a large gap between the estimate of the effect 

of paving on deforestation between the results from satellite data and the re-

sults from census data. 

To try to explain the troubling gap, my first thought was to try to make 

the regression using census data and the regression using satellite data as 

comparable as possible.  So I re-ran the four satellite regressions, restricting 

the data to the forest biome.  It was already partially restricted, because I ex-
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cluded census tracts with less than 100 hectares of non-omitted area (i.e., for-

est or previously forested) from the satellite data analysis.  But several census 

tracts in the cerrado biome had sufficient forest to get past this restriction, so I 

explicitly restricted the analysis to the forest biome.  The next four rows in 

Table 28 show the results.  They are all consistently larger than their unre-

stricted counterparts by 5 to 8 percent. 

The next step was to consider the difference in what census and satellite 

data measure.  Agricultural census data are necessarily restricted to active 

farms, which omits deforestation on abandoned farms, in urban and subur-

ban areas, and in areas logged but not settled.  As already mentioned, I do not 

have data on farm abandonment (except by state, which is too large an area to 

be useful).  I do, however, have information about the location of towns and 

cities of various sizes.  So to test whether the difference in results was driven 

by urban and suburban areas being missed in the agricultural census data, I 

re-ran the analysis.  This time I omitted any census tract with a portion within 

25 kilometers of the center of a city with at least 25,000 people.  I found a re-

duction in the deforestation response to paving, but not of a magnitude that 

would explain all of the difference between satellite data and census tract 

data. 

While I do not have data on logging operations, I do know the location of 

timbermills, thanks to my colleagues at IMAZON (2000h).  I created buffers 
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around the timber mills: 0-10 kilometers, 10-25 kilometers, 25-50 kilometers, 

and 50-100 kilometers.  I computed the proportion of each buffer in each cen-

sus tract, and used the proportion in the regression.  The parameter estimates 

were highly jointly significant, the parameters tapered from 0.14 to 0.01, as 

we would expect, and two of the four parameters were individually statisti-

cally significant at the 1 percent level.  Just as for the case of cities, nearness to 

timbermills—that is, logging operations—cannot explain all of the difference 

between the results for satellite data and census data, but it does seem to ex-

plain some of the difference.  When cities and timbermills are used together 

in the same regression, the combined effect drops to 19.5 percent—not as 

much as one might expect if the two were completely independent.  This is 

likely to be because a number of timbermills are in or near places with popu-

lations greater than 25,000. 

It is important to consider whether the difference that controlling for cities 

and timbermills make might have nothing to do with logging outside of 

farms or areas of cities and suburbs.  In other words, do the two experiments 

just conducted really explain some of the difference between the results from 

satellite data and those from census data?  It may simply be that the timber-

mills locate where farms are expanding their areas, and that farms locate 

close to cities because of markets for crops and availability of inputs and con-

sumer goods.  But as we argued in Chapter 1, there is a great deal of logging 
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that takes place outside of farms, and so even if timbermills get some of their 

timber from farms, most of it is coming from loggers working outside of the 

farms.  We also saw in the regressions in Chapter 2 and in Table 27 that de-

forestation near cities with at least 100,000 is actually lower than otherwise 

would be expected out to at least 50 kilometers.  That is, urban areas prevent 

farms from being located there, so analysis using agricultural census data re-

ports that deforestation from farms is less near cities.  So, the effort to control 

for logging and urban areas probably did explain real differences between the 

results from the two types of data. 

The last thing I tested is whether all of the government-sponsored settle-

ments in Rondônia might be driving some of the results.  As the last row of 

Table 28 shows, the deforestation response to paving actually increases when 

Rondonia is omitted from the regressions. 

So what have we learned from the results in Table 18?  First of all, there 

are substantial differences in predictions, depending on whether the data are 

from an agricultural census or from satellite interpretation.  We learned that 

some of the difference can be explained by urban and suburban areas, and 

some of the difference can be explained by logging.  We can only guess at 

what explains the remaining portion of the difference.  From my analysis in 

Chapter 1, it appears that at least one of the explanations for the difference is 

the number of abandoned farms.  Perhaps forest fires account for another part 
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of the unexplained difference (Cochrane et al. report that fires can be mis-

classified as true deforestation). 

We also learned that there is a significant difference in response to paving 

roads between net deforestation and gross deforestation, with the former hav-

ing significantly less response.  This leads us into a philosophical issue of 

which we should be concerned with:  net or gross?  Those for whom fire haz-

ard is an issue would argue that gross deforestation is what we should worry 

about, because a regenerating forest has less resistance to fire than an intact 

forest.  Apart from this fire hazard argument, those who are concerned about 

carbon sequestration may not care. 

What is my final prediction about the effect of Avança Brasil road paving 

on deforestation?  Since it is more important to be concerned with deforesta-

tion from any source—not just farms—I choose results from satellite data 

over those of census data.  So as not to choose between net and gross defores-

tation, I will choose two measures, and predict that Avança Brasil will lead to 

a 10.3 percent increase in net deforestation, and a 14.4 percent increase in 

gross deforestation, within the forest biome of the Legal Amazon.  Since this 

is based on 1992 data, with a baseline deforestation measure from 1976, I pre-

dict that these changes will take place in the 16 years after paving is com-

pleted. 
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Note that these predictions are for changes in levels of deforestation.  To 

make my predictions comparable to the predictions of the four teams of re-

searchers, I need to convert these results to changes in rates of deforestation.  

Upon doing this, I find that the rate of net deforestation should increase by 

17.5 percent,49 while the rate of gross deforestation should increase by 19.7 

percent.50 

It would only be fair to point out that the percentages I cite using my 

methodology answer the question, “If the Avança Brasil roads had been paved 

in 1976, how much higher would the levels and rates of net and gross 

deforestation have been in 1992?”  This is the same type of question answered 

in IPAM et al., though they would have chosen the base year as somewhere 

between 1957 and 1972, based on their assertion in their Table 1 that the 

frontier age was 20 to 35 years old along the roads of interest, and their data 

were from 1992.  It is not as clear what the Laurance et al. estimates reflect, 

but it appears that they answer the question “what would the deforestation 

levels be if the roads in question had been paved 15 to 25 years earlier?”51  

                                                 

49 Based on TRFIC’s report of net deforestation of 286,714 square kilometers in 
1992, scaled up by the ratio of INPE’s 1992 gross deforestation (440,000 square 
kilometers) to TRFIC’s 1992 gross deforestation (275,995 square kilometers), 
giving 286,714 square kilometers.  Deforestation in 1976, extrapolated from 
INPE’s 1978 deforestation, was computed to be 118,000 square kilometers. 

50 Based on INPE’s 1992 gross deforestation level of 440,000 square kilome-
ters. 
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be if the roads in question had been paved 15 to 25 years earlier?”51  Andersen 

et al. actually use their model to predict the future, which they are better able 

to do than any of the other teams because their regression predicts deforesta-

tion rates, which is made possible by their use of panel data. 

Compared to the question that the Laurance-IPAM teams and I seem to 

have answered, it is a much more difficult thing to predict the future.  The 

reason that it is difficult for Laurance-IPAM is because, as my work in Chap-

ter 4 showed, at some point, rates of deforestation begin slowing as a settled 

area ages.  By now, many of the roads that are proposed to be paved under 

Avança Brasil have been in place for 30 or more years.  It is probable that an-

nual changes in deforestation are occurring slowly, if at all, along major por-

tions of these roads. 

In my case, I have established a baseline date of 1976 based on the location 

of pre-1976 antropísmo,  and have distance measures based on that variable in 

Table 27.  But for the “inside antropísmo” variable in that table, it is not clear 

how long it took for such an infilling to take place.  If we forget for a moment 

that this was estimated with a tobit and treat the parameter as if it had been 

estimated with OLS, the implication is that inside areas that had been affected 

by human settlement, 36 percent will be cleared.  The question we are left 

                                                 

51 Endnote 16 in their supplemental article implies this. 
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with is how much had been cleared in 1976 in these areas designated as dis-

turbed by human settlement?  Our concern about future deforestation differs 

depending upon whether the answer is 10 percent or 36 percent.  The analysis 

is less confusing for the distance categories outside of the original antropísmo, 

because we may assume that in 1976, the level of clearing in these areas was 

0.  My predictions for deforestation in 1992, based on the assumption that the 

roads to be paved by Avança Brasil were paved in 1976 did not need to deal 

with changing the values of antropísmo, but if I were to project from 1992 into 

the future, I would have to make a decision about how to treat deforestation 

that occurred before 1992.  One sensible possibility would be to treat every-

thing ever deforested by 1992 as new antropísmo, which would imply that my 

estimates for new deforestation by 2008 would be much larger. 

An even more expedient estimate would be to take the values from Table 

28 that did not use antropísmo in the regression.  This would be a crude pre-

dictor into the future, and would result in my estimates ranging between 23.4 

and 25.3 percent. 

My estimates and those of Laurance et al. and IPAM et al. are partial equi-

librium estimates.  That is, we have been treating the Brazilian Amazon as if it 

were a region that was closed and independent of the rest of the country.  We 

have failed to consider how Amazonian deforestation fits into the issue of 

Brazil as a whole.  Almost all writings on the economic history of Brazil point 
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out how shifts in Brazilian agriculture and opportunities for unskilled labor 

led to a massive in-migration to rural areas (see, for example, Faminow or 

Perz).  The annual growth rate of the rural population (natural increase and 

net in-migration combined, since I do not have data on in-migration alone) 

was 3.6 percent in the fifties and 2.8 percent in the seventies (while at the 

same time the rural population in the rest of Brazil was falling at a rate of 1.2 

percent annually).  Between 1991 and 1996, however, rural population in the 

Brazilian Amazon fell at a rate of 1.4 percent per year, and between 1996 and 

2000, fell at a rate of 2.2 percent per year (both of the latter two rates indicat-

ing faster drops in the rural population than experienced in the rest of Brazil 

for the same time periods).  Clearly paving might change some incentives and 

cause a new wave of in-migration, but the surplus farmers from outside the 

Amazon that were available in the earlier mass in-migrations are just not 

there any more, as indicated by declining rural populations through all of 

Brazil.   

Cattaneo’s approach overcomes my objections to looking at the Amazon 

in isolation from the rest of Brazil.  However, I am skeptical about his predic-

tion that under Avança Brasil, agricultural production would increase in the 

Amazon, but net Brazilian production would be mostly unchanged.  I am 

doubtful of such a small response in net agricultural production for Brazil, in 

light of the fact that the roads were designed to get products to export mar-
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kets instead of domestic markets, and therefore prices in non-Amazon areas 

for agricultural products should not be very adversely affected. 

Testing the effect of several policy prescriptions, Cattaneo finds that a log-

ging tax would not lead to a decrease in the deforestation rate, but would be 

devastating to loggers.  A logging tax would shift resources from logging into 

agricultural clearing.  On the other hand, a R$50 per hectare deforestation tax 

could cut back deforestation by 9,000 square kilometers per year (which I be-

lieve means a 45 percent reduction in deforestation).  He does not distinguish 

reduction in deforestation from its source; that is, whether the reduction 

comes from fewer new settlements, or from less deforestation on currently 

settled farms.  However, his results would contradict my finding in Chapter 4 

if he said most of the reduction came from the latter, since I found very little 

pricing response on rates of deforestation—though I did find that deforesta-

tion levels respond to price incentives.  Cattaneo notes that under a deforesta-

tion tax, logging would only be minimally affected.   

As an alternative policy, Cattaneo considers a subsidy on non-timber 

products, proposed by Vosti, Witcover, and Carpentier.  He finds that a sub-

sidy of R$240 per hectare of non-timber forest products could reduce defores-

tation by 30 percent.  It seems to me that this policy might have perverse ef-

fects, in that it might encourage new settlers to move to the Amazon, because 

of increased incentives to have a farm there, especially during the early years.  
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It also seems that if farmers are cash constrained, this would provide money 

to them in the early years of settlement with which to deforest faster! 

Recommendations to Policymakers 

Noting the wide range of deforestation predictions presented in this chap-

ter, I come away with the implicit message to the policymaker that there is a 

high degree of uncertainty as to what would really happen if all of the road 

paving proposed under Avança Brasil is completed.  Even before I did my 

own analysis, I cited estimates of well-known researchers making predictions 

that ranged from a decrease in deforestation of 16.1 percent—made by An-

dersen et al.—to the IPAM et al. estimate in their worst case scenario of an in-

crease in deforestation of 48.5 percent!  It is interesting that my best estimate 

lies almost exactly in the middle of the two extremes, with an increase of 19.7 

percent in the rate of gross deforestation.   

Both Laurance et al. and IPAM et al. advised abandoning Avança Brasil, for 

the most part.  But if the predicted economic benefits are high, perhaps pro-

ceeding cautiously would be better advice.  In such a risky environment, 

where the penalty for choosing to pave the Avança Brasil roads might be high, 

it would be prudent for policymakers to try to shield the forest from the pos-

sibly disastrous consequences of the development project by passing pro-

active policies to curb rampant deforestation that might arise.   
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Which policies would be best?  In this study—especially in the work using 

satellite data in Chapter 4—I argued how protected areas seemed to work 

well in deterring most deforestation.  Adding new national parks and other 

forms of protected areas along the roads to be paved would be a solid step in 

the right direction.   

While Cattaneo’s predicted impact of a deforestation tax appears encour-

aging, one wonders what administrative capacity a deforestation tax would 

require.  IBAMA already monitors deforestation and enforces the current 

laws using satellite data.  But out of necessity, this enforcement focuses on 

larger patches of deforestation.  It seems to me that attempting to tax every 

hectare of deforestation might be too difficult.  On the other hand, if the tax 

were only applied to farms of a given size—500 hectares, say—then the task 

might be more manageable.  If the enforcement were limited to farms of 500 

hectares and above, Chapter 1 tabulations tell us that 48.7 percent of the land 

area of farms in the forest biome would be supervised, and this represents 

only 0.6 percent of the farms in the forest biome.  Since such a large portion of 

on-farm deforestation comes from these mega-farms, perhaps the deforesta-

tion tax on large properties has potential to curb a significant amount of de-

forestation that might arise under Avança Brasil. 

The suggestion to limit enforcement to large properties was so that the ca-

pacity of IBAMA and other agencies enforcing environmental laws would not 
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be overwhelmed.  An alternative policy which would also limit the scope of 

their task would be to put the deforestation taxes only on deforestation in 

municípios located along the roads to be paved by Avança Brasil.  This would 

also solve one problem with limiting enforcement to farms greater than a cer-

tain size:  in-migrants and others establishing new farms might simply choose 

to establish farms smaller than the minimum bound of such a policy. 

In the case of uncertainty about the impact of development projects—and 

perhaps to make them more politically feasible, considering that Amazonian 

deforestation is an important concern to many people inside and outside Bra-

zil—the government could institute rigid policies, such as declaring no new 

settlement along newly paved roads, or a steep deforestation tax for new 

clearing in such places.  Then, after the roads are in place, relax the regula-

tions along a portion, and see what new deforestation results.  This relaxation 

of regulations can be done incrementally, both temporally and spatially.  If 

loosening the regulations leads to high levels of new settlement, then maybe 

some of those who fear massive destruction of forest will be proved correct—

and no further loosening of restrictions need be done.  But if there is only a 

small response to the loosening of restrictions, then the optimists will be 

proved right, and more loosening of restrictions can be done.  For a review of 

a much broader range of policy options, see Kaimowitz, Byron, and Sunderlin 

(1998). 
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Chapter 6:  Summary and Conclusion 

 

A Brief Summary of the Preceding Chapters 

Instead of presenting a detailed summary of the points in the preceding 

chapters, I decided to begin this final chapter with a brief review of the pre-

ceding chapters, followed by a more in-depth review of the main themes in 

this dissertation.  The ultimate goal of this dissertation was to estimate the 

impact of the road paving proposed in Avança Brasil.  To reach that end it was 

necessary to examine some key issues in the study of deforestation, and pro-

vide some indicators to help us interpret the results.  Sometimes what you 

learn in the journey is as important as the answer to the original question. 

Chapter 1 began with a brief description of the importance of the Brazilian 

Amazon in global perspective.  I then suggested that the Legal Amazon is 

really better thought of as two separate ecozones:  the forest and the cerrado.  

Next came a review of satellite and survey data useful for studying deforesta-

tion in the Brazilian Amazon.  Then I presented simple calculations and cross-

tabulations which addressed two issues of importance throughout this study:  

the issue of forest regrowth, and the issue of “seed” deforestation, also possi-

bly thought of as a baseline level of deforestation. 
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Chapter 2 reviewed the explanatory variables used throughout the rest of 

the study, then presented a simple dynamic model of land clearing on farms 

that formed the underlying framework for the regressions of Chapters 2 

through 5, and especially the analysis done in Chapter 4.  Chapter 2 con-

cluded with several regressions using agricultural census data.  These regres-

sions explored the effects on farm area cleared of roads, protected areas, 

“seed” deforestation, and agroclimatic suitability. 

Chapter 3 repeated the main regression from Chapter 2, using a spatial 

disaggregation technique I have been developing.  While none of the results 

of Chapter 2 were reversed, the technique allowed us to map with finer detail 

the likely distribution of farm activity inside the cross-sectional units.  Unfor-

tunately, the efficiency gains of the technique were counteracted by the loss of 

efficiency in having to resort to Feasible Weighted Nonlinear Least Squares 

on the censored data, instead of the efficient maximum likelihood procedure.  

However, the groundwork was laid for future applications on non-censored 

data, where efficiency gains can be realized. 

Chapter 4 used satellite data for 1996 to 1999 for portions of Mato Grosso 

and Rondônia, to gain a truly dynamic perspective of deforestation.  The 

main analysis in the chapter regressed the rate of deforestation on farmgate 

prices for beef and milk, level of deforestation, agroclimatic variables, and 
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protected areas.  Deforestation rates on land already settled were not related 

to price levels; but new settlements were highly responsive to price levels. 

Chapter 5 reviewed three well-known predictions and a fourth less well-

known prediction for the effects of road paving as planned by Avança Brasil 

on deforestation.  I pointed out some potential weaknesses in each of the 

models, particularly the Andersen et al. model which predicted a decrease in 

deforestation with road paving.  After estimating the “obvious” model based 

on the agricultural census data—and finding that it predicted a very small 

increase in deforestation—I estimated additional models, trying to explain the 

reason for the difference between my model and those of two of the other re-

search teams (Laurance et al. and IPAM et al.).  From these additional regres-

sions, I learned many things, which I will review in the following section. 

Points to Take Away from This Study 

The Legal Amazon:  Two Very Different Biomes 

Chapter 1 showed most clearly that agricultural and demographic dynam-

ics are very different, depending on whether one is considering the forest bi-

ome or the cerrado biome of the Legal Amazon.  In terms of levels of clearing 

and principal uses of agricultural land, Table 1 outlines the differences.  Mu-

nicípios in the forest biome in 1996 had approximately one-sixth of their land 

claimed for farms, while municípios in the cerrado biome had more than half of 

their land claimed for farms.  Furthermore, farms in the forest biome have 
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more than half of their land in native forest, while farms in the cerrado had 

less than 30 percent in forest.  Livestock operations are 50 percent more in-

tense in the forest biome, as measured by stocking density on pasture, or by 

value of livestock production per unit of pasture. 

Table 3 shows some of the differences between biomes in terms of changes 

in land use between 1985 and 1996.  Both have less farms in the latter period, 

but farms in the forest states have less total farm area.  Both biomes, however, 

show a trend toward more cleared area (and therefore less forest); reducing 

natural pasture in favor of planted pasture; and reducing land in short- and 

long-term fallow.  Table 3 also shows that cattle are expanding at a rate of 7.6 

percent per year in forest states, and at a slower rate of 5.1 percent in cerrado 

states. 

Table 4 shows the difference between the two biomes in farming opera-

tions.  Cattle appear to be equally important in the two biomes in terms of 

gross value of production, yet as already noted, the cerrado favors more land-

extensive cattle systems.  Annual crops provide almost 60 percent of the agri-

cultural revenue in the cerrado, and that is dominated by soybeans, which 

provide more value than all of the other annual crops combined.  Annual 

crops are important in the forest biome, but not nearly as much as in the cer-

rado.  Annual crops in the forest biome are also dominated by one crop:  man-

ioc, which provides more than half of all value of annual crops.  The forest 
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biome has significant portions of its total agricultural value coming from per-

ennial crops (11.5 percent) and from extracted forest products (12.1 percent).  

This compares with 2.0 percent and 1.0 percent in the cerrado portion of the 

Legal Amazon. 

Table 8 shows recent demographic trends in the Legal Amazon.  While we 

see that both biomes share the trends toward moderate overall growth, de-

clining rural populations, and increasing urban populations, the rural popu-

lation decline is proceeding at a much faster rate in the cerrado portion, while 

the urban growth is proceeding at a much faster rate in the forest portion.  

The two preceding facts imply that the forest portion is growing faster—by 

around 60 percent—than the cerrado portion. 

Surprisingly, the analysis in Chapter 4 showed no significant differences 

between deforestation in the forest and cerrado biomes.  This is in part because 

the geographic area in Chapter 4 is a small subset of the entire Amazon.  But 

it is also likely showing that it does not matter whether the trees are in the 

forest biome or the cerrado biome:  ranchers and farmers treat them the same.   

Stated a different way, this says that one of the most significant differ-

ences between the forest biome and the cerrado biome is that the former natu-

rally has a higher proportion of dense forest than the latter, and farmers and 

ranchers naturally prefer less trees, because clearing land is costly.  The other 

difference between the two biomes is that the mean rainfall in the forest bi-
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ome is significantly higher than in the cerrado biome, which differentiates the 

agricultural technologies and crop choices that are feasible.  

Population and cattle trends 

While highlighting some of the differences between the forest and cerrado 

biomes in the previous subsection, I addressed issues related to demograph-

ics and cattle.  While risking being repetitive, this section will also address 

those two topics, though this time not emphasizing the differences between 

biomes. 

In terms of the human population, the main point to take away from this 

study is the trends over the past decade toward rural de-population and ur-

ban growth.  While the urban growth rate in the Amazon has been higher 

than urban growth in the rest of Brazil since the 1960s, the rural depopulation 

in the Amazon is a new phenomenon.   

Until the population census of 1991, rural Amazonia had a positive popu-

lation growth.  From the 1950 through 1991, each census showed the rural 

population in Amazonian states growing at a faster rate than in non-

Amazonian states.  In fact, non-Amazonian states exhibited a negative rural 

population growth rate beginning in the 1970s.  However, as first revealed in 

the 1996 population count and confirmed in the 2000 census, after 1991 rural 

Amazonia not only experienced its first negative population growth rates, but 

these rates were even lower (i.e., depopulating faster) than the negative rates 
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in non-Amazonian states.  At the very least, these changes in Brazilian popu-

lation demographics indicate that the patterns that accompanied the high de-

forestation rates in the 1970s and 1980s are no longer in operation in the 1990s 

to present. 

The other point to take away from this study is that cattle dominate agri-

cultural land use.  Table 3 shows that pasture represented 67 percent of land 

converted for agricultural purposes on active farms in 1985, and 77 percent in 

1996, and the proportion of planted pasture in land converted for agricultural 

purposes on active farms grew from 29 percent to 50 percent in the same time 

period.  The cattle population grew at a rate of 6.0 percent per year between 

the two agricultural censuses, while pasture area expanded at a rate of 1.8 

percent per year.  Even when we acknowledge that the area of planted pas-

tures grew at a rate of 5.2 percent per year, we still note that using either pas-

ture growth figure leads us to find an intensification in pasture use. 

Even though the soybean area has expanded rapidly in the cerrado zone of 

the Legal Amazon, crop area in 1996 was still less than one-ninth of pasture 

area, and was less than the land devoted to crops in 1985.  

Effect of farmgate prices on various agents of deforestation 

Because so much of cleared farm land is in pasture, policies which make 

cattle operations more costly seem like they should have a large impact on the 

rate of deforestation.  Road construction and paving ought to have the oppo-
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site effect, because they essentially raise farmgate prices by making it less 

costly to get agricultural products to market.  However, the analysis in Chap-

ter 4 showed that there is a mixed effect of output price changes on forest 

clearing.  In the analysis of Chapter 4, we considered two types of agents that 

are of interest to policymakers seeking to reduce on-farm clearing:  the farm 

household which has already established residence, and the household which 

is thinking of moving to a new farmlot in the Amazon.  We saw during the 

three-year period studied in Chapter 4, the former group was not likely to 

have their rates of deforestation easily influenced by price incentives.  How-

ever, Brondízio et al., in their long panel micro-study which studied defores-

tation from 1970 to 1996 near Altamira, found that the timing and speed of 

deforestation on settled farms when measured over longer periods of time 

seem to be impacted by economic conditions.  Turning to the second agent of 

deforestation, Chapter 4 shows that the rate of new settlement is strongly in-

fluenced by profitability signals, which policies can help modify.  Brondízio 

et al. seem to confirm this as they noted that the rate of influx of settlers in 

their study area is highest in times of high economic stability and potential. 

The observation about the two types of farm clearing agents partly an-

swers the question raised by von Braun in the Foreword to Cattaneo’s study, 

and by Perz.  They both observe that deforestation rates in the Amazon have 

not dropped much in recent years, despite many of the tax-breaks for home-
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steading and deforesting in the Amazon having been removed.  The reason 

for the low response could be explained by the findings of Chapter 4:  there is 

an inertia in deforestation that comes with those who have already settled 

land, and are deforesting that land at a steady rate.  This is probably not the 

only factor causing the rate to hold steady despite net farm abandonment be-

tween 1985 and 1996, but it does explain quite a bit. 

I discussed a number of policy options that pertained to prices throughout 

this study, particularly in Chapter 5.  I argued for policymakers and research-

ers to consider whether the government realistically has the capacity to en-

force some otherwise sensible policy prescriptions, such as a deforestation 

tax.  In that case, I suggested limiting enforcement to either large farms which 

are quantitatively few but account for a large proportion of on-farm clearing; 

or enforcing the tax in specifically defined geographic regions, most sensibly 

in municípios located along the roads to be paved by Avança Brasil.   

Another option might be a beef tax.  Just as with a deforestation tax, it 

may not slow deforestation on already established farms, but it would per-

haps limit the number of new farms established.  Furthermore, it would 

probably be an easier tax to collect, because it could potentially be collected at 

slaughterhouses, and the number of slaughterhouses is small relative to the 

number of ranches.  However, the effects of a beef tax need to be studied 

more carefully before considering it a viable option.  Questions which need to 
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be answered include how both demand and supply curves might shift in re-

sponse to such a tax?  On the demand side, consumers might potentially shift 

to other meats, and what they might be, and the resulting impact on nutrition 

and the environment need to be considered.  On the supply side, the impact 

on ranchers needs to be more carefully weighed.   

Data source and deforestation source 

In Chapter 5 we discovered how much difference the type of data makes 

in determining the effect of road paving on deforestation.  When using the 

agricultural census, we found that the effect of paving roads was quite mod-

erate.  However, when we used satellite data, we found the effect to be sub-

stantial.  This led into a discussion about the source of deforestation.  As we 

already noted in Chapter 1, when we sum gross deforestation reported on 

farms in 1996 in the forest biome, we only account for about half of the gross 

deforestation as measured by INPE.  Some of the difference is because there is 

some forest in the cerrado biome, but the agricultural census does not tell us 

how much of the land that has been converted for agricultural use was once 

forest.  Both Chapter 1 and Chapter 5 tried to account for a large portion of 

the difference.  Some of it can be explained by abandoned farms.  Another 

part can be explained by urban and nearby residential areas, which are noted 

as deforested in satellite data, but which do not appear in agricultural census 

data. 



 

 186 

The analysis in Chapter 5 confirmed that another part of the difference be-

tween the two data sources is that satellite data pick up off-farm logging, 

which we saw in Chapter 1 is probably greater than on-farm logging by a fac-

tor of 10.  Finally, I cited Cochrane et al. as arguing that forests burned by 

wildfires are sometimes incorrectly categorized as deforested during satellite 

image interpretation. 

Forest regrowth 

Chapter 1 discusses the difference between gross deforestation and net de-

forestation, which is forest regrowth.  The question, “Which type of deforesta-

tion should we be most interested in?” is an important one.  Those most con-

cerned about carbon sequestration would probably favor net deforestation, 

because carbon growth rates may be similar in secondary succession and 

primary forest.  The answer is not quite as clear for those interested in biodi-

versity.  On the one hand, forest regrowth provides a good habitat for many 

animal species.  But if the period of clearing on the land was too long or too 

geographically large, some animal species might have been adversely ef-

fected, as might some plant species.  For those concerned with wildfires (see 

Nepstad et al. 1999 or Cochrane et al. 1999), gross deforestation is probably 

the more important measure, since forest regrowth is more flammable. 

The main point that I want to summarize here is that there is a large gap 

between gross deforestation and net deforestation.  According to my tabula-
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tions in Chapter 1 using TRFIC satellite data from 1992, roughly one-third of 

gross deforestation in 1992 was regrowing.  Both INPE and IBAMA keep 

track of gross deforestation, which means that the gap between gross and net 

will be ever widening.  Since INPE started keeping track of deforestation in 

1978, some of the areas declared deforested then might have been regrowing 

for twenty-five years now, which means that from a satellite image, it would 

be indistinguishable from native forest and, even on the ground, it might be 

very difficult to tell apart. 

“Seeds” and rates of deforestation 

I presented a simple dynamic model in Chapter 2.  The phase-plane dia-

gram clearly showed that along the optimal path, deforestation rates would 

slow as deforestation levels increased.  Chapter 4 confirmed that at least after 

an initial period of establishing a farm, rates of deforestation decline with in-

creases in deforestation levels, and that this effect is quantitatively large.  

Rates of deforestation computed in Chapter 4 show that clearing of agricul-

tural land takes place over a long period of time, perhaps up to 60 years, until 

steady state levels of deforestation are reached.  The incremental nature of 

deforestation was also noted in the micro-study done by Brondízio et al.  It is 

important for researchers studying deforestation to keep in mind that the 

agents are not likely to have reached equilibrium, and that failure to control 
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for the impact of the level of deforestation on the rate of deforestation will 

likely bias the estimates. 

In Chapter 5, I presented a similar critique of Laurance et al. and IPAM et 

al. for not properly establishing a baseline level of deforestation at some point 

in time before computing the level of deforestation.  There are actually two 

dynamic issues involved, both treated in Chapter 4.  First of all, as just ar-

gued, rates of deforestation slow as levels of deforestation rise.  Second, even 

after controlling for prices and agroclimatic suitability, new farm establish-

ments are more likely to locate close to already established farms than far 

from them.  This was seen in the probit model of new settlement in Chapter 4, 

where the rings near the deforestation frontier were more likely to be settled, 

and at a decreasing probability as we moved further away from the frontier 

where deforestation meets undisturbed forest.  We also saw this in all of the 

regressions of Chapters 2, 3, and 5, where nearness to areas showing signs of 

human disturbance (antropísmo) in 1976 had a large quantitative and statisti-

cally significant effect on levels of deforestation. 

The spreading out from a deforestation “seed” or “core” may simply re-

flect accessibility issues when settling new land (i.e., it is easier to settle near 

someone who has established or assured that they have access to their land, 

then it is to cut a path far away from others).  Or it may reflect social factors 

or the increased likelihood of tapping into public services when living near 
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others.  Regardless of the cause, the policymaker trying to channel or control 

the location, rate, and level of deforestation would be wise to try to limit the 

beginning of “seeds” or “cores” of deforestation. 

Throughout the study, I have tried to note the effectiveness of protected 

areas and indigenous areas in preventing deforestation.  While the ones in the 

forest biome tend to be located in areas that have low levels of expected de-

forestation, the ones in the cerrado biome are in high-risk areas.  The cerrado-

only regression in Chapter 2 showed their effectiveness, as did the regres-

sions in Chapter 4.  Schneider et al. argue in their logging study for more na-

tional forests to control deforestation. 

Agroclimatic suitability matters 

Analysis of deforestation levels or rates that do not take into account agro-

climatic suitability (i.e., rainfall, soils, and native vegetation) are likely to bias 

the results.  The importance of measures of agroclimatic suitability, particu-

larly rainfall, was a key point in Chomitz and Thomas, and was confirmed in 

Chapters 2 through 5 of this study.  

How much deforestation will result from paving roads under Avança Brasil? 

Table 26 summarizes the predictions of the other authors.  There is a large 

variation in the predictions, not just between teams of researchers, but also in 

the wide range of predictions some of the researchers put forward.  In Chap-

ter 5, I suggested that since there was such a wide diversity in predictions, 
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and since the environmental cost is high if some of the pessimistic scenarios 

prove right, policymakers should choose to err on the side of caution by insti-

tuting deforestation limiting policies in conjunction with implementing 

Avança Brasil.   

Table 28 presents the full range of my predictions based on different as-

sumptions.  Focusing on the scenarios with the most realistic assumptions, I 

believe that the increase in the level of deforestation on farms is likely to be 

only 2.5 percent more than it would be apart from paving, and possibly in the 

very long run, 7.9 percent in the entire Amazon, or 11.5 percent, when re-

stricting the analysis to the forest biome.  For on-farm and off-farm deforesta-

tion together, and restricting our attention to the forest biome, I predict an in-

crease of 10.3 percent in net deforestation, and an increase of 14.4 percent in 

gross deforestation, with respective increases in rates of deforestation over a 

16 year period being 17.5 percent and 19.7 percent.  In the very long run, I 

predict that the level of deforestation might increase as much as 25.3 percent.   

These values seem to be in very good agreement with those of Laurance et 

al., even though our methodologies are quite different.  They are also in rea-

sonable agreement with those of IPAM et al. and Cattaneo.  They are different 

from those of Andersen et al., who predicted counterintuitively that there 

would be a decrease in deforestation. 
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Finally, it is important to emphasize that the predictions are based not on 

what will happen if Avança Brasil is implemented, but on what will happen if 

Avança Brasil is implemented without any accompanying policy change to limit 

deforestation.  Since parts of Avança Brasil have already been implemented, the 

time for implementing proactive policies is now, before new deforestation 

“seeds” begin, and the problem arises concerning what to do about settlers 

who moved in before new legislation could be enacted. 
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GLOSSARY OF BRAZILIAN PORTUGUESE WORDS 

 

antropísmo Used in this study to mean an area that shows signs (in 
satellite images) of human settlement or disturbance. 

Avança Brasil $40 billion dollar program to develop infrastructure in 
the Amazon region, starting in 2000. 

babaçu A type of tree that is the natural secondary vegetation to 
spring up in large portions of Maranhão.  It is a palm tree 
that produces a kernel from which an oil is extracted, 
which is useful for soap and foods.  The nut shells are 
used for charcoal for cooking (Porro). 

cerrado Savanna. 

município County. 

varzea Seasonally flooded areas. 
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