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Abstract

This paper estimates the demand for deforestation on private properties in the Brazilian

Amazon. To recover the demand, I exploit the fact that regional variation in transportation

costs can be used to infer variation in the value of agricultural land relative to forested land.

By rescaling these costs, I am able to value the di¤erence between the land-uses in dollars per

hectare. The results suggest that both Pigouvian taxes on agricultural land and payments to

avoid deforestation (and carbon emissions) could have been e¤ective in preserving the rainforest.

Large landholders�behavior and the unequal distribution of land suggest that the policies are

unlikely to reduce poverty and deforestation simultaneously. A carbon tax at the social cost of

carbon could virtually eliminate the agricultural land in the Amazon.
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1 Introduction

The Amazon is the largest intact piece of contiguous tropical rainforest. It extends over nine

countries of South America and occupies an area of 6.4 million square kilometers. It has an

unusually rich amount of biodiversity and provides extensive carbon storage and water recycling

services. For these reasons, its deforestation has attracted considerable attention over the last

two decades. According to satellite images, approximately 15 percent of the Brazilian Amazon

was deforested by 2010, and the average amount of deforestation between 1991 and 2010 was 16.6

thousands square kilometers annually (larger than the area of the state of Connecticut in USA)

[INPE (2010)].

In this paper I estimate the demand for deforestation on private properties in the Brazilian

Amazon. The demand function is de�ned as the amount of deforested area as a function of the

di¤erence between the private value of the agricultural and forested land. I am interested in this

demand because it can be used to study multiple policy interventions with the ultimate goal of

preventing deforestation. Here I consider three possible policies: (a) payments for ecological services

(PES), (b) Pigouvian taxes on agricultural land, and (c) quantitative limits on deforestation allowed

on private properties.

There are several reasons why one may be interested in studying these policies. First, PES

programs are incentive-based mechanisms involving direct payments to suppliers conditional on

providing an environmental service [Wunder (2007)]. They have been seriously considered in recent

years as a viable option to preserve the environment, especially when considering the payments

for reduced emissions from deforestation and degradation (REDD+) agreements.1 According to

the Intergovernmental Panel on Climate Change (IPCC), deforestation and forest degradation are

responsible for approximately 20 percent of the average global anthropogenic greenhouse gas emis-

sions per year in the 1990s and for 10 percent in the last decade [IPCC (2007, 2013)]. Despite these

facts, large-scale PES programs have not yet been adopted in the Brazilian Amazon. An evaluation

of both the potential e¤ectiveness and the potential costs of such programs are therefore in order.

In the present paper, I study a speci�c type of PES program: payments to avoid deforestation.

Although payments to replant forests are important, they are not considered here.

Second, Pigouvian taxes have also not been adopted in the Brazilian Amazon. They are de�ned

as taxes levied on the production of negative externalities, such as emissions of carbon and biodi-

1REDD+ is a carbon credit regime under negotiation in the United Nations Framework Convention on Climate
Change (UNFCCC). Under this regime, countries with high emissions can pay to protect forests in developing nations,
primarily tropical countries, and count the storage of carbon in protected forests in their overall carbon output.
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versity loss. In cases where the measurement of the externalities is di¢ cult, Pigouvian taxes can be

directed to the adoption of particular land uses. Here I consider taxes on agricultural land, which

should have similar impacts to payments to avoid deforestation, except for the fact that farmers

would have to bear the costs of preservation. Because payments and taxes are similar in the present

context I lump them into one policy and refer to them simply as taxes - unless stated otherwise.

Third, the Brazilian government has implemented quantitative limits for land use. By law,

landowners in the Amazon are obligated to keep 80 percent of their land in native forest. In spite

of the evidence that this rule has not been fully enforced (see the discussion about legislation and

penalties in Subsection 2.2), one might wonder how costly this policy would have been if it were

perfectly enforced. To the best of my knowledge, no empirical study addressing these policies for

the Brazilian Amazon in a uni�ed and coherent framework currently exists.

The policies I consider should have substantial impacts on deforestation only if they are put in

force for a long period of time. Because deforesting is costly, farmers are more likely to respond to

persistent changes in private values than to temporary changes. Temporary taxes probably have

negligible impacts on deforestation. My focus therefore is on permanent policies and on permanent

e¤ects, as opposed to transitional dynamics.2

To estimate the demand for deforestation I use a revealed preference approach and exploit the

fact that regional variation in transportation costs can be used to infer variation in the value of

agricultural land relative to forested land. To gain some intuition, imagine one farm located close

to the port and another that is far away from the port. Ceteris paribus, as transportation costs

increases, both the values of agricultural and forested land should decrease. Yet, if the value of the

agricultural land is more a¤ected by the transportation costs, its relative value should be reduced.

As a result, one should expect less deforestation in the farm located away from the port than in

the farm that is close to the port. Note that Pigouvian taxes intend to do the same: to reduce

the relative value of agricultural land in order to reduce deforestation. Variation in transportation

costs therefore can be exploited to infer how farmers would respond to taxes. By rescaling the

transportation costs using local yields, I am able to value the di¤erence between the land uses in

dollars per hectare. The strategy I propose therefore is divided into two steps: �rst, I estimate the

e¤ects of transportation costs on deforestation, and second, I rescale these costs using local yields

2See Berry (2011) for a discussion of the importance of distinguishing the short-run and the long-run land-use
elasticities for biofuels policies; and Scott (2013) for a fully dynamic model of land-use for the U.S.. Paul Scott, Ted
Rosenbaum and I are currently working on a structural dynamic model of land-use for the Amazon to estimate the
impacts of commodity prices on deforestation.
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to recover the demand function.3

One might wonder why not use the price of land instead of transportation costs to estimate the

demand. Unfortunately, data on land prices available for the Brazilian Amazon do not distinguish

the price of forested land from the price of agricultural land. As a result, variation in the observed

average land price cannot be used to infer variation in the relative values. Another possibility would

be to explore data on penalties for illegal deforestation. However, data on punishments are scarce.

In addition, signi�cant evidence that the legislation has not been fully enforced in the Amazon

exists (see Subsection 2.2).4

Note that even if the data on land prices and on punishments were available, exploiting regional

variation in transportation costs is appropriate to recover farmers�responses to permanent taxes

because persistent changes in private values are likely to be captured by di¤erences in transportation

costs in a geographical cross-section. I therefore estimate the demand function combining the

Brazilian transportation network of 2006 with the Brazilian Agricultural Census of 2006, which

is the most recent and comprehensive data available for the agricultural sector in the country. I

supplement the data with spatial information on important determinants of land use such as soil

quality, topography, temperature and precipitation.

Because the three policies try to in�uence what farmers are doing with their land, I focus on

landowners�choices within private properties. It makes little sense to tax (or pay for) land that

no one owns; and the 80 percent rule does not apply to public land. Deforestation of public land

is an important problem in the Amazon, but one that I must ignore here. I also split the sample

into di¤erent farm sizes and run the analysis separately for each sub-group. Separating the groups

allows for diminishing (or increasing) returns to agricultural land that may a¤ect farmer�s private

valuations. It also may be informative for policy-makers. To the extent that policy makers may

view payment programs as a way to reduce poverty, they may want to adjust the payments to small

landholders.5

3 In principle, the relative value of agricultural land could increase with the transportation costs. I do not impose
restrictions on the direction of the e¤ect in the estimation procedure - all I need is that transportation costs has a
di¤erential impact on the private values. The �rst step of my strategy relates to a growing literature that estimates
the impact of roads on deforestation. See Reis and Guzman (1992), Chomitz and Gray (1996), Pfa¤ (1999), Andersen
et al. (2002), and Weinhold and Reis (2008). For a review of the literature see Nelson and Geoghegan (2002).

4A third approach would measure the value of alternative land uses by means of "engineering/costing models." One
can calculate the values of the land uses from the revenues and costs of the di¤erent alternatives of a representative
farm [Börner et al. (2010)]. Although the procedure provides valuable information, it may be potentially limited
in recovering the actual preferences of farmers because there may be private bene�ts or costs (some possibly non-
pecuniary) to alternative land uses that the researcher is unaware of. See Stavins (1999) for a discussion.

5A¤ecting decisions within farmland is an important way to promote conservation, considering that the properties
occupy about 18 percent of the Amazon, according to the Brazilian Agricultural Census of 2006. More importantly,
the deforestation has been more intense in the states of the South Amazon (the states of Rondônia and Mato Grosso,
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The main policy implications from the estimated demand function are the following: �rst, taxes

could have been e¤ective in avoiding deforestation if they were implemented and fully enforced.

For example, in response to a Pigouvian tax of US$ 40 per hectare per year on agricultural land,

farmers would be willing to maintain 80 percent forest coverage on private properties as opposed

to the 40 percent forest coverage observed in the data. The 40 percent di¤erence corresponds to

approximately 30 million hectares. To have a sense of magnitude, farmers�average gross revenue

per hectare in the Amazon in 2006 was US$ 120/ha. If their pro�t margins were approximately 10

percent of the gross revenues, it should be no surprise that many farmers would not be willing to

produce with such a tax.6

Second, the policies should not target the small landholders. The fact that large landholders are

the most responsive to taxes/payments, together with the extremely unequal distribution of land in

the Amazon, suggests that payments unlikely reduce local poverty and deforestation simultaneously.

Third, the existing legislation (the 80 percent rule) could have been expensive for local farmers

if it were perfectly enforced. It could have resulted in, at least, US$ 4.7 billion per year of farmers�

lost surplus. A tax of US$ 40/ha could also result in 80 percent of forest cover, but it would have

been roughly ten times less expensive: farmers�lost surplus would have been approximately US$

484 million per year - provided the tax revenues were redistributed to them.7 The 80 percent rule

would have been more expensive than taxes because the more productive farms would have to use

less land for agriculture and, so, would have forgone more pro�ts. In addition to the di¤erences

in costs, the geographic pattern also would be di¤erent: deforestation under taxes would be more

concentrated in the South Amazon, arguably the most productive area. As a result, the forests in

the center regions of the rainforest would have been less fragmented, which may be advantageous

from a biodiversity point of view. Payments of US$ 40/ha would have the same impact as taxes -

but would require US$ 2.5 billion per year of transfers to farmers (approximately 1.4 percent of the

Brazilian federal budget for 2006). As far as I am aware, this is the �rst study quantifying these

costs for the Amazon.8

Finally, by combining the estimated demand for deforestation with the geographic distribution

of the carbon stock in Brazil [Baccini et al. (2012)], I obtain a "supply of avoided emissions." If a

see Section 2) where private properties occupy about 45 percent of their total area.
6The standard deviation of the gross revenues in 2006 was US$ 560/ha. The high dispersion may help explain

why a considerable amount of land might still be farmed under the US$ 40/ha tax. Note that, instead of a perfectly
enforced tax, one may interpret the US$ 40/ha as the expected tax that farmers would pay.

7Tax revenues would have been approximately US$ 627 million per year (0.35 percent of the Brazilian federal
budget for 2006).

8A perfectly targeted policy paying US$ 40/ha only to those who would deforest their lands, and not paying those
who would not deforest, would have cost almost half the non-targeted program: US$ 1.2 billion per year.
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carbon tax of (or a REDD+ program paying) US$ 1 per ton of CO2 per year were implemented,

farmers would be willing to avoid the emissions of approximately 4 billion tons of carbon (by

avoiding deforestation). The avoided emissions correspond to approximately 3 years of worldwide

emissions from land-use change [IPCC (2007)]. A carbon tax at the social cost of carbon - US$

21/tCO2 for 2010 (2007$) [Greenstone et al. (2011)] - could virtually eliminate the agricultural

land in the Amazon.

2 Background

2.1 Brief History of the Occupation of the Amazon

Before the 1960s, the Amazon was barely occupied. Open access to forestry was typical and the local

economy was based on subsistence and a few extraction activities: mainly rubber and Brazilian

nuts. Most of the municipal seats were established by late 1800s and early 1900s as a result of

these activities.9 During the 1960s and 1970s, however, the military dictatorship promoted the

occupation of the region. The explicit objective was to secure the national borders and to integrate

the region. They constructed hydroelectric facilities, mining, ports, and around 60,000 km of roads

[Andersen and Reis (1997)]. The �rst overland connection between the Amazonia and the rest of the

country was completed in 1964: a highway linking Belem, an Amazonian state capital, and Brasilia,

the country�s capital city located in the central region (See �gure 1 in Subsection 2.3). During the

1980s, the economic recession and hyperin�ation led the government to cut investments. After the

1990s, ecological concerns shaped the policies in the Amazon. IBAMA (Brazilian Environment

Protection Agency) was created in 1989 to monitor and enforce environmental policies. In 1996,

the required share of forest cover on private land in the Amazon increased from 50 percent to 80

percent.

2.2 Legislation and Penalties

If a farmer wants to clear a fraction of her land, she needs to hold many licenses and authorizations,

including a detailed plan of management that must be approved by IBAMA. The requirements are

costly, time consuming and may take several months to be approved [Hirakuri (2003)]. Sanctions

for forest-related violations include �nes ranging from US$ 2,300 to US$ 23,000 per hectare, the

seizure of products and equipments, and the suspension of activities. The �nes are extremely costly

to farmers in view of their average gross revenue per hectare, which was US$ 120/ha according to

9Source: http://cidades.ibge.gov.br/xtras/home.php
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the Agricultural Census of 2006.

However, there is evidence that the legislation has not been fully enforced. For example, between

2005 and 2009, IBAMA applied 24,161 �nes totalling about US$ 7.34 million, but the revenues

collected from these �nes were only 0.6 percent of the total value [TCU (2009)]. Perhaps more

importantly, the proportion of deforested area (according to the satellite images) that received

�nes was small before 2006: approximately 0.15 percent in 2003; 0.1 percent in 2004; 1.2 percent

in 2005; and 7.9 percent in 2006. Furthermore, Brito and Barreto (2006) analyzed a sample of 55

court cases against environmental violations in the forest sector in the Pará state between 2000 and

2003 and found that only 2 percent of the o¤enders were criminally liable. Therefore, given the

apparent small expected cost of punishment, one might expect farmers to slash-and-burn to clear

the land without authorization.10

2.3 Transportation Network

Figures 1 and 2 present the transportation network in Brazil. The left panel of �gure 1 shows the

map of Brazil with the location of the Amazon rainforest and the names of the Amazonian states;

the navigable rivers; and the main ports. Rivers have always been important in the Amazon,

especially in the western region where they are the only option of transportation for the local

population. The right panel of �gure 1 presents the railroads and the Amazonian state capitals.

Railroads are not very prevalent in the Brazilian territory, are concentrated in the southeast and

are mainly directed to ports. The main ports in the country are also located in the southeast;

the most important ports being the Port of Santos and the Port of Paranaguá. Not only is the

infrastructure of these ports better, the roads linked to them are also of better quality than in the

rest of the country, making them a better option than the ports in the north for exports.

Figure 2 shows, in the left panel, the location of roads distinguishing paved from unpaved roads.

Most of the roads in the Amazon are unpaved (89 per cent according to the Ministry of Transport).

The few paved roads in the region tend to connect the main state capitals. The right panel of �gure

2 puts together the transportation network and the deforested area in 2006 according to satellite

images. The spatial correlation between them can easily be seen. Most of the deforested area is

concentrated in the southern and eastern parts of the Amazon, which is normally called the "Arc

of Deforestation". Nepstad et al. (2001) documented that approximately two-thirds of the total
10The proportion of deforested area that received �nes has increased after 2006: 49 percent in 2007; 44 percent

in 2008; 51 percent in 2009, and 24 percent in 2010 (based on information provided by Pedro Ferraz Cruz, from
IBAMA, in a personal message sent on April 7, 2011). It seems to be the result of the increased government e¤orts
to slowdown deforestation combined with the better use of satellite images. I plan to investigate in the future the
impacts of the change in the monitoring e¤orts. See Assuncao et al (2012).
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Figure 1: Transportation Network - Rivers and Railroads

Amazon deforestation between 1978 and 1994 occurred within 50 km of major paved highways.

2.4 Area Occupied

Private farmland occupies about 18 percent of the Amazon, but the proportion varies depending

on the region: it occupies 45 percent of the South Amazon; 19 percent of the Eastern Amazon;

and 4.5 percent of the Western Amazon. Conservation Units and Indigenous Reserves accounted

for approximately 44 percent of the Amazon by 2010 [INPE (2010)]. A rough calculation therefore

suggests that approximately 38 percent of the region is unprotected public land - that can still

be occupied and claimed by squatters. Despite this fact, most farmers have their land titles (85

percent), and the proportion of farms with no land titles is higher among the small landholders (20

percent).11

Most of the private farmland is used for pasture (about 49 percent) and most of the cattle is

used to produce beef. The area occupied by crops is only 10 percent. Its participation, however, has

increased lately in the "Arc of Deforestation". Soybeans is the most important product (it occupies

about 22 percent of the crop area), followed by corn (11 percent), manioc (11 percent), rice (8.4

percent) and beans (4 percent). Finally, forests occupy about 37 percent of the private land. Among

11The South Amazon comprises the states of Rondônia and Mato Grosso; the Eastern Amazon, the states of Pará,
Amapá, part of Tocantins and part of Maranhão; and the Western Amazon, the states of Amazonas, Acre and
Roraima. See Figure 1. Small landholders in the present paper are those who own farms with less than 5 hectares.
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Figure 2: Transportation Network and Deforestation

the extraction of forest products, the most important in terms of the value of production in 2006

was açaí, an Amazonian fruit (41 percent), and timber (39 percent).12

3 Model and Estimation

Next, I present a simple stylized model to guide the empirical application. Before presenting the

details of the model, a couple of remarks are in order. First, deforestation is de�ned here as the

share of agricultural land on private properties. I assume the land was originally forested, so that

clearing it for agriculture is equivalent to deforesting. The remaining area can be used for managed

forest.13

Second, the available data is aggregated at the municipality level. It is not possible then to

distinguish between a model in which farmers choose the share of agricultural land and a model in

12Brazil has the largest number of cattle in the world (171 million cattle in 2006, of which approximately 35%
were in the Amazon). It is the second largest producer of beef and is the largest beef exporter. Brazil also is
the largest exporter of soybeans in the world (USDA, www.fas.usda.gov/psdonline/). Production of soybeans and
corn are located mostly in the South Amazon and are directed to international markets. Manioc, rice and beans
are consumed domestically, with manioc being more concentrated in pristine areas, possibly for subsistence. Açaí is
primarily produced for domestic markets. The logging industry is located along the "Arc of Deforestation" and it
directed 36 percent of its production (after processing) to international markets in 2009 [Pereira et al. (2010)].
13Although most of the deforestation took place in the past, transportation costs must have decreased over time as

the transportation network evolved. The incentives to deforest in response to these costs must have increased over
the years. As a result, if a farmer had cleared her land in the past, she would probably clear it in 2006 if she were to
decide in that year.
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which there is a continuum of farmers making binary choices. The typical exercise in the literature

that estimates the impact of roads on deforestation assumes a binary choice model for landowners�

decisions and aggregates their choices at the municipality level [Pfa¤ (1999)]. I follow the literature

to make my procedure comparable to the existing papers and because the binary choice model is

convenient to interpret the results.14

Next, I present the details of the model. Then, I proceed discussing the rescaling exercise and

the identi�cation strategy.

3.1 Model

Take a parcel of land i located at municipality m and that belongs to a farm of size s. Assume

there is a continuum of such parcels, and for each one, the farmer is deciding whether or not to

clear it for agriculture. Let Pims be a vector with output and input farmgate prices and Zims be

the vector of productivity shocks. De�ne �a (Pims; Zims) as the expected discounted present value

of future pro�ts obtained by using the parcel for agriculture, including the conversion costs, and

�f (Pims; Zims) as the corresponding value obtained leaving the plot as managed forest. Let Yims

equal one if the plot i is cleared and zero otherwise. Then:

Yims = 1
n
�a (Pims; Zims) > �

f (Pims; Zims)
o
;

where 1 f.g is the indicator function.

The productivity shock is assumed to be the vector Zims = (Zm; Um (s) ; "
z
ims), where Zm

is a municipality-level vector of observed productivity shifters, such as soil quality and other agro

climatic conditions; Um (s) is a municipality-level unobserved productivity shock; and "zims captures

the farmer�s unobserved idiosyncratic abilities, e¤orts and the deviations from Zm and Um (s) within

m. Because the empirical analysis is done separate for each farm size, it is possible to allow the

unobservable Um (s) to be indexed by the size of the farm - which allows for a richer model than

the usual municipality random e¤ect model. I.e., a municipality may be good for agriculture for,

say, large farms, but may not be as good for small landholders.

I assume farmers are price takers, that all production is sold in nearby markets or exported

directly, and that a no-arbitrage condition holds. The assumptions imply that local prices are

determined by the international price minus the transportation cost to the nearest port, i.e., Pims =

P � TCims. The transportation cost TCims by its turn can be decomposed into TCm and "tims.

14The aggregated data also prevents me from considering local neighbor interactions. See, e.g., Alix-Garcia, Shapiro
and Sims (2012).
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The cost to transport a product from the municipal seat to the nearest port is denoted by TCm; a

proxy for this variable is observed in the data. The deviation of the farm�s transportation cost to

TCm is denoted by "tims, is unobserved by the econometrician but is observed by the farmer.

Although the costs to transport di¤erent products may not be equal to each other, they should

be proportional: all products use the same transportation network and reach the same ports (under

the no-arbitrage condition). Therefore, the transportation costs of di¤erent products should be

perfectly, or at least highly, collinear - which makes it di¢ cult to separately identify their impacts

on deforestation. I therefore proceed with a unique measurement of transportation costs to re�ect

di¤erences in local prices. The exact proxy for TCm is explained in Section 4.

The existing literature typically projects the di¤erence between �a and �f on the municipal-

level variables (TCm;Zm; Um (s)) and collapses all individual heterogeneity into a single scalar "ims.

In the present case, the model reduces to

Yims = 1
�
Z 0m�s � �sTCm + Um (s)� "ims > 0

	
;

where the coe¢ cients can be di¤erent for di¤erent farm sizes. In addition, an extreme value

distribution for "ims is typically imposed. The resulting logit model can be estimated after taking

the di¤erences of log shares as:

log

�
Ym (s)

1� Ym (s)

�
= Z 0m�s � �sTCm + Um (s) ; (1)

where Ym (s) is the share of agricultural land within farms of size s in municipality m.

Note that the size of the farm, s, is not an explanatory variable in equation (1). I do not

attempt to explain deforestation by exogenously varying the size of the farms. Although the endo-

geneity of farm sizes has been extensively discussed in the literature, particularly in the literature

that estimates impacts of cultivated agricultural area on rural productivity (see, e.g., Foster and

Rosenzweig (2011) and the references cited therein), there is no problem of endogeneity of farm

sizes when estimating equation (1).15

The typical exercise in the literature estimates equation (1) using OLS [Pfa¤ (1999)]. My

procedure builds on the typical exercise, but improves upon it in three aspects. First, transportation

costs are instrumented with straight-line distances to the main destinations, Dm, which addresses

the potential endogeneity of roads and measurement errors in transportation costs. Second, I

15To identify impacts of farm sizes on the pro�tability of farms in India, Foster and Rosenzweig (2011) make use
of the fact that a substantial fraction of the households in their data divided and/or received inherited land because
a parent died. This source of exogenous variation together with the panel data structure are exploited to handle the
endogeneity of farm sizes.
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use a quantile regression instead of a mean regression. Third, I relax functional form restrictions

by dropping the logit assumption to check whether it may drive the results. In the next set

of paragraphs, I expose the more �exible model I adopt. However, I leave for Subsection 3.3 a

discussion of the reasons why transportation costs to the nearest port should be instrumented and

under what conditions straight-line distances to the main destinations are expected to be valid

instruments.

Weinhold and Reis�(2008) and Pfa¤ and Robalino�s (2009) results suggest that the impact of

roads on deforestation may depend on the level of the previously cleared area. Presumably, a highly

deforested place must be so good for agriculture in terms of unobservables that transportation costs

would have to increase considerably to a¤ect the share of agricultural land. On the other hand, a

preserved location may be so bad for agriculture that small increases in TCm could substantially

reduce deforestation. The impacts of roads therefore likely di¤er on the upper tail and on the lower

tail of the distribution of deforestation (across municipalities). The relative value of the agricultural

land also likely di¤ers, which may a¤ect the geographic pattern of land use from taxes. Some places

may be more sensitive to taxes than others and, so, may face larger costs (lost surpluses) from

taxes. The local di¤erences may lead to non-trivial impacts on the aggregated costs of the policy

interventions.

To allow transportation costs to a¤ect the entire distribution of deforestation I therefore turn

to a quantile model. Instead of estimating equation (1), I estimate:

log

�
Ym (s)

1� Ym (s)

�
= Z 0m� (Um (s))� � (Um (s))� TCm; (2)

where Um (s) is assumed to have a uniform distribution on [0; 1] given the instruments, Dm. It is

clear from the random coe¢ cient representation in (2) that the coe¢ cients can depend arbitrarily

on both the farm size s and the quantile u. This �exibility relaxes the role of both the single-index

restriction and the logit assumption in determining the shape of the demand for deforestation. I es-

timate equation (2) using the instrumental variable quantile regression estimator (IVQR) proposed

by Chernozhukov and Hansen (2008). From now on, I change the notation slightly and denote the

coe¢ cients by (�su; �su).

Next, I drop the logit assumption and estimate the semiparametric model:

Gs (Ym (s) ; u) = Z
0
m�su � TCm; (3)

where the function Gs (:; u) is unknown. Because a normalization for the single-index is required,

the coe¢ cient on transportation cost is normalized to be minus one and the constant, to be zero.
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The normalization is without loss as long as TCm impacts the deforestation negatively. The semi-

parametric quantile IV model (SPQIV) is estimated using the penalized sieve minimum distance

estimator (PSMD) proposed by Chen and Pouzo (2012). The details of the estimator is explained

in the Supplemental Material [Souza-Rodrigues (2013)].

Denote the distribution of "ims by Fs = G�1s . Then, the share of agricultural land in municipality

m for farms of size s is given by:

Ym (s) = Fs
�
Z 0m�su � TCm; u

�
: (4)

3.2 The Rescaling Exercise

The scale normalization in a binary choice model de�nes the unit in which the di¤erence in the

private values
�
�a ��f

�
is measured. By �xing the coe¢ cient of transportation cost to be minus

one in (4), the estimated di¤erence in private values is measured in the same units as TCm, i.e.,

in dollars per ton of output transported. The normalization is useful: to evaluate how farmers

would respond to a Pigouvian tax (measured in dollars per hectare) it is su¢ cient to rescale the

tax value to dollars per ton of output transported so that the resulting change in the private values,�
�a ��f

�
, is measured in dollars per ton of output transported.

Formally, denote by qm (s) the quantity (tons) of agricultural output sold per hectare for farms

of size s in municipality m. The e¤ect of raising the value of the forested area by US$ t per hectare

on farmers�land-use decision is then:

Y tm (s) = Fs

�
Z 0m�su � TCm �

t

qm (s)
; u

�
: (5)

where Y tm (s) is the counterfactual share of agricultural land. Equation (5) de�nes the demand for

deforestation in this paper. The same reasoning can be applied to the logit model, even though it

has the "wrong" normalization.16

The rescaling exercise has two potential problems that I discuss next: an aggregation problem

and an endogeneity problem. Because the data is aggregated at the municipal level, the aggregation

problem involves the choice of the products that may be considered in qm (s). The endogeneity

problem refers to the fact that qm (s) itself may respond to TCm.

16 In principle, observed variables other than TCm could be used to �x the scale of the private values. But, to
be useful, any such variable would have to satisfy the following requirements: (i) it must a¤ect farmers� decision
signi�cantly, i.e., it must have a coe¢ cient that is di¤erent from zero; and (ii) it must be measured in dollars in a
way that can be converted into the right unit. None of the variables in Zm in the data set satis�es the requirements.
Note that the normalization in the logit model does not require TCm to impact the deforestation negatively.
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3.2.1 The Aggregation Problem

If the micro-data on farmers�decision level were available, I could assume that the cleared land

is in its best private use and I could put the individual yields directly into (5). However, because

the data is aggregated at the municipality level, and because there are hundreds of products being

produced in the Amazon, some care is needed in de�ning the rescaling factor. I selected the most

representative products in the Amazon and constructed two di¤erent productivity indices to check

by how much the results were sensible to the indices. The �rst index is based on the production

of beef and the yields of the most representative crops (those discussed in the Subsection 2.4). It

is denoted by qcpm (s). The second index, denoted by qcm (s), only considers the main crops and

ignores the pasture land. The weights in the indices are the proportions of the area utilized for

each product.17

Di¤erent productivity indices are associated with di¤erent underlying multinomial choice mod-

els. The �rst index, qcpm (s), is associated with a "�xed-proportions" model. The underlying as-

sumption in this case is that once the land is cleared for agriculture, it is used in �xed proportions

for pasture and for the main crops. The proportions are allowed to di¤er for di¤erent municipali-

ties, but they are �xed within the municipality. It does not allow for �exible substitution patterns

among the possible land-uses. If the importance of the substitution patterns is not central for the

present problem the "�xed-proportions" model should provide a good estimate of the demand for

deforestation.

The second index, qcm (s), is associated with a "vertical" multinomial choice model: once the

land is cleared for agriculture, it is used only for the representative crops. In this case, farmers do

not substitute forests for pasture. The "vertical" model likely results in an upper bound on the

demand for deforestation. To see why, note that because the production of beef is land-intensive,

one should expect the �rst index, qcpm (s), to be smaller than the second, qcm (s) - as it is in the data.

Furthermore, because Y tm (s) is increasing in qm (s) - see equation (5) - the demand curve based on

the "vertical" model should be above the demand curve based on the "�xed-proportions" model,

and also should be above any demand curve that allows for rich substitution pattern between forests

and pasture.

There is an essential di¢ culty in the present data set to recover �exible substitution patterns

17Although bulk products and sacks must have the same transportation costs [Castro (2003)], transporting livestock
and frozen meat are more expensive. According to the freight data, it is 30 percent more expensive to transport
frozen meat than soybeans. For this reason, I increased the weight for the beef in the productivity index qcpm (s) by
30 percent so that the transportation costs of all products are measured in terms of the costs to transport one ton of
crops (see Supplemental Material).
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among the land-uses within agricultural areas. In principle, the substitution patterns can be re-

covered by exploiting choice-speci�c variables that shift the value of each land-use independently

of the value of the other options [Berry and Haile (2012)]. However, there is no variable satisfying

such a requirement in the present data set. Although one might argue that it is still possible to

estimate a parametric multinomial choice model in the absence of the choice-speci�c variables, the

estimated model could be inconsistent with the underlying model associated with the productivity

indices. And the indices are necessary to recover the demand for deforestation. For this reason,

I opted for being agnostic in how the agricultural area is divided when estimating the impacts of

TCm on deforestation, and experimented with the di¤erent indices associated with the di¤erent

multinomial models.

3.2.2 The Endogeneity Problem

The second potential problem refers to the fact that the local yields may be a¤ected by changes in

transportation costs. I regressed both productivity indices on the same set of explanatory variables

and used the same set of instruments as in the land-use regressions and I found small nonsigni�cant

impacts of TCm (see the Supplemental Material). The elasticities are all reasonably close to zero.

Farmers therefore seem to adjust the extensive margin (land-use), but not the intensive margin

(production per hectare), in response to changes in transportation costs. The result is consistent

with Roberts and Schlenker (2013). Using a world supply and demand model for grain crops, they

�nd that almost all of the supply response to changes in commodity prices comes from an expansion

of the cultivated area.

3.3 Identi�cation Strategy

There are several reasons why one needs to instrument transportation costs. First, they are likely

measured with an error. The proxy for transportation costs is de�ned here as the minimum unit

cost (US$/ton) to transport one ton of goods to the nearest port using the most cost-e¤ective route.

It is a common proxy used in the literature [Donaldson and Hornbeck (2013)], but it may not be

an accurate measurement of the real costs that farmers incur and, so, is potentially mismeasured.

If the measurement error is classical, it may induce an attenuation bias in the OLS estimates.

Second, previously deforested regions may have a higher demand for improvements in local

infrastructure conditions, including more and better roads, which leads to reverse causality in the

cross-sectional data. Third, roads may have been built in response to pro�table situations. A

common example states that unobservable (to the econometrician) soil quality for agriculture in
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a given location may have induced both deforestation and the presence of roads to access the

location. Both the simultaneity and the omitted variable problems may induce the OLS regression

to overstate the impact of transportation costs.

In the present case, however, the omitted variable problem does not necessarily lead to an

upward bias. As mentioned in Subsection 2.1, early occupations in the Amazon were based on

the extraction of rubber. And regions that are well suited for the rubber trees (Hevea brasiliensis)

may or may not be well suited for agriculture. The soil quality in the Amazon actually is poor

for agriculture in most regions (see Subsection 4). Because good navigable rivers may have been

used and past uno¢ cial roads may have been built to access valuable trees (including the wild

rubber trees), but more recent roads (and their recent improvements) may have been directed to

agricultural regions, it is not clear ex-ante the direction of the bias of the OLS estimator [Pfa¤ et

al. (2009)].

In this paper, I use straight-line distances to the nearest port and to the nearest state capital

as instruments for transportation costs. In the following paragraphs I discuss (i) why one should

expect straight-line distances to be strong instruments, and (ii) under what conditions one should

expect the instruments to satisfy an exclusion restriction condition.

First, it is evident that distances to the nearest port should correlate with the costs to the

ports. Furthermore, to the extent that state capitals are connected with better transportation

infrastructure, a location close to a state capital should have smaller costs (ceteris paribus) to

reach the ports. Therefore, the distance to the nearest capital should also be positively correlated

with transportation costs.

The conditions under which the instruments satisfy the exclusion restriction are more involved.

I start following the discussion presented by Chomitz and Gray (1996). Because locations of major

towns - in the present case, ports and state capitals - were determined by geography and historical

reasons long before the expansion of the roads in the 1970s, I can construct an exogenous network

of roads by linking the major centers with straight-lines.18 The distances computed using the

virtual network should be correlated with transportation costs to ports, because the location of

the towns creates links between the major centers, but not the precise routing. Similar to the

ports and to the state capitals, most of the municipal seats in the Amazon were established long

before the occupation of the Amazon. They were established by late 1800s and early 1900s and, as

discussed earlier, not necessarily located in areas where agricultural activity was more valuable. It

18All state capitals and ports used in this paper were established before or during the 19th century, except for
Porto Velho (founded in 1907).
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is conceivable therefore that the virtual road network is exogenous to the agricultural activities that

took place in the Amazon after the 1970s. By noting that using the virtual network and computing

straight-line distances directly to the main destinations provide the same information, I opted for

the simpler solution.19

Although the virtual road network can be viewed as exogenous to the recent agricultural ac-

tivities, it is still possible that the straight-line distances correlate with factors that a¤ect farmers�

decisions to deforest. It is therefore necessary to control for these factors. As discussed in Sub-

section 3.1, farmers�decisions depend on productivity factors and on farmgate output and input

prices. Once these factors are taken into account, straight-line distances do not in�uence their

choices. I therefore control for di¤erences in productivity using measurements of soil quality and

various agroclimatic variables. Variation in local prices is explained by variation in transportation

costs to the nearest port, at least for tradable goods.

The instruments may be invalid if there are outputs or inputs whose prices are not �xed in the

international market. In this case, local market conditions may a¤ect local prices and correlate

with straight-line distances to the main destinations. An important example is local labor markets.

For instance, wages may have to increase as the municipalities locate further away from the near-

est capital, all else being constant, to compensate workers for working away from desired places.

Municipalities further away from the capital may deforest less than a location close to the capital

because of wage di¤erences. If the wage di¤erences are not controlled for in the regression and

correlate with the instruments, then the instruments are invalid. A similar problem may occur if

there are other non-tradable inputs and outputs.

To minimize this problem I include in the regressions factors that shift local demand and supply

for non-tradable outputs and inputs that may correlate with straight-line distances. I included the

local population, the presence of power plants (mainly hydroelectric facilities) and local mining.

While the local population shifts the supply of labor and increases the demand for non-tradables,

power plants and mining shift both the demand for labor and non-tradables. Although one may be

concerned with the endogeneity of population, I included and excluded population in the regressions

19The strategy here is similar to the approach adopted by Banerjee, Du�o and Qian (2012), who studied the impact
of transportation costs on local GDP in China. However, di¤erently from their strategy, I do not construct treatment
and control groups based on how close a region is to the straight-lines. The di¤erences in deforestation in these
regions would not capture the overall impacts of roads. It could only explain the di¤erential impacts on the groups,
which are not su¢ cient for my purpose. In addition, their strategy does not take into account improvements in roads
elsewhere in the transportation network. It cannot therefore capture impacts of improvements to one segment of
road that may a¤ect municipalities far away from that segment. I instead consider roads as a network and estimate
aggregate impacts of transportation networks in a similar spirit as in Donaldson and Hornbeck (2013).
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and the results do not change signi�cantly. I present the estimates in the Supplemental Material.20

There are two other factors that may a¤ect farmers�decisions to deforest: the level of enforce-

ment and the potential lack of property rights. In principle both factors could be correlated with

straight-line distances. If the di¢ culty to monitor and punish farms for illegal deforestation is

higher for farms located in more pristine areas, then the further away the farm is, the less monitor-

ing there will be, and, so, the more incentives the farmer will have to deforest. In short, the larger

the distance, the larger the deforested area. In this case, instrumental variables underestimate the

impacts of transportation costs. The bias implies that taxes should have larger e¤ects on farmers�

willingness to deforest than the estimated here. To investigate this possibility I include the distance

to the closest IBAMA agency (the Brazilian Environmental Protection Agency) in the regressions

as a proxy for the di¢ culties in monitoring. The inclusion however does not change the results

signi�cantly (see Supplemental Material), which reinforces the interpretation that the legislation

has not been enforced.

Another problem is the potential lack of property rights. Historically, farmers had incentives to

deforest as a way to secure their land tenure [Andersen et al. (2002)]. It is conceivable then that

the farther away the farm is from a state capital, the less secure their land rights are, and, so, the

more incentives farmers have to deforest. Similarly to the monitoring e¤orts problem, the larger

the distance, the larger the deforested area. Again, instrumental variables should underestimate

the impacts of transportation costs, and taxes should have larger e¤ects than the estimated here.

To address this issue I include a proxy for property rights in the regressions. In the Brazilian

Agricultural Census, the best proxy for property rights is the proportion of private land with land

title. Presumably, the smaller the proportion of land with land titles, the smaller the tenure security.

The inclusion of such a proxy however is not without problems. The proxy may be endogenous,

as more deforestation may have led to higher proportion of land titles. The proxy may therefore

su¤er from simultaneity bias. It is not clear ex-ante if this bias would induce an upward or a

downward bias in the coe¢ cient for transportation costs. The solution to this problem of course is

to use instruments for the proportion of land titles. But �nding sources of exogenous variation for

property rights within a country is an extremely di¢ cult task - I have no clear instruments in the

data set. In sum, the problem here is that excluding a proxy for property rights may underestimate

impacts of transportation costs on deforestation, but including it may also cause a bias from the

20Labor is a scarce factor in the Amazon and both medium and large farms are likely land- and capital-intensive,
but not labor-intensive. So, the share of wages on costs is probably small. It may be di¢ cult therefore to capture
impacts of factors that shift the local demand and supply of labor on deforestation.
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simultaneity problem. In spite of all these di¢ culties, the inclusion and exclusion of the proxy

for property rights in the regressions do not a¤ect the estimates signi�cantly (see Supplemental

Material). Although both estimates could be equally biased, the results are reassuring. Most

farmers do have their land titles (85 percent) and it is possible that they may not need to deforest

as much to guarantee their property rights. Or, at least, their land tenure status may not a¤ect

how their deforestation decisions relate to transportation costs. In any event, if the estimates are

biased, one should expect taxes to have larger e¤ects than the estimated here.21

4 Data

Next, I describe the data set. First, I discuss the dependent variable and the endogenous regres-

sor. Then, I present some summary statistics. The set of covariates that I use is: Soil quality,

Temperature, Precipitation, Altitude, Local Population, Local Mining and Local Power Plants. In

the robustness analysis I also use the Distance to IBAMA and the Proportion of Private Land with

Land Title. A detailed description of the variables and the productivity indices is provided in the

Supplemental Material.22

4.1 Dependent Variable: Deforestation

The land-use classi�cation in the Brazilian Agricultural Census of 2006 is divided into several

categories which were aggregated in two: agricultural and forested land. Agricultural land includes

pasture and crops, while forested land aggregates managed forests and forests that are not currently

being exploited. The groups of farm sizes considered here are: (i) small farms (those with less than 5

hectares); (ii) small-to-medium farms (those with an area between 5 and 50 hectares); (iii) medium-

to-large farms (those with an area between 50 and 500 hectares); and (iv) large farms (those with

more than 500 hectares).23

4.2 Endogenous Regressor: Transportation Costs

The proxy for transportation costs is de�ned as the minimum unit cost (US$/ton) to transport

one ton of goods to the nearest port. When directed to international markets, the main products

21 In case the instruments are invalid even after controlling for all these factors, point identi�cation is lost, but
partial identi�cation is still possible. The monotone instrumental variable approach of Manski and Pepper (2000)
can be used to partially identify the parameters of interest. I leave this extension for future work.
22 I am grateful to Professor Eustáquio Reis, who kindly made the soil quality data available; and to Professor

Newton de Castro, who suggested the method to compute the transportation costs.
23Satellite data would be another option to measure the land use, but it cannot distinguish between deforestation

on private and public land. Because the distinction is important here, I opted for the census data.
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in the Amazon normally use either the ports in the North (Port of Santana, Port of Belém and

Port of Itaqui) or the ports in the South (Port of Santos and Port of Paranaguá), see Figure 1

in Subsection 2.3. I therefore selected these �ve ports to be the main destinations for the proxy

for the transportation costs. The least cost path to the nearest port is computed in ArcGIS using

the transportation network for 2006 and the freight rate data collected by SIFRECA (Sistema de

Informações de Fretes). Because almost all the information I obtained from SIFRECA for the

Amazon corresponded to costs of transporting soybeans, the proxy TCm measures the minimum

cost to transport one ton of soybeans.

4.3 Summary Statistics

There are 528 municipalities in the data set. All municipalities with a positive fraction of their

area in the Amazon Biome were included in the sample. Table 1 presents some summary statistics.

Farms occupy, on average, about 39 percent of the municipal area; and the fraction of private land

used for agriculture is 65 percent on average. The cost to transport one ton of soybean from the

South Amazon (the region where the soybean is produced) to the Port of Santos was 30 per cent

the price of the soybean at the port - a signi�cant cost for farmers.24

Statistics Mean Std Dev Min Max
Number of Farms 1222 1165 37 11544
Prop. of Farm Area on Municipality Area 0.39 0.27 0 0.98
Prop. of Deforestation on Private Area 0.65 0.2 0.12 1
Cost to Port (US$/ton) 41.5 33.5 0 163
Distance to Port (km) 868 717 0 2627
Distance to Capital (km) 316 219 0 900
Temperature (oC) 26.5 0.56 25 27.5
Rain (mm/year) 184 32 111 272
Altitude (meters) 116 126 0 920
Prop. of Good Soil 0.05 0.17 0 0.99
Prop. of Good/Medium Quality Soil 0.08 0.22 0 1
Prop. of Medium Quality Soil 0.04 0.18 0 0.99
Prop. of Low Quality Soil 0.51 0.38 0 1
Prop. of Unsuitable Soil 0.31 0.35 0 1
Number of Local Mining 0.81 2 0 22
Number of Local Power Plants 0.04 0.2 0 1
Local Population (thousands) 27 147 0.09 2617
Prop. of Land with Land Title 0.93 0.12 0.007 1

Table 1: Summary Statistics

24The FOB price of soybean in the Port of Santos in 2006 was approximately US$ 230/ton.
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Table 2 provides information about the di¤erent farm sizes. The numbers in the cells are sample

averages across municipalities. The concentration of land is clear in the table. Despite the fact that

large farms are a small proportion of the total number of farms (5 percent), they occupy about 50

percent of the private farmland; while small farms account for 21 percent of the farms and occupy

only 1 percent of the private land. The small landholders tend to deforest a large part of their land

(90 percent), but the proportion of deforestation diminishes as farm size increases. Remember that

the existing legislation requires the deforestation to be less than 20 percent of the properties.25

Statistics Small Small-Medium Medium-Large Large
Number of Farms 302 413 353 46
Prop. of the Number of Farms 0.21 0.33 0.31 0.05
Prop. of the Private Area 0.01 0.11 0.38 0.5
Prop. of Def. on Private Area 0.90 0.71 0.69 0.62
Yields - Crops/Pasture (qcp) 0.70 0.41 0.41 0.27
Yields - Crops (qc) 1.03 1.04 1.16 0.86

Table 2: Summary Statistics by Farm Sizes (Sample Averages)

5 E¤ects of Transportation Cost on Deforestation

This section presents the estimated impact of transportation costs on deforestation. It begins by

reporting the �rst stage regression to check for the presence of weak instruments, and then it

presents the land-use regressions. I leave for the Supplemental Material the results of the SPQIV

model because there are no signi�cant di¤erences between the logit and the semiparametric models.

This fact suggests that the quantile logit model is su¢ ciently �exible for the present data set.

5.1 First Stage Regression

Table 3 exposes the results of regressing transportation costs to the nearest port on straight-line

distances. For brevity, I omitted the estimated coe¢ cients of the other covariates. It is clear that

both straight-line distances to ports and to the nearest capital are strong predictors of costs to

ports and that there is no problem with weak instruments in this data set.

25Although not presented in the table, small farms tend to produce perennial crops, mainly manioc, and are
primarily located in the Western Amazon. Small-medium and medium-large farms have higher fractions of their land
in corn, rice and beans and large farms produce more corn and soybeans. Also, the larger the farm size, the larger
the proportion used for pasture. Large farms are primarily located in the South Amazon, while medium sized farms
are more frequently located in the East Amazon and in the central regions.
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Costs to Port
Distance to Port 0.087*

(31.35)
Distance to Capital 0.027*

(5.67)
Observations 528
F-statistic 487.4
R2 0.91
t statistics in parenthesis, * p < 0.001.

Table 3: First Stage Regression

5.2 Land-Use Regressions

Next, I present results for the logit models. Table 4 reports the coe¢ cients for costs to the nearest

port and the associated t-statistics in parenthesis for the OLS, the 2SLS, the quantile regression

(QR), and the instrumental variable quantile regression (IVQR) for each farm size. For brevity,

the coe¢ cients of the other regressors are omitted in the table, but they are reported in the

Supplemental Material, when I discuss some robustness exercises.26

I begin the discussion by comparing the OLS and the 2SLS estimates. Remember that the

typical exercise would use OLS to estimate the land-use regressions. As discussed in Subsection 3.3,

it is not clear ex-ante what the direction and the magnitude of the bias from OLS estimates should

be. The OLS coe¢ cients in Table 4 are small in magnitude and not signi�cantly di¤erent from

zero. In addition, they predict positive impacts of costs to ports on the share of agricultural land

for small and medium sized farms. When transportation costs are instrumented with straight-line

distances, the coe¢ cients increase in magnitude (except for smallholders) and their signs become

negative for all farm sizes. The results suggest that an attenuation bias from measurement errors

in transportation costs may be important in the present data set.

Next I focus on the quantile regressions. The IVQR coe¢ cients for medium sized and large

farms are negative, almost all are signi�cant and greater in magnitude than the QR coe¢ cients.

The coe¢ cients are not stable across quantiles, so, even after controlling for observable municipality-

level variables, farms with di¤erent levels of deforested area seem to respond di¤erently to changes

in transportation costs.

The heterogeneity in responses across quantiles may be better illustrated graphically. Figure

26The number of municipalities for small farms is 505; for small-medium is 528; for medium-large, 526; and for large
farms, 461. For all farm sizes, the overidenti�cation tests fail to reject the null of valid instrumetns. For small farms,
the test statistic is 0.15 (p-value=0.7); for small-medium, 1.01 (p-value=0.31); for medium-large 1.45 (p-value=0.22);
and for large farms, 0.10 (p-value=0.74).
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Quantiles
OLS 2SLS 10 25 50 75 90

Small
No IV 0.0030 - 0.0038* 0.0025 0.0028 0.0026 0.0105

(0.94) - (2.19) (1.31) (1.34) (0.95) (1.47)
IV - -0.0029 0.0029 0.0018 -0.0002 -0.0013 -0.0027

- (-0.84) (1.66) (0.89) (-0.07) (-0.44) (-0.16)
Small-Medium
No IV 0.0001 - -0.0000 -0.0008 -0.0013 -0.0012 0.0014

(0.03) - (-0.04) (-0.64) (-1.02 (-0.69) (0.49)
IV - -0.0034 -0.0005 -0.0017 -0.0034* -0.0050** -0.0008

- (-1.59) (-0.42) (-1.34) (-2.51) (-3.36) (-0.26)
Medium-Large
No IV 0.0002 - -0.0048** -0.0036** -0.0033* 0.0003 0.0040

(0.12) - (-3.4) (-2.5) (-2.15) (0.21) (1.59)
IV - -0.0041* -0.0069** -0.0054** -0.0051** -0.0038* -0.0010

- (-2.24) (-4.75) (-3.70) (-3.28) -2.09) (0.38)
Large
No IV -0.0018 - -0.0062** -0.0042** -0.0051** -0.0040** -0.0039

(-1.01) - (-3.96) (-2.64) (-3.29) (-2.09) (-1.71)
IV - -0.0042 -0.0062** -0.0059** -0.0063** -0.0065** -0.0068*

- (1.91) (-3.51) (-3.67) (-4.07) (-3.59) (-3.12)
t statistics in parenthesis
* p < 0.05, ** p < 0.01

Table 4: Land-use Regressions by Farm Size - Coe¢ cients for Costs to Ports
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3 presents the data and the curves for the quantiles u = 0:1; 0:2; :::; 0:9 obtained from the IVQR

estimates. The regressors are �xed at the sample average and costs to ports vary over the observed

range in the data. It is clear that the small landholders are insensitive to transportation costs -

none of their IVQR coe¢ cients are signi�cantly di¤erent from zero. This seems reasonable, because

small farms tend to be concentrated in isolated regions in the Western Amazon and tend to produce

manioc, which is consumed domestically and does not require a signi�cant amount of inputs. They

are most likely producing for subsistence and not engaged in the market. Therefore, their decision

to deforest must be driven by the shadow value of food, and not by the costs to the nearest port.

The model does not seem to be well suited for them and, so, my strategy most likely fails to

identify their demand for deforestation. Despite these problems, because smallholders occupy only

1 percent of the private land, their behavior does not play a major role in environmental policies.

0 20 40 60 80 100 120 140 160 180
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Transportation Cost to Port (US$/ton)

Pr
op

or
tio

n 
of

 D
ef

or
es

ta
tio

n

SMALL FARMS

0 20 40 60 80 100 120 140 160 180
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Transportation Cost to Port (US$/ton)

Pr
op

or
tio

n 
of

 D
ef

or
es

ta
tio

n

SMALL­MEDIUM FARMS

0 20 40 60 80 100 120 140 160 180
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Transportation Cost to Port (US$/ton)

Pr
op

or
tio

n 
of

 D
ef

or
es

ta
tio

n

MEDIUM­LARGE FARMS

0 20 40 60 80 100 120 140 160 180
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Transportation Cost to Port (US$/ton)

Pr
op

or
tio

n 
of

 D
ef

or
es

ta
tio

n

LARGE FARMS

Figure 3: Share of Deforestation vs. Costs to Ports

For other farm sizes, the upper tail quantile curves tend to be concave, while the lower tail

quantile curves tend to be convex - which conforms with the discussion in Subsection 3.1.27

27To compute the curves in the �gure I rearranged the quantiles for each point in the data following the procedure
proposed by Chernozhukov et al. (2010) to avoid quantile crossing. The model is estimated for quantiles ranging on
f0:05; 0:02; :::; 0:95g, to avoid problems with extreme quatiles.
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6 Demand for Deforestation

This section presents the main results of the paper. First, I show the estimated demand for

deforestation on private properties and I discuss how sensible the demand function is to the choice

of the productivity index. Second, I present the geographic distribution of land-use under taxes.

After the geographic distribution, I discuss the implications for carbon emissions and for the optimal

tax. I then discuss the resulting costs for the three policy interventions (taxes, payments and the

80 percent rule), and I close the section with some notes about the limitations of the study.

Figure 4 presents the demand for deforestation for each farm size and the total demand func-

tion based on the "�xed-proportions" model. To compute the demand function, I use the IVQR

estimates of the logit model together with equation (5) in Section 3.2 to predict the fraction of

agricultural land on private properties for each farm size and for each municipality in the dataset.

Then, for each hypothetical tax, I compute the total deforested area from the predicted share of

agricultural land. By summing over the municipalities, I obtain the corresponding demand for

each farm size. Finally, the total demand is obtained by summing over the farm sizes. An implicit

assumption in this calculation is that taxes would not change the distribution of the farm sizes.

Altought taxes could a¤ect the sizes of the farms, such impacts are out of the scope of this paper.

See a brief discussion of this point in Subsection 6.4.

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100

120

140

160

180

200

Agricultural Area (Million hectares)

Tr
an

sf
er

s 
(U

S$
/h

a)

By Farm Size and Total ­ "Fixed­Proportions" Model
Small
Small­Medium
Medium­Large
Large
Total Demand

Figure 4: Demand for Deforestation

One may interpret the total demand in �gure 4 in the following way: if the government had

increased the relative value of the forested land by imposing a perfectly enforced tax charging, say,

US$ 40/ha of agricultural land per year, farmers would be willing to use approximately 15.6 million

hectares for agriculture (20 percent of the private properties) instead of the actual 46.2 million

hectares (60 percent). Because farmers�average gross revenue per hectare in the Amazon in 2006
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was US$ 120/ha, such a tax would drive many farmers out of production.28

It is clear from �gure 4 that the shape of the total demand mainly comes from the demand

of large farms. Policies targeting small landholders are therefore unlikely to promote signi�cant

conservation.

Figure 5 compares the demand for deforestation based on the "�xed-proportions" model and

the demand based on the "vertical" model. As discussed in Subsection 3.2, the demand based on

the "vertical" model is above the curve based on the "�xed-proportions" model, implying smaller

impacts from taxes. One may view the "vertical" demand curve as an upper-bound for any demand

curve with �exible substitution patterns among the di¤erent agricultural land-uses.
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Figure 5: Demand for Deforestation - Di¤erent Speci�cations

6.1 Geographic Distribution

In Figure 6, I present the geographic distribution of the demand function based on the "�xed-

proportions" model. The left panel presents the total agricultural area computed from the Census

data. The darker the region, the larger the agricultural land. The middle panel presents the

counterfactual agricultural land for taxes of US$ 40/ha; and the right panel, the corresponding

map for taxes of US$ 100/ha.29

Farmers in the "Arc of Deforestation" would respond less to taxes. Even under a tax of US$

100/ha, farmers in the South Amazon, the region where the soybean is produced, would be willing

to use their land intensively. The opportunity costs of the agricultural area in this region is probably

too high to not be used for agriculture. Forests in central and western regions could have been

28 Instead of a perfectly enforced tax of US$ 40/ha, one may interpret the results in terms of expected taxes that
farmers pay.
29The numbers in the legend correspond to the quantiles of the agricultural area in the data. The quantiles are

f0:01; 0:05; 0:1; 0:2; 0:3; :::; 0:9g.
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Figure 6: Geographic Distribution of the Demand for Deforestation

more preserved and so less fragmented, which might be bene�cial from a biodiversity point of view.

6.2 Emissions of CO2 and Optimal Tax

Avoided Emissions Implications for emissions of carbon require estimates of the carbon

stock in forested and deforested areas. Baccini et al. (2012) recently measured the geographic

distribution of the aboveground carbon stock in Brazil. I combined their map of carbon stock with

the maps of deforestation from satellite images [INPE (2010)] and computed for each municipality

the di¤erence of carbon stock in forested and deforested areas. Di¤erent municipalities may have

di¤erent carbon stock in forests and in agricultural areas because forests are heterogeneous and the

alternative land-uses in agriculture may conserve more or less carbon on the ground. The average

di¤erence is 78 tons of carbon per hectare (tC/ha).

Combining the di¤erences in carbon stocks with the demand for deforestation resulted in a

"supply of avoided emissions." Figure 7 presents this supply function. One may interpret the curve

in the following way: if a carbon tax of (or a REDD+ program paying) US$ 1 per ton of CO2

per year were implemented, farmers would be willing to deforest less and, as a result, would avoid

the emissions of approximately 4 billion tons of carbon. The avoided emissions correspond to

approximately 4.4 years of worldwide emissions from land-use change during 2002 to 2011 [IPCC

(2013)]. The elastic part of the curve is the result of the large stocks of carbon in forested areas

and the fact that farmers would be responsive to taxes. The vertical part is the result of capacity

constraint: with higher taxes, farmers would be willing to keep most of the total private land

forested.30

30The calculation assumes that (i) the di¤erence of the carbon stock in forested and deforested areas would be
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Figure 7: Avoided Emissions of CO2

A carbon tax of US$ 1/tCO2/year is signi�cantly smaller than the average price of carbon in

the European Union Emissions Trading System. For example, by the end of 2012 the price was

US$ 8.75/tCO2. The di¤erence in prices suggests substantial opportunities for trade, but such

opportunities have not yet taken place. A possible reason lies on potentially large transaction

costs. Measuring and monitoring the amount of carbon stocks may be expensive. Perhaps more

important, measuring avoided emissions depends on the counterfactual emissions that would occur

in the absence of payments - which is not trivial to compute.

Optimal Tax The value of an optimal Pigouvian tax is the marginal damage of the exter-

nalities caused by deforestation, such as emissions of carbon and biodiversity loss. Because it is

di¢ cult to measure the production of all the externalities and to value the corresponding damages,

a lower bound on the optimal tax can be obtained from the estimated damages associated with an

incremental change in CO2 emissions. According to Greenstone et al. (2011), the central value of

the social cost of carbon for 2010 was US$ 21/tCO2 (2007$). As �gure 7 shows, imposing this tax

would virtually eliminate the agricultural land in the Amazon.31

The Amazon is responsible for 20 percent of the Brazilian agricultural area. If no land in the

Amazon were used for agriculture, one should expect non-trivial impacts on the local economy, on

Brazil�s trade balance, and possibly on international prices of beef and soybeans. Increases in the

prices of these products could diminish the welfare from consumption of food. In addition, more

released into the atmosphere once the forest is clear-cut for agriculture. It therefore ignores the decay rate. It also
assumes that (ii) the carbon taxes would not a¤ect the amount of carbon stock in agricultural land. But, in principle,
farmers could respond to carbon taxes by using new techniques that conserve the carbon on the ground. One ton of
carbon corresponds to (44/12) tons of CO2. The shape of the supply function is similar to other studies; see, e.g.,
Nepstad et al. (2007).
31The calculation converts dollars from 2007 to 2006 using US Consumer Price Index data (CPI).
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deforestation in other locations could occur, a problem known as "leakage". The present paper

does not take these e¤ects into account.

6.3 The Costs of the Policy Interventions

Brazil adopted a "command-and-control" policy instrument that obligates farmers in the Amazon

to keep 80 percent of their land in native forest. I calculated a lower bound for the hidden cost

of this policy by means of a perfectly enforced Pigouvian tax that induces farmers to only use 20

percent of their properties for agriculture. I computed this tax for each municipality and for each

farm size using the "�xed-proportions" model. The corresponding farmers�lost surplus from the

taxes is the sum of the trapezoid areas below each demand curve. The sum resulted in US$ 4.7

billion. Farmers may therefore be willing to pay US$ 4.7 billion per year to avoid the enforcement

of this rule. Not surprisingly, farmers have systematically tried to alter the legislation since its

implementation [Alston and Miller (2008)].32

A uniform tax charging US$ 40/ha/year of agricultural land also would induce 20 percent of

agricultural land, but it would have been roughly ten times cheaper: farmers�lost surplus would

have been approximately US$ 484 million per year - provided the tax revenues were redistributed

to them. And tax revenues would have been approximately US$ 627 million per year (0.35 percent

of the Brazilian federal budget for 2006). The 80 percent rule is not a cost-e¤ective policy: the

more productive farms would have to use less land for agriculture and, so, would have forgone more

pro�ts when compared to taxes.33

The geographic distribution of the demand for deforestation is relevant when computing the

costs of the 80 percent rule. Each municipality may need di¤erent levels of local taxes for di¤erent

farm sizes to induce farmers to use only 20 percent of their land. The di¤erences may have non-

trivial impacts on aggregate results. Note from Table 4 that medium sized farms located in places

with high levels of unobservables (quantiles) respond less to transportation costs. They therefore

have more inelastic demand for deforestation when compared to other quantiles. It would be

necessary to impose higher local taxes to induce them to use 20 percent of agricultural land. The

32 In actuality, the amount of money they might be willing to pay must be even larger for three reasons: (i) the
"command-and-control" policy imposes the same limit on farmers�land-use regardless of the di¤erences in opportunity
costs of agricultural land, while I make use of local Pigouvian taxes, which is a cost-e¤ective price instrument; (ii)
the legislation does not allow for managed forests in preservation areas, except under very stringent conditions, but
the forested area in the data includes managed forests; and (iii) now that the land is opened, the costs to replant the
vegetation adds to the farmers�total costs, since, by law, they must recover the forest at their own expense.
33Note that the �nes speci�ed in the legislation, ranging from US$ 2,300/ha to US$ 23,000/ha, could be more than

su¢ cient to induce less than 20 percent share of agricultural land if they were perfectly enforced. Such high values
for the �nes however do not seem necessary. The Brazilian government could be more e¤ective in protecting the
rainforest by reducing the value of these �nes and increasing enforcement simultaneously.
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combination of inelastic demand and high local taxes increase their lost surplus. Depending on the

importance of these groups and on the amount of their losts surpluses, their impacts on the total

costs of the 80 percent rule may be substantial. The 2SLS estimator, however, cannot capture such

di¤erences as it ignores the distribution of impacts. It therefore estimates di¤erent local demands

for deforestation, with di¤erent local taxes and, so, di¤erent total costs. The total lost surplus of

the 80 percent rule from the 2SLS estimator is US$ 3.25 billion. The smaller lost surplus from the

2SLS estimator compared to the IVQR estimator points to the importance of the heterogeneity in

the demand for deforestation in computing the aggregated costs of policies.

Finally, to provide a complete picture of the policies, payments of US$ 40/ha also would result

in 80 percent of forest cover, but the total cost would have been US$ 2.5 billion per year (1.4

percent of the Brazilian federal budget for 2006), not included transaction and monitoring costs.

And a perfectly targeted policy paying farmers who were going to deforest, but not paying those

who were not going to deforest would reduce the non-targeted costs by a half (US$ 1.2 billion per

year). Perfect targeting, however, is unlikely because of asymmetric information problems [Ferraro

(2008)].

6.4 Limitations

The paper has some limitations that I brie�y discuss next. First, the economics costs of the policies

do not take into account monitoring and transaction costs. Second, there is no equilibrium analysis

considered here - only farmers willingness to deforest. Third, and similar to the previous point, I

have not estimated by how much the total private land (and the land distribution) would respond

to the policies. Although such an exercise is possible, there are some important implications that

cannot be addressed with the present data set. There exists plenty of unprotected public forested

land that may be occupied in response to payment programs, for example. The occupations might

reduce the potential e¤ectiveness of the programs, increase their total costs, and increase disputes

for land and the potential violence associated with these disputes. As such, payment programs, if

not carefully designed, may have the unintended consequences of raising local violence. The results

I present should be viewed therefore as only one of the many inputs necessary for a complete

evaluation of the preservation policies in the Amazon.
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7 Conclusion

I estimated farmers�demand for deforestation on private properties in the Brazilian Amazon. The

main policy implications of this exercise are the following: (i) Pigouvian taxes could have been

e¤ective in avoiding deforestation and emissions of carbon; (ii) the taxes should not target small

landholders; and (iii) the existing legislation would have been expensive for local farmers when

compared to other policies.

There are several directions for future research. First, accessing the micro-data on farmers�

decisions may provide a richer picture of their opportunity costs and avoid the potential drawbacks

in using aggregated measures for the local yields. Furthermore, it may reveal the entire distribution

of farmer�s private valuations within each municipality, which may help address issues such as the

use of auctions to allocate PES contracts.

Second, a panel data based on satellite images - coupled with extra assumptions on the evolution

of the private land - allows for a dynamic model with irreversible land-use decisions. It can be used

to study impacts of commodity prices on the rate of deforestation and by how much these prices

can a¤ect the e¤ectiveness of the policy interventions. Third, the framework presented here can

be used to study impacts of improvements of roads on deforestation. This is an important topic

because the Brazilian government is paving some unpaved roads in the Amazon to reduce the costs

of exporting commodities.
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