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When native vegetation is cleared to establish agricultural lands, damage to
ecosystem services such as air, water, and climate can outweigh the substantial
benefits of agricultural production. Brazil has created ambitious laws and regulations for
the purpose of regulating land use on private lands in Amazon forests. This dissertation
analyzes the performance of the central piece of Brazilian environmental legislation in
the Amazon region: the Forest Code. In the wake of escalating deforestation and
international pressure in the mid-1990’s, the Brazilian Government modified the Forest
Code, increasing from 50 to 80% the required area of each private landholding in the
region that had to be maintained in native forest. I analyzed (1) the level of compliance
with both the old and new Forest Code, the change in compliance over time, the costs
of compliance, and the ecological services provided under the old versus the new
regulations; (2) the potential for hybrid regulatory-economic policies (tradable forestland
development rights and land-use zoning) to reduce the opportunity costs of the modified
Forest Code while protecting ecosystem services and ecological integrity; and (3) the
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potential of the emerging forest carbon market to complement Forest Code and landuse zoning protection of public interests in Amazon forests. As a case study, I used the
178,000 km2 Xingu River headwaters region in the southeastern Amazon Basin. I
developed a spatially-explicit land-cover simulation model in conjunction with a river
discharge model and maps of potential economic rents under soy, cattle ranching, and
logging, to conduct these analyses.
When the Forest Code’s “legal reserve” increased from 50 to 80% in 1996,
compliance dropped immediately from 92 to 72%, then declined further to 46% by 2005.
The regulatory change imposed approximately nine billion dollars in forgone profits from
forest conversion to soy and cattle ranching. The Mato Grosso state zoning plan, if
implemented, would potentially provide 4000 km2 more agricultural and pasture land,
reducing the opportunity costs of strict compliance with the 80% legal reserve by one
third, while protecting ecosystem services similarly well. Emerging carbon markets, if
expanded to fully and fungibly include forest carbon could offset much of the opportunity
cost of forest conservation in the Xingu region, increasing the viability of forest
conservation.
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CHAPTER 1
INTRODUCTION
In addition to producing food, fiber, and fuel for the world’s growing population,
the agricultural sector is an important source of income to support infrastructure
development and the provision of public goods throughout the world. However, when
native vegetation is cleared to establish agricultural lands, damage to critical ecosystem
services such as air, water, and climate can outweigh the substantial benefits of
agricultural production. Nearly one fifth of world-wide, human-induced greenhouse gas
emissions to the atmosphere originate from the cutting and burning of tropical forests
(IPCC, 2007). On regional scales, silted rivers, deadly avalanches, mudslides and
floods, displaced and decimated tribes of indigenous forest peoples, fragmented
landscapes, and the loss of plant and animal species are among the negative
consequences of large-scale forest conversion. In the face of projected land shortages,
increased food prices (FAO, 2009) and the threat of climate destabilization (IPCC,
2007), the question of how to balance private and public gains from agriculture with the
damages that often result from conversion of native ecosystems to support these
activities.
A major policy response to rampant deforestation has been to set aside tracts of
intact natural landscapes as parks, reserves, public forests, territorial reserves of
indigenous and traditional peoples and other types of “protected areas” (Terborgh,
1999; Redford, 1994). In some places in the world, these protected areas have
succeeded in defending public interests in forests (Bruner et al., 2001; Nepstad et al.,
2006) while in others they have failed (Curran et al., 2004). A growing body of evidence
demonstrates, however, that many of the ecosystem services provided by forests that
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sustain human societies will require environmental conservation on both private and
public lands, and not just lands controlled by government agencies (Soares Filho et al.,
2006). An environmental conservation paradigm is needed that reconciles the defense
of public interests in forest resources with the important social and economic benefits of
forest conversion to agriculture and livestock expansion.
In this dissertation, I evaluate the effectiveness of legally mandated land-use
restrictions on private rural property in protecting public interests related to forests and
woodlands on the southeastern Amazon’s agro-industrial frontier, using the Xingu River
headwaters as a case study. I evaluated the economic and ecological trade-offs of the
Brazilian Forest Code—along with alternatives adapted from this policy—in protecting
native vegetation cover, while permitting agricultural expansion, in the study region. I
then assess the potential of a range of forest carbon price signals to compensate
landholders for opportunity costs and forest restoration costs that they incur under
alternative policy scenarios
In response to international concern over the very high rate of Amazon
deforestation in 1995, the Forest Code was modified to require that 80% of each
individual property in rural Amazônia be maintained as native forest, increased from the
50% requirement that had been in place since 1965. This sudden decision threw a large
number of property holders who had already cleared more than 20% of their properties
into noncompliance, and was not accompanied by effective mechanisms and
procedures by which these property holders could bring their properties into
compliance. Policy instruments that were created to facilitate compliance with the new
regulation were not implemented. These included a provision allowing landholders to

18

“compensate” the acreage of forest that they needed to comply with the 80% rule
through the trade of land development rights, and the creation of socio-economic,
ecological land-use zoning that relaxed the 80% requirement in zones of agricultural
consolidation. Today, thirteen years after the historic Forest Code modification was
made, there is little quantitative information regarding the level of compliance with this
law, the potential economic and ecological impacts of full compliance, and the degree to
which these provisions, if implemented, could help to advance cost-effective
reconciliation of forest conservation with agricultural expansion.
The central goal of the research presented here was to evaluate the effectiveness
of legally mandated land-use restrictions on private rural property in protecting public
interests related to forests and woodlands on the southeastern Amazon’s agro-industrial
frontier, using the 178,000 km2 upper Xingu River basin region as a case study. I
evaluated the economic and ecological trade-offs of the Forest Code—along with
alternatives adapted from this policy—in protecting native vegetation cover, while
permitting development of important economic activities, in the study region.
Specifically, I asked the following questions:
•

Does the current legislation to regulate land-use (especially forest clearing) reach
its stated objective in practice?

•

Does current legislation balance public and private interests in conservation and
agricultural production on private lands in theory? If not, could it be adapted to be
more effective?

•

How are future land-use/land-cover trajectories likely to vary in response to a suite
of plausible future policy scenarios derived from the Forest Code?

•

What are the environmental and economic trade-offs associated with those
scenarios?

19

The Xingu River is one of the Amazon Basin’s major southeastern tributaries. This
landscape is three times the size of Costa Rica, larger than 90% of tropical nations, and
provides a mesocosm of the range of actors and land categories encountered in the
Brazilian Amazon, including modern agro-industrial farms, indigenous reserves, nature
reserves, cattle ranches, and smallholder settlements (Jepson, 2006). In selecting a
region defined by watershed boundaries, I was able to examine the linkage between
land-cover and river discharge, which is strongly regulated by forests. The Xingu
headwaters region also spans across two major biomes, with the closed-canopy forest
in the upper (northern) two-thirds, and the cerrado woodland/savanna biome across the
lower third.
Chapter 2 of this dissertation provides an assessment of the effectiveness of the
Brazilian Forest Code in protecting forests on private lands in the Xingu River
headwaters. In particular, I focus on the legal and ecological effectiveness of the
change in the policy that took place in 1996. This study consists of two parts, a
qualitative analysis and a quantitative analysis. First, I describe the characteristics of the
resources that are the object of protection under the Forest Code and discuss the
implications for effective policy structures for resources that represent both a private
and a public good. Next, I describe the history and requirements of the Forest Code to
gain an understanding of the policy’s characteristics with respect to governing a
common pool resource. Finally, I carry out a quantitative analysis focusing on three
aspects of compliance with the Forest Code: (1) the level of compliance with the Forest
Code for a landscape on the southeastern Amazon frontier; (2) the cost of compliance
to landowners; and (3) the protection of ecosystem services and the conservation of
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forested landscape integrity at three moments in history and under full compliance with
the 80% and 50% legal reserve requirement in modeled landscapes. I interpret these
quantitative results in light of the political process surrounding the creation and
implementation of the decision to increase the legal reserve requirement to 80%.
Chapter 3 evaluates the potential for facilitating landholder compliance with the
modified Forest Code without forfeiting the environmental protection potentially provided
through two policy provisions that could substantially lower the economic opportunity
cost of compliance: tradable forest development rights and state-level socio-economic,
ecological zoning (ZSEE). First, I describe these two policy instruments and compare
them with the Forest Code, analyzing the extent to which they represent economic
instruments or exclusively regulatory instruments. Next, I carry out a quantitative
analysis of each instrument, focusing on the balance between agricultural expansion
and forest conservation. I compare modeled landscapes representing the land-cover
consequences of full implementation of each of the three policy alternatives in terms of
area available for agricultural activities, the opportunity costs and forest restoration
costs of compliance with each theoretical landscape, and the extent to which ecosystem
services are maintained. This chapter highlights the potential of hybrid regulatoryeconomic policies to reconcile public and private interests in private-land forests, but
identifies the need for additional economic incentives to fully achieve this reconciliation
potential.
Chapter 4 examines the potential of payments for forest carbon to complement the
Forest Code and its hybrid provisions in promoting land use decisions that protect public
interests in private forest while allowing for agriculture and ranching on a designated
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area of land that is suitable for these activities. More specifically, I estimate the per unit
price of forest carbon that would be necessary to compensate landholders for the costs
(both opportunity and forest restoration) incurred in complying with land-use legislation
under three policy scenarios: the reduced legal reserve (i.e., a 50% legal reserve in the
forest biome compared to the current 80% requirement, the current Forest Code (80%
legal reserve requirement, without tradable development rights), and the ZSEE
scenario. I estimate the difference in forest carbon stocks (both remnant native
ecosystems and enhanced carbon in restored forests) between each simulated policy
scenario and three simulations of business-as-usual deforestation and calculate the
carbon price using the costs that are associated with each policy scenario.
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CHAPTER 2
DEFENDING PUBLIC INTERESTS IN PRIVATE FORESTS: COMPLIANCE,
OPPORTUNITY COSTS, AND POTENTIAL ECOLOGICAL PERFORMANCE OF THE
BRAZILIAN FOREST CODE IN THE SOUTHEASTERN AMAZON
Introduction
In 1995, deforestation in the Brazilian Amazon hit a record high of 29,000 km2
cleared in that year (INPE, 2009)—shortly after Brazil hosted the heralded United
Nations Conference on Environment and Development (UNCED) in 1992. News of the
Amazon forest’s accelerating destruction precipitated an international crisis, and the
Brazilian government responded with widely publicized policy interventions 1 , the most
prominent of which was the increase from 50 to 80% forest cover of rural properties in
the “legal reserve” mandated by the Brazilian Forest Code in the Amazon region. The
effectiveness of this dramatic change in environmental policy for maintaining forests and
the services they provide is still poorly understood even as the policy itself is hotly
contested (Alencar et al., 2004).
Three critical assumptions are inherent in the change in the Forest Code as the
pillar of the policy response. First, it assumes that the Forest Code is fundamentally the
correct approach to protecting forests and the services that they provide. Secondly, and
in conjunction, it assumes that the effectiveness of the policy is primarily a matter of
adjusting the proportion of each landholding to be maintained in a private reserve.
Thirdly, it assumes that there will be compliance with such a dramatic change in policy
with no additional provisions or incentives to assist landowners in achieving compliance.
The latter assumption may be one of the most important reasons for the heated debate
1

The other major interventions were (1) the declaration of a 2-year moratorium on the harvest of
mahogany, and (2) the prohibition of new clearing on properties already possessing “abandoned or
under-utilized” areas or areas “used inappropriately with respect to the capacity of the soil.”
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over the policy change that has raged unabated since its inception in 1996 (Fearnside,
2008).
The change in the Forest Code brings into stark relief the challenge of balancing
the protection of native vegetation and ecosystem services, while permitting
development of important economic activities. From the perspective of (primarily) the
agricultural lobby and its supporters, the new legal reserve requirement makes it
economically unviable to maintain a working ranch or farm in the Amazon biome and
jeopardizes the regional economy and the provision of public services (Camarga, 2008).
For environmentalists and social justice advocates, the new policy is necessary to
counter the alarming increase in deforestation in recent years and its possible
consequences for biodiversity, regional climate stability, greenhouse gas emissions, air
pollution, soil degradation, local and regional water quality, and in turn, human health.
The critical question is what can be done to balance the numerous private and public
gains from agro-industrial production with the damages borne by society as a result of
these activities.
Typically, the approach to protecting public interests in forests has been to put
them under state ownership for either strict protection or limited use for timber harvest.
State control over timber harvests on public lands has frequently led to severe
degradation of forests, as state oversight has often been inadequate to prevent open
access regimes from developing, and as cronyism and corruption have influenced the
allocation of forest concessions (Barbier and Burgess, 1997). The effectiveness of parks
and other protected areas in controlling deforestation has been mixed. Examples from
Brazil (Nepstad et al., 2006) and Costa Rica (Sanchez-Azofeifa et al., 2003) indicate
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that protected area status is associated with decreased deforestation rates, whereas
parks in Indonesia have been subject to massive deforestation (Curran et al., 2004).
Increasingly, forest ownership or usufruct rights by indigenous and other traditional
communities have been officially granted in common property arrangements that
recognize not only the customary rights of these groups but also assume that these
groups will more effectively protect forests if they implement customary institutions for
regulating resource use. The resulting indigenous lands, extractive reserves, and
community reserves encompass almost one third of the forests of the Brazilian Amazon
and large percentages of the remaining forests of most tropical nations, although the
enforcement of these reserves varies greatly.
Although strongly advocated by economic theory (and more famously, Garrett
Hardin (1968) in The Tragedy of the Commons), private property arrangements for
forests in the tropics are more rare: only 10% of tropical forests are held by firms or
individuals (White and Martin, 2002; Agrawal et al., 2008). Proponents of individual
property rights in forested frontier areas argue that secure tenure arrangements should
induce more rational forms of exploitation of natural resources and a reduction in
deforestation rates (e.g., Southgate and Whitaker, 1992). Establishing individual
property rights does not automatically lead to reduced deforestation, however,
especially when the profitability of agricultural and ranching activities outweighs that of
forest management (Jaramillo and Kelly, 1997). Restricted individual property rights
have been suggested as one way to protect forest resources on private property
(Jaramillo and Kelly, 1997). Most Latin American countries place restrictions on tree
cutting and require permits for any type of forest use. Many also require that riparian
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forests and forests on steep slopes be strictly protected. Brazilian and Paraguayan
legislation goes one step further in requiring private landowners to maintain a certain
percentage of the native forest or woodland vegetation in a type of private reserve.
In Brazil’s Legal Amazon, 29% of the region is designated as indigenous land and
protected areas, about 45% is considered public untitled land (terra devoluta), and
private lands make up approximately one quarter of the total area (Lentini et al., 2003).
In contrast, in Mato Grosso, private lands comprise more than half of the total area,
whereas indigenous reserves and state or federal protected areas constitute a total of
18% (Congresso Nacional, 2000). Thus, forest and woodland protection on private
lands is of paramount importance in this region. However, it is unclear whether the
Brazilian Forest Code—the primary instrument for protecting forests on private lands—
is adequate to protect common pool resources, given the huge incentives to remove
native vegetation in the face of agro-industrial growth, particularly following the increase
in the proportion of private reserve to be maintained by each landholder.
In this chapter, I present the results of an assessment of the legal and ecological
effectiveness of the revised Forest Code. This assessment consists of two parts, a
qualitative analysis and a quantitative analysis. First, I describe the characteristics of
ecosystem services and discuss the implications for effective policy structures for
ecosystem services. Next, I describe the history and requirements of the Forest Code to
gain an understanding of the policy’s characteristics with respect to governing
ecosystem services. Finally, I carry out a quantitative analysis focusing on three aspects
of compliance with the Forest Code: (1) the level of compliance with the Forest Code for
a landscape on the southeastern Amazon frontier; (2) the cost of compliance to
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landowners; and (3) the protection of ecosystem services and the conservation of
forested landscape integrity at three moments in history and under full compliance with
the pre-1996 and post-1996 legal reserve requirement in modeled landscapes.
Governance of Common Pool Resources
The fundamental premise of the Forest Code is that forests and forest resources
constitute a common good and therefore, the rights of land owners to dispense with the
land as each sees fit must be balanced with a set of responsibilities to protect this
common good. At the time the first version of the Forest Code was drafted and signed
into law in 1934 (described more extensively below), there was widespread concern
with erosion, loss of soil fertility, and the sedimentation and degradation of water bodies
(Dean, 1995). In addition, when the legal reserve was first introduced, its original
objective was to ensure that a minimum reserve of forest resources would be available
on each property to supply local firewood, charcoal, and timber markets (Azevedo,
2009). Early on, the Forest Code also cited concern for the conservation of native
species of flora and fauna. The major innovation (particularly for its temporal context) of
the Forest Code is that it defined forests as a common good in relation to the services
that flow from them because these services, including the prevention of sedimentation,
the maintenance of water quality, and the conservation of native ecosystems, benefit
people in society other than the private landholder. As a consequence, the expansion of
agro-industry in the Amazon constitutes a “dilemma of the commons” (Hardin, 1968;
Ostrom et al., 1999), in which the costs and benefits of the use of natural resources
common to many are not equitably distributed among the users and inhabitants of the
region. The costs include the loss of ecosystem services due to the large-scale
conversion of native vegetation to pasture and cultivated lands that were not yet
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understood at the time the Forest Code was drafted, including increased carbon
emissions and potential destabilization of regional hydrological and climate systems
(Werth and Avissar, 2002; Alencar et al., 2004), and the displacement of traditional
peoples and small producers (Hecht, 2005; ISA, 2005).
The defining features of common-pool resources, such as the resources and
services provided by forests, are that they are non-excludable and rival resources. An
excludable resource is one whose ownership allows the owner to use it while
simultaneously denying others the privilege (Daly and Farley, 2006). In contrast, when
no institution or technology exists to make a good or service excludable, it is known as a
non-excludable resource. Whereas the individual trees constituting the forest may be
considered as excludable, the services that flow from them (e.g., maintenance of
hydrological and climate regimes, clean air and water, habitat) are non-excludable.
Rivalness on the other hand, is an inherent characteristic of certain resources whereby
consumption or use by one person reduces the amount available for everyone else, or
reduces the quality of the resource. Thus, a rival resource is one whose use by one
person precludes its use by another, and a nonrival resource is one whose use by one
person does not affect its use by another. Unlike excludability, rivalness is a physical
characteristic of a good or service and is not affected by human institutions. Obviously,
if trees are harvested for timber, they cannot be used by another person in the same
way. However, ecosystem services that are maintained by forests are not traditionally
considered to be rival, as the use of air by one person, for example, does not diminish
the amount of air available for use by another. However, the quality or quantity of a
service may be diminished by the use of the rival resource (trees, in this case) from
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which the services flow. As such, it is useful to consider the services maintained by
forests as rival, as well.
The combination of these characteristics means that substantial free-riding is likely
if people follow their own short-term interests exclusively, as assumed by Hardin (1968).
“Free-riding” refers to natural resource use that maximizes private gain to the detriment
of the common good and takes the form of (1) overuse without concern for the negative
effects on others, and (2) a lack of contributed resources for maintaining and improving
the common pool resource itself (Ostrom, 1990). To avoid these outcomes, effective
rules to limit access and to define users’ rights and responsibilities regarding the
resource must be established, and incentives for users to invest in the resource instead
of overexploiting it must be created (Ostrom et al., 1999).
In this paper, I consider the extent to which these two conditions of limiting freeriding (effective rules and incentives) are met with respect to protecting forests. I
specifically discuss the rules and issues related to the Forest Code and its application in
Mato Grosso in the subsequent section. However, it is useful to point out some general
issues regarding environmental governance in Brazil and the Amazon that affect the
implementation and effectiveness of the Forest Code as well as other environmental
legislation.
Environmental Governance in Brazil
In Brazil, the use of regulatory instruments has been the dominant policy approach
to environmental problems. Regulatory (often referred to as “command-and-control”)
instruments typically define performance-based or technology-based standards with
which producers or landowners are required to comply by law. Regulation can take a
variety of forms, including the outright prohibition of an activity or substance (e.g., the
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use of the pesticide DDT), or setting limits for the amount of a pollutant that may be
produced (e.g., arsenic in drinking water), or defining the terms by which natural
resources can be extracted (such as the length of the fishing season or the type of
equipment that may be used in the fishery (Sterner, 2003). Failure to comply with
regulations generally involves fines or other penalties. Thus, monitoring and
enforcement are critical components of direct regulation. This may be relatively easy in
some cases, for example, where regulators must simply check that a firm or individual
has installed a required piece of equipment. However, monitoring becomes more
complicated in cases where compliance with regulations is more difficult to observe
(e.g., non-point source pollution). Moreover, if adequate numbers of trained personnel
for monitoring and enforcement are not available, and if the force of law cannot be
brought to bear on violators, adequate or sufficient monitoring and enforcement may
become unviable.
Critics argue that environmental policy based on regulation tends to be inefficient
because it generally does not capitalize on the rent-seeking behavior of resource users
(Sterner, 2003). Direct regulation is accused of being too prescriptive, and not providing
enough flexibility to firms and individuals to innovate and meet standards in the most
cost-effective way possible. Regulations are often ineffective, as well, because of
budget short-falls and the complicated architecture of carrying out monitoring and
enforcement, as well as sometimes sizeable economic incentives to circumvent
legislation. Moreover, regulations may also create perverse incentives. For example,
when ambitious legislation is not accompanied by adequate enforcement, legal
resource users are, in effect, penalized relative to the fraudulent resource users who
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incur lower costs of production (Carter, 2001; Tietenberg, 1996). Nevertheless, direct
regulation may be the most appropriate method for integrating the biological
requirements of some natural resources into environmental policy. For example, fish
should not be caught during spawning season and timber harvesting should not
eliminate the seed stock of tree populations.
Although Brazilian legislation is considered to be among the most sophisticated
and advanced in the world (Hochstettler and Keck, 2007), natural resource and
environmental policies have been difficult to implement and enforce in practice. This can
be explained in large part by the mutually reinforcing characteristics of (1) the Brazilian
legal system—which follows the civil law tradition—and (2) the “command-and-control”
nature of most environmental legislation in the country (Campari, 2005; Ames and Keck,
1998). In civil law systems, the legal code consists of ideals and principles written as
rules of law which are typically changed only by legislative action, in contrast with the
common law system in which laws and legal procedure are progressively constructed in
decisions made by judges and juries in successive cases. For this reason, Brazilian
environmental law tends to be idealistic and ambitious, but may be difficult to implement
and enforce because the theoretical truths represented in the law may not be
compatible with social, economic, and political realities among resource users.
Furthermore, because laws are often perceived by their creators and supporters to
represent moral ideals, the concept of providing incentives to groups or individuals to
facilitate or encourage compliance may be seen as antithetical. Finally, the design of
laws as principles in the abstract stands in direct opposition to the concept of negotiated
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solutions which are often necessary in complex natural resource problems and are
more characteristic of the common law system.
The “command-and-control” nature of legislation magnifies the importance of
monitoring and enforcement, especially coordination among agencies responsible for
carrying out monitoring and enforcement, clear and consistent communication with
resource-users regarding the rules, and efficient and appropriate monitoring systems.
Unfortunately, environmental regulation in Brazil has been marked by poor coordination
among responsible authorities (Mello, 2003), lack of human and financial resources
(Pasquis, 2004; Lustosa et al., 2003), and a pervasive perception of environmental
policy as generally obtrusive to economic development and, thus, of significantly lower
priority than many other policies (Ascher, 1999; Mello, 2003). Many key policy decisions
that affect natural resources are still primarily the responsibility of other ministries, such
as the Ministry of Agriculture, the Ministry of Transportation, the Ministry of Agrarian
Development, and the Ministry of National Integration and Planning, which often leads
to direct inconsistencies with environmental legislation. Moreover, the responsibility for
developing and implementing specific environmental regulations is divided among
federal, state, and municipal authorities, often without sufficient clarity about which
agency is responsible for which issues and with inadequate communication and
coordination between these authorities (Ascher, 1999; May, 1999). Even where
responsibility is clearer, lack of personnel or funding for enforcement can hamper policy
implementation. Ascher (1999) also observes that government policies frequently are
not designed to encourage landholders or land-users to invest in good land
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management, or instead provide incentives to invest in inappropriate technologies or
methods.
Effective governance also requires that the rules of resource use are generally
followed, with reasonable standards for tolerating modest violations. As already pointed
out, Brazilian environmental legislation itself typically provides few incentives for
resource users to comply and resources for enforcement are often lacking.
Compounding these shortcomings, violations have tended to be overlooked, in large
part because the judicial system is ill-equipped to prosecute violators (Ames and Keck,
1998). In 1998, the federal government signed into law a new Environmental Crimes
Law which greatly broadens liability for environmental violators. The new law improves
the ability of administrative agencies to apply administrative sanctions, establishes the
responsibilities of corporations for environmental violations and damage, turns more
environmental violations, such as illegal logging, into crimes with higher penalties (up to
USD 16 million), and provides quicker judicial procedures for many environmental
crimes (Brito and Barreto, 2006). However, Brito and Barreto (2006) conclude that the
main obstacles to the enforcement of this law are difficulties in locating violators and the
lack of effective communication among the agencies responsible for applying the law,
which results in delayed prosecutions.
The Brazilian Forest Code
Current Requirements
The Brazilian Forest Code regulates the use and conservation of forests and other
native vegetation types on rural properties through three principal mechanisms: (1)
Permanent Preservation Areas (APP—Áreas de Preservação Permanente), (2) the
Legal Reserve (RL—Reserva Legal), and (3) hillslope forests APPs are designed to
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protect the most ecologically sensitive areas, and thus protect (1) the riparian vegetation
around streams, rivers, lakes and artificial reservoirs, (2) slopes with greater than 45°
inclination, and (3) hilltops. Vegetation in the APP zone may not be harvested or
cleared, except in exceptional situations defined by law (for public utility or social
interest). Where riparian vegetation has been cleared in excess of the limits defined
within the Forest Code, the APP vegetation must be restored. The size of the APP zone
within individual properties depends on the frequency and width of streams, springs,
and on the topography of the property.
The legal reserve constitutes a percentage of the area of the property in which
native vegetation must be maintained; the percentage is defined by the biome and
region in which the property is located. In contrast with APPs, the RL may be
sustainably harvested subject to an approved management plan that maintains the
ecological function and composition of the native vegetation. Where native vegetation
has already been cleared in excess of the limits stipulated by the Forest Code, property
owners are required to restore the RL. The current Forest Code (modified in 1996 and
officially adopted in 2001) determines that the legal reserve should constitute 80% of
the area of the property for properties located in the forest biome of the Legal Amazon 2 ,
35% in the cerrado biome of the Legal Amazon, and 20% in other regions of the
country.
Finally, the Forest Code also limits the use of forest on slopes between 25° and
45° inclination. It stipulates that only sustainable forestry is allowed on these slopes,

2

The Legal Amazon extends beyond the natural boundaries of the Amazon River basin to include the
entire administrative jurisdiction of the states of Mato Grosso, Tocantins, Maranhão, Pará, and Amapá as
well as those states that fall completely within the basin (Amazonas, Roraima, Acre, and Rondônia).
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and that these areas may not be counted as part of the Legal Reserve, nor do they
constitute part of the APPs. In theory, the legal reserve, the APP, and the hillslope
forests are to be maintained separately and independently. For landowners having
riparian and/or hillslope forests, the total area of land that must be set aside in restricted
or sustainably managed reserves may sum to more than 80% of the property in the
Amazon forest biome.
History
As noted previously, the fundamental premise of the Forest Code is that it defines
forests and the services that flow from them as a common good and recognizes that
private property ownership constitutes a bundle of both rights and responsibilities. The
balance between rights and responsibilities has been the focus of intense and frequent
debate between the farming and ranching lobby and environmental and social
organizations in Brazil for at least 75 years. Although Brazil already had some
regulations requiring the protection of forest resources on private lands prior to the
1930’s, these were not formally codified until 1934. The Forest Code of 1934 (Decretolei no 23.793, January 23, 1934) for the first time made protection of forest resources a
responsibility of land-holders; previously forests were seen as the object of utilitarian
rights accruing to property-holders. The first Forest Code required that property-owners
maintain “protection forests” serving a similar function as the permanent protection
areas (APPs) of the modern Forest Code: to conserve hydrological functions, prevent
soil erosion, support frontier defense, guarantee public health, protect sites of natural
beauty, and provide protection for rare native species of flora and fauna. Cutting of trees
was strictly prohibited in these forests (Zakia, 2005).
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In 1946, the Brazilian Constitution was amended to allow expropriation of private
lands for agrarian reform if properties were deemed not to fulfill their full social function.
Although not formally enshrined in Brazilian law until 1946, the social function doctrine
has been an important factor in property claims from the beginning of Portugal’s
colonization of its South American territory (Alston et al., 1999; Colby, 2003; Ankersen
and Ruppert, 2006). Until the Lei da Terra (Land Law) was enacted in 1850, individuals
could legally declare posse (de jure, usufruct rights; de facto, possession) simply by
clearing land and establishing pasture or agriculture (Benatti, 2003; Ankersen and
Ruppert, 2006). The justification for this claim was that the actions of the claimant
helped the land to fulfill its social function. However, the fear of expropriation on this
basis also put the social function doctrine in direct conflict with the 1934 Forest Code,
creating a disincentive for compliance with the Forest Code.
To address this conflict, the Land Statute of 1964 (Lei 4.504/64) accorded an
“environmental function” to private properties for the first time, expanding the notion of
productive lands to include the conservation of natural resources. One year later, the
modern Forest Code (Código Florestal de 1965, Lei no 4.771, September 15, 1965)
was written into law. It introduced the concepts of the legal reserve (where sustainable
timber harvests were permitted) in contrast with the permanent protection area (where
strict protection is required, adapted from the “protection forests” of the 1934 Forest
Code) and codified the notion that forests are a common good and as such impose
limits on the rights of the property owner. Furthermore, the new Forest Code created
restrictions on the use of private property that would be enforced through fines and
other penalties. The 1965 Forest Code determined that the “Legal Reserve” (RL) should
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constitute 50% of the area of the property for properties located in the Legal Amazon
and 20% in other regions of the country. In 1989, the Forest Code was amended to
reduce the RL to 20% in the cerrado and non-“primary” forest biomes in the Legal
Amazon, to accommodate the agricultural expansion into the Center-West region of
Brazil, particularly Mato Grosso (Azevedo, 2009).
In 1995, deforestation in the Amazon reached a record high of over 29,000 km2
(INPE, 2009). Under international and domestic pressure, the government undertook
several policy changes. First, it declared a two-year moratorium on the harvest of
mahogany. Secondly, and more importantly, at the end of 1996, it adopted the
provisionary measure (medida provisoria) MP 1.511, increasing the RL on rural
properties in the Amazon forest biome from 50% to 80% and prohibiting new clearing on
properties already possessing “abandoned or under-utilized” areas or areas “used
inappropriately with respect to the capacity of the soil.” The MP 1.511 provoked an
intense reaction from the agro-industrial lobby; over the next 5 years, the measure was
modified repeatedly as the agricultural and environmental lobbies battled back and
forth, leaving landholders in doubt regarding their legal obligations.
After repeated substantial changes, in 2000, the federal government re-edited the
provisionary measure in favor of the National Environmental Council’s (CONAMA)
recommendation, setting out the following requirements: (1) an RL of 80% for properties
in the Amazon forest biome, 35% for those in the cerrado biome within the Legal
Amazon, and 20% in all other areas of the country; (2) the area of APP could only be
counted toward the RL in the 80% zones; (3) subject to specific conditions set out by
state zoning plans (Zoneamento Socio-Economico Ecologico), the RL could be reduced
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to 50% from 80% in the Amazon forest biome; (4) the tradable legal reserve rights
scheme required that an RL be “compensated” in another area of equal extent and
ecological function and character within the same micro-basin (Chomitz, 2004); (5)
special conditions for small properties (less than 100 ha) allowed only smallholders to
restore their RL using exotic species, allowed smallholders to subtract the area of APP
from the RL when the APP exceeded 5% of the area of the parcel, and allowed
smallholders to carry out “sustainable agroforestry management” activities in the APP.
CONAMA’s text was maintained through MP 2.166 in 2001, at which point the National
Congress passed a constitutional amendment limiting the power of the executive branch
of the federal government to edit provisionary measures. Provisionary measures that
were active at that time became law.
Relevance of Other Policies
At the same time that the Forest Code was undergoing almost constant
modification, environmental regulation was moving towards greater decentralization as
part of an overall shift in governance structure in Brazil in response to a mandate set out
by the 1988 Constitution (Azevedo, 2009; Weiss, 2000). In 1997, CONAMA3 approved
a resolution requiring rural environmental licensing to be developed and implemented
by states as a means of ensuring that the Forest Code would be carried out; this was
part of an overall legal decision that states should elaborate their own forest policies
and regulate rural environmental licensing (related to ranching and agricultural
production, especially deforestation, agrochemicals, and soil management). Although

3

Under current Brazilian law, CONAMA must approve any environmental legislation or policies (in
addition to approval by the executive and/or legislative branches) before these policies can be officially
enacted and implemented.
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the Federal Pact (Pacto Federativo), which turned greater decision-making and
regulatory power over to states, was not signed until the beginning of 2000, Mato
Grosso’s state environmental agency—the Fundação Estadual do Meio-Ambiente
(FEMA)—had already gained control over implementation of the Forest Code (among
other environmental legislation) from IBAMA (the arm of the federal Environmental
Ministry responsible for implementing and enforcing all environmental legislation prior to
decentralization) by 1999 (Azevedo, 2009).
Simultaneously, FEMA began developing an environmental licensing system for
private rural properties (Sistema de Licenciamento Ambiental para Propriedades
Rurais—SLAPR) as a means of monitoring compliance with the Forest Code, and
particularly, of differentiating between legal and illegal deforestation. Although INPE had
been monitoring deforestation in the Amazon (PRODES) since 1988, the system was
unable to discriminate legal and illegal clearing. The system was implemented in 2000
and 2001. Now in control of implementation and enforcement of the Forest Code, Mato
Grosso determined that it would require landholders within the Amazon forest biome in
the state to observe a legal reserve of only 50% rather than the 80% required by the
federal Forest Code. FEMA cited Mato Grosso’s state zoning plan as justification for this
interpretation, despite the fact that the plan had not been legally approved by the state
assembly yet (Azevedo, 2009). This provision was maintained until 2005, when the
federal government’s Operação Curupira extinguished FEMA and the federal
government again exerted more control over environmental regulation in the state,
including requiring establishment of a new state environmental agency, the State
Environmental Secretariat (SEMA—Secretaria Estadual de Meio-Ambiente).
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Additionally, landholders faced uncertainty regarding the definition of biomes and
their boundaries, and thus, the proportion of a given property to be set aside, since the
legal reserve requirement is biome-specific. The cerrado and forest biomes are
frequently redefined in the Legal Amazon. That is, since the Forest Code specifies the
percent of a rural property that must be maintained in a legal reserve of the native
vegetation, and this percentage is not the same for all biomes (i.e., 35% for cerrado,
80% for forest), landowners, lobbyists, and politicians often pursue legal redefinition of a
vegetation type in regions where the distinction between cerrado and so-called
“transition” forests is not easily recognized and well-established. In general, the percent
of vegetation required to be maintained is established in the political arena, with little (if
any) input from scientific assessment. Many properties located in what is considered to
be “transition” forest were registered with a legal reserve amounting to 20% of the
property before 1996 since this vegetation type was not considered to be forest and was
subjected the Forest Code amended in 1989. In some cases, properties may be located
in more than one biome, creating additional confusion regarding the percent and
location of the legal reserve on the property that must be maintained.
Application of the Forest Code on private rural properties is subject to conditions
set out in the Agricultural Law of 1991 (Lei no 8.171, 1991). It established a term of 30
years for the property owner to restore the RL—where it does not meet the minimum
percentage—on his land. Although its goal is to protect the landholder by assuring a
generous period of time to comply with his legal obligations under the Forest Code, it
also states, unequivocally, that the rural private properties must comply with the APP
and RL requirements. The Agricultural Law also exempts landholders from paying the
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rural property tax (ITR—Imposto sobre a Propriedade Territorial Rural) on the APP and
RL areas of their land. Essentially, the Law thus assigns an economic value to the
environmental function provided by these protected areas and is designed to serve as
an incentive to reinforce the requirements of the Forest Code.
Materials and Methods
Study Area
The 177,780 km2 Xingu River headwaters region is located in the northeastern
corner of Mato Grosso state, in central Brazil (Figure 2-1). The region’s soils,
topography (100-300 m altitude, with flat interfluvial expanses) and climate are wellsuited for soybean production and cattle ranching. Native vegetation types in the region
are comprised of forests (tall evergreen, transitional semi-deciduous, and riparian) and
savannas (cerrado woodland, mosaics of grassland, thickets, gallery forests). Ten
indigenous territories are completely contained within the boundaries of the Xingu
watershed in Mato Grosso (Figure 2-1). Indigenous territories cover approximately
42,200 km2 within the basin, representing 24% of the total area of the headwaters
region. Private landholdings comprise nearly 70% of the total area, and smallholder
settlements 4 comprise less than 5% of the region. The streams and rivers of the major
protected forest area that lies at the center of the region—the PIX complex, which alone
comprises nearly 20% of the headwaters area—are under growing threats from
sedimentation, agrochemical run-off, and associated fish die-off from the unprotected
headwaters regions outside of the park boundaries (Sanches, 2002). The Xingu region
4

Here, smallholder settlements are defined as government-sponsored settlement projects
(assentamentos) consisting of contiguous, individual 100-ha lots which are distributed to individuals or
families who meet a number of criteria, including not owning any other real estate nor having the means
or prospects to own any real estate.
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is representative of many areas along the Amazon’s agricultural frontier, but faces a
more acute and immediate threat because it lies between two major federal highways
(BR-158, BR-163) that are partially paved, and lies in the pathway of the northward
expansion of Brazil’s grain belt.
Land Cover Maps
I developed maps of observed landscapes for 3 dates (1996, 1999, 2005) and 2
theoretical landscapes reflecting land-cover under pre-1996 and post-1996 Forest Code
requirements. I used these maps to assess compliance with the requirements of each of
these 2 versions of the Forest Code: (1) pre-1996, requiring 50% legal reserve in the
forest biome (hereafter, referred to as “pre-1996”), and (2) post-1996, requiring 80%
legal reserve in the forest biome (hereafter, referred to as “post-1996”). I also used
these maps as a basis for assessing rate and proportion of legal and illegal
deforestation following the change in the Forest Code. Furthermore, I calculated both
the area available for conversion and in need of restoration relative to the requirements
of each version of the Forest Code. Finally, I also combined them with maps of net
present value for the region to estimate the costs of compliance.
Observed landscapes
I developed maps of land-cover for 3 dates of significance for the change in
legislation to assess the extent to which the change in the legal reserve slowed
deforestation in the region: 1996, 1999, and 2005. 1996 is the year in which the legal
reserve requirement in the Amazon Forest biome was raised from 50% to 80% of
private property through a provisional measure. Mato Grosso’s state environmental
agency took over responsibility for monitoring and enforcement at the beginning of
2000. Since only dry season imagery from this region is cloud-free, it was more
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conservative to use images from July/August 1999 than from the same period in 2000.
2005 is the year in which the federal government dissolved the Mato Grosso state
environmental “foundation” (subsequently reorganized as the state environmental
secretariat) and mandated that landholders in Mato Grosso follow the requirements of
the Forest Code to the letter of the law, rather than as interpreted by the state
government since 2000. Maps with 4 classes (forest, cerrado, agricultural lands, other)
were classified as described in Appendix A.
Theoretical landscapes
Two theoretical landscapes corresponding to the requirements set forth by the
Forest Code before 1996 and after 1996 were developed using a spatial landscape
simulation model. The basic architecture and function of the simulation model is
described in Appendix B; details regarding the modeled landscapes follow here. The
assumptions underlying each of the two scenarios differed only in the percent of native
vegetation that was to be maintained or restored on each private land-holding in the
headwaters region. Since a complete map of property boundaries for the region is not
available, I used micro-basins representing individual stream reaches (1:1,000,000
scale) as proxies for individual properties. The mean, range, and distribution of sizes of
the 2881 microbasin ( x = 5981 ha, 4-70,766 ha) is comparable to that of private
properties in the region (Jepson, 2006; Fearnside, 2005; Appendix B). Furthermore, the
mean percent clearing in the current (2005) landscape is comparable among
microbasins and properties for which property limit data are available, indicating that
microbasins are suitable substitutes for individual properties in terms of sampling the
population of properties in the region. It was necessary to use a spatial unit with
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complete coverage of the study region to simulate the distribution of vegetation across
the landscape corresponding with the requirements of the pre- and post-1996 versions
of the Forest Code.
For both scenarios, full compliance with the law was assumed. All indigenous
reserves and state and federal protected areas were strictly protected. Furthermore, a
50-m riparian buffer zone surrounding each stream and river visible in a map derived
from a thematic stream layer obtained from the Mato Grosso State Regional Planning
Secretariat (SEPLAN-MT) was strictly protected. The Forest Code stipulates that a
riparian buffer zone of at least 50 m be protected around every natural body of water,
and that the size of the buffer zone (up to 500 m) is dependent on the width of the
stream. However, as stream width is difficult to assess and no official map of riparian
buffers exist, the estimation of variable-width riparian buffers was not possible and I
assumed, conservatively, that all water bodies were surrounded by a 50-m wide buffer.
Where necessary, vegetation was restored to this riparian buffer zone so that each
theoretical landscape had 100% native vegetation cover within the boundaries of the
riparian zone. The original 1965 Forest Code (pre-1996) required that the legal reserve
be maintained in addition to the riparian zone (i.e., the riparian zone could not be
counted toward the percent of vegetation to be maintained in the legal reserve). Various
versions of the post-1996 provisionary measure alternately had the same requirement
or allowed the riparian zone to count towards the legal reserve. The final version of the
provisionary measure that was adopted in the federal legal code required that each be
maintained independently and completely, although subsequent interpretation at federal
and state levels varied. To facilitate analysis of compliance with the legal reserve
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requirement separately from the riparian zone requirement under the two iterations of
the Forest Code, I did not allow the riparian zone area to count as part of the amount of
legal reserve required in each microbasin in either the pre- or post-1996 scenario.
To calculate the amount of deforestation or restoration that could or should take
place, respectively, outside the riparian zone to meet the legal reserve requirements
under each of the two scenarios, I classified each micro-basin according to biome
(cerrado or forest). The cerrado-forest biome map was obtained by merging a map of
forest-non-forest derived from INPE Prodes maps with a map of biomes from the IBGE
RADAM vegetation thematic map. Of 2881 micro-watersheds in the Xingu River
headwaters region, 34 straddled both biomes. To facilitate model design and
processing, each of these microbasins was assigned to the biome representing more
than 50% of that micro-watershed’s area. At time step 0, the model calculates how
much of each watershed’s area consists of cleared area. If this area is greater than the
allowed amount (as determined by each version of the Forest Code) after the area of
the riparian zone is subtracted from the total watershed area, the model reforests the
area up to the allowable amount of cleared area. If the cleared area is less than the
allowable area, the model begins to deforest the watershed based on where the highest
favorability for deforestation is indicated (Appendix A). When a microbasin included
protected areas, the microbasin was sub-divided so that the part outside of the
protected area was treated as an independent microbasin, subject to the rules
described above. The part in the protected area was prohibited from being cleared and
did not count among those microbasins serving as proxies for private properties.

45

Compliance
To assess degree of compliance with the Forest Code for each of the three
“observed” dates, I calculated the area and quantified the percent of remaining native
vegetation by biome for the entire headwaters region outside protected areas and
compared this to the amount required under each the pre- and post-1996 versions of
the Forest Code. I also calculated the area and percent of remaining native vegetation
for each microbasin located outside protected areas. I present the mean and standard
error for the population of microbasins in each biome at each date. For each year, I
assessed the absolute amount and the percent of vegetation remaining in the 50-m
riparian buffer zone at both the landscape and microbasin levels. I also present the
number of microbasins complying with both the legal reserve and the riparian zone
requirement under each version of the Forest Code. Finally, I assessed the transitions
of forest microbasins among three categories of compliance: (a) compliance with neither
legal reserve regulation (below 50% forest cover), (b) compliance with the 50% legal
reserve requirement (between 50 and 80% forest cover), and (c) compliance with both
regulations (greater than or equal to 80% forest cover). Since the microbasin
boundaries do not coincide with those of actual properties in the region, the results must
be interpreted with care. Because of the similarity in the range, mean size, size
distribution, and percent clearing of the microbasins compared with the group of
properties for which data are available, it is possible to assume that the results
presented here represent the overall trends likely to be seen in a survey using property
boundaries. Nevertheless, some differences are likely to be present and the results
presented here should be seen as describing general trends rather than specific results
about the location and amount of actual compliance.
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To assess the extent to which the change in the Forest Code slowed illegal
deforestation in the forest biome, I estimated the amount and rate of deforestation
outside protected areas in the Xingu River headwaters region for two periods: 19961999 and 1999-2005. I identified each pixel that underwent deforestation during each of
the two time periods. Pixels were then further classified by whether they were
considered to be in or out of compliance with each of the legal reserve requirements of
each of the two iterations of the Forest Code. The final classification allowed pixels to
fall into one of 3 categories in each of the two periods, as follows:
•

Deforestation, legal: forest clearing in microbasins that were in compliance with
the regulations at the beginning of the period and remained in compliance at the
end of the period;

•

Deforestation, illegal, new non-compliance: forest clearing in microbasins that
were in compliance with the regulations at the beginning of the period and became
non-compliant by the end of the period as a result of clearing;

•

Deforestation, illegal, continued non-compliance: forest clearing in
microbasins that were out of compliance with the regulations at the beginning of
the period and remained out of compliance at the end of the period.

Economic Aspects of Compliance
To evaluate the economic aspects related to compliance with the new Forest Code
requirements in the forest biome for each of the three dates, I calculated the difference
in the area of the watershed outside of federal and state protected areas (1) that would
no longer be available for conversion to agricultural land, and (2) that would need to be
restored to come into compliance under the new regulations (80% legal reserve in forest
biome, 35% in cerrado) in comparison with the old regulations (50% in forest, 35% in
cerrado). For each, I present the total area for the entire headwaters region as well as
the mean per microbasin. Based on these figures, I estimated the economic costs of
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complying with the policy change by estimating (1) the potential forgone profits to
producers over the whole landscape and by microbasin using net present value as a
proxy for the potential value of agricultural lands in the region, and (2) the cost of
riparian forest restoration over the whole landscape and by microbasin, where
necessary (methods are described in detail in Appendix C).
I estimated total maximum potential NPV for both forested and cleared lands—if
they were to be cleared or remain cleared—within the forest biome as well as per
microbasin. Furthermore, I estimated potential NPV for microbasins in and out of
compliance with the pre- and post-1996 Forest Code requirements to estimate the
potential for legal agricultural expansion under the 50 and 80% legal reserve
requirement. In each case, I also calculated and compared the mean NPV ha-1 to test
the hypothesis that mean potential earnings were associated with non-compliance.
Restoration costs were estimated for riparian zone and legal reserve areas, at the
aggregate and microbasin levels.
Ecological Consequences
I compared the final landscapes for each of the 5 alternative landscapes in terms
of carbon stocks, river discharge, annual evapotranspiration, terrestrial habitat quality,
and water quality (methods are described in Appendix C). Unlike all the preceding
analyses, ecological consequences were assessed for the entire headwaters region,
including all protected areas.
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Results
Compliance
Legal reserve
At the scale of the entire Xingu River headwaters region, forest cover was greater
than 80% (the new legal reserve requirement) in 1996, but fell below 80% in 1999 and
further still in 2005. The region was in compliance with the 35% cerrado limit in all three
periods (Table 2-1). In 1996, when the provisional measure was first adopted, 83%
(79,910 km2) of original forest cover and 64% (18,617 km2) of original cerrado cover still
remained outside protected areas across the Xingu headwaters region (Table 2-1,
Figure 2-1), thus meeting both the old (50% legal forest reserve) and new (80% legal
forest reserve) regulations. By the middle of 1999, 6 months before the policy was
permanently adopted, original forest cover had fallen to 78% (75,139 km2), and original
cerrado cover had fallen to 54% (15,967 km2). During the subsequent 6 years, to 2005,
further deforestation reduced forest cover to 64% (61,934 km2) and cerrado cover
declined to 45% (13,065 km2) (Table 2-1, Figure 2-1). Total forest loss on lands outside
of protected areas from 1996 to 2005 equaled 17,976 km2. The annual average area of
forest loss increased from 1590 km2 between 1996 and 1999 to 2201 km2 between
1999 and 2005. In the cerrado biome, total native vegetation loss reached 5552 km2
over the 10-year time period; mean annual clearing decreased by nearly half in the
second period, from 883 km2 to 484 km2.
These aggregate statistics mask the degree of compliance by individual
landholdings (represented here by microbasins, which I employ as proxies) with the
regulations. Landholdings are the unit for which enforcement of the legislation takes
place. In 1996, when the legislation changed, 8% of forest microbasins had cleared
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more than 50% of forest vegetation and were therefore not in compliance with the old
regulations (Table 2-2). However, with the increase in the legal reserve requirement
from 50 to 80% of the property, an additional 20% of forest microbasins fell out of
compliance, representing a sudden increase in illegality of 336%. The combined area of
cleared land in excess of the new limit (20% clearing permitted) in these microbasins
was 2404 km2, 15% of all existing cleared area that year. Eight percent of microbasins
located in the cerrado biome were also out of compliance with the 35% native
vegetation cover legal reserve requirement which did not change (Table 2-2). In 1999,
36% of forest microbasins failed to meet the new requirements, representing an
increase in illegality of 297% relative to compliance with the old requirements (Table 22, Figure 2-2). Eighteen percent of cerrado watersheds did not meet the legal
requirements. By 2005, following the post-1995 spike in deforestation in the region, from
2002 to 2004, 54% of forest microbasins did not comply with the new requirements,
whereas 21% would have been out of compliance under the old regulations. In contrast,
more than three-quarters of cerrado microbasins met the requirements.
Changes in microbasin-level compliance take place through different pathways. I
examined the transitions of forest microbasins among three categories of compliance:
(a) compliance with neither legal reserve regulation (below 50% forest cover), (b)
compliance with the 50% legal reserve requirement (between 50 and 80% forest cover),
and (c) compliance with both regulations (greater than or equal to 80% forest cover)
(Figures 2-2, 2-3). In 1996, the percentage of forest microbasins in each of these
categories was 8, 20, and 72%, respectively (Figures 2-2, 2-3, Table 2-2). In 1999, the
new allocation of microbasins among the three categories of compliance was 12, 24,

50

and 64%, respectively (Figures 2-2, 2-3, Table 2-2). The largest shift between
categories (8%) occurred from compliance with both regulations (>=80% forest cover) to
compliance with the old regulations (between 50 and 80% forest cover). Of the
microbasins with less than 50% forest cover in 1996, 98% remained non-compliant in
1999, with 86% continuing to deforest (Figure2- 4). From 1999 to 2005, the new
allocation of microbasins among the three categories of compliance was 21, 33, and
46%, respectively (Figure 2-2). Sixteen percent of forest microbasins shifted from
compliance with both regulations to compliance only with the old regulation. Eight
percent of forested watersheds were out of compliance with the old regulations in 1996
and continued to deforest through 2005 (Figure 2-4). These illegal microbasins are
primarily concentrated on the eastern side of the Xingu Basin, where the profitability for
soy cultivation was highest. Forty-six percent of the microbasins still retained 80% or
more of their forest cover in 2005 (Figure 2-2), and are concentrated on the western
side of the basin (Figure 2-3, 2-4), where selective logging constitutes an important part
of the regional economy; this indicates, however, that remaining forests are likely to be
degraded (Asner et al., 2005).
The microbasin-level analysis also permits quantification of the area of forest
clearing that was in compliance with the old and new legal reserve requirements.
Between 1996 and 1999, a total of 4867 km2 (5% of the original forest area on private
lands) were deforested by 68% of forest microbasins (Table 2-3). Fifty-seven percent of
total microbasins (representing 39% of total deforestation in the period) deforested
without falling below the 50% minimum forest cover requirement. As a result of the
increase in the legal reserve requirement, a greater proportion of 1996-1999
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deforestation (31%) was carried out on 430 (24%) microbasins already out of
compliance with the law’s requirements (Table 2-3). In the second period, from 19992005 (after the policy change was officially adopted as law), a total of 13,184 km2 of
forest were deforested by 86% of microbasins. Fifty-eight percent of this deforestation
(8386 km2) was in compliance with the old regulation and only 15% (2006 km2) with the
new regulation (Table 2-3).
Riparian buffer zone
A separate provision of the Forest Code mandates that the riparian zone be strictly
protected and that vegetation be restored if any clearing has taken place in the buffer
zone. In 1996, a total of 12% of the riparian zone in the headwaters region, outside of
protected areas, had been cleared, with a greater proportion of cerrado riparian area
cleared (18%, Table 2-1). Only 12% of cerrado microbasins were in compliance, one
third the proportion of that encountered in the forest biome (Table 2-2). In 1999, the
area of riparian zone cleared climbed to 16% (Table 2-1). Only 32% of microbasins
were in compliance with the law at this time (Table 2-2). By 2005, 23% of the riparian
vegetation had been cleared, and compliance fell to 17% of microbasins (Tables 2-1, 22). This decrease in riparian zone vegetation occurred mostly in forest microbasins,
where compliance fell to 20% (Table 2-2).
Economic Aspects of Compliance
Opportunity cost
The increase in the legal forest reserve requirement from 50 to 80% imposed
costs on landholders. The first cost that I consider is that associated with foregone
profits from soy or cattle ranching incurred through compliance with the mandatory
forest legal reserve requirements, which depends on the area of forest land landholders
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must leave standing. At the level of the entire Xingu River headwaters region, in 1996,
nearly 33,000 km2 of forest could still be cleared by 1608 (92%) forest microbasins
under the old regulations, whereas less than 10,000 km2 could still be cleared by 1259
(72%) microbasins under the new regulations in 1996 (Tables 2-2, 2-4). The average
landholding still in compliance with the old regulations would have been permitted to
clear a further 20 km2, whereas under the new regulations, only 7 km2 of further clearing
would have been allowed (Table 2-4). By 2005, 20,000 km2 were potentially eligible for
clearing under the old regulations, in contrast with less than 4000 km2 under the new
regulations. At the individual microbasin level, these numbers had fallen to less than 15
km2 and 5 km2, respectively (Table 2-4).
The total net present value (NPV, calculated over a 30-year time horizon) that
could be achieved for lands outside of protected areas across the Xingu headwaters
region, assuming that the maximum economic value were to be extracted from the
landscape from soy or cattle ranching, reaches 32.9 billion USD (Table 2-5). The
potential NPV of the entire Xingu River watershed area outside of protected areas
associated with soy and cattle production differs by approximately 5 billion USD
between a landscape reflecting the old (50%) and new (80%) regulations (difference in
NPV of forest area in compliant microbasins, Table 2-5). This difference climbs to
approximately USD 9 billion when the area of forest land “available” for conversion
under the old vs. new regulation is compared for microbasins (Table 2-5). In 1996,
producers in the aggregate still had the potential to realize an additional NPV of 11.6
billion USD under the old regulations, but only 2.9 billion USD under the new regulations
(Table 2-5). By 1999, these values decreased to USD 9.6 vs. 0.9 billion, respectively,
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then to USD 4.5 and -4.2 billion in 2005 (Table 2-5). Under the new regulations, land
with a value of 4 billion had already been cleared illegally by 2005 (Table 2-5); this is
income that producers out of compliance in the region would not have earned if they
had complied with the new regulations.
At the level of the individual microbasin, the potential additional NPV that could be
realized through legal clearing of land fell by an average of USD 4 million (Table 2-7). In
other words, the change from a legal reserve of 50 to 80% represented a USD 4 million
dollar decline in the potential NPV of the region’s landholdings.
I tested the hypothesis that compliance with the legal reserve requirement is
inversely proportional to the opportunity costs of compliance by comparing the mean
NPV ha-1 of cleared land for compliant and non-compliant microbasins (Table 2-6). The
hypothesis was supported for all comparisons of NPV ha-1. The difference in NPV ha-1
between compliant and non-compliant microbasins became larger each successive
year, and was greater for the 80% regulation than for the 50% regulation, where the
per-hectare value in noncompliant basins remained 1.5 times greater than that of
cleared lands in compliant microbasins (Table 2-5). Over time, this ratio increased, with
the potential NPV ha-1 of cleared lands in non-compliant microbasins (3087 USD ha-1)
nearly double that of cleared lands in compliant microbasins (1772 USD ha-1) in 2005
(Table 2-6).
Cost of restoration
As the forest area available for clearing declined through the change in the Forest
Code, the aggregate area of legal reserve to be restored in 1996 rose from 1200 km2
under the old regulations to 6500 km2 under the new regulations (Table 2-4). For the
average individual microbasin already in violation of the old requirements in 1996, the
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legal reserve restoration requirement increased from 8 to 13 km2, going from the old to
the new regulations (Table 2-4). By 2005, the aggregate area to be restored increased
to 3500 km2 and 16,000 km2, under the old and new regulations, respectively. By 2005,
the average restoration requirement relative to the old and new requirements rose from
9 to 17 km2. The total riparian area needing to be restored increased from
approximately 1300 km2 in 1996 to 2500 km2 in 2005. For the average landholder, this
meant an increase from 0.6 km2 to over 1 km2 of riparian forest restoration (Table 2-4).
In 1996, restoration costs to bring all microbasins into compliance with the old
regulations (including riparian zone restoration) was 375 (±232) million USD (Table 2-8).
To come into compliance with the new regulations, the cost more than doubled to 868
(±442) million USD. These costs increased in 1999 to 534 and 1226 million USD,
respectively; by 2005, the costs climbed to 841 and 2018 million USD (Table 2-8).
Whereas riparian restoration costs represented an average of 69% (under the old
regulations) and 31% (under the new regulations) of the total restoration costs in 1996,
by 1999 they had risen to 61% (old) and 27% (new) of the cost (Table 2-8). By 2005,
these proportions had fallen to 51% (old) and 20% (new) of the cost. For the average
individual landholder needing to come into compliance, the cost rose from 1.2 to 1.6
million USD in moving from the old to new regulations in 1996 (Table 2-8). This cost
rose in 1999—to 1.4 and 2 million USD—largely because of a doubling in the area of
riparian zone restoration. The overall average cost to landholders increased further in
2005 (1.6 million USD to comply with the old regulations, 2.3 million USD to comply with
the new regulations) due to an increase in the amount of legal reserve restoration,
despite the cost of riparian zone restoration remaining stable. At the level of the
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individual landholder, riparian zone restoration costs represented a small proportion of
the total restoration costs than for the landscape as a whole, never reaching more than
15% of the total costs (assuming a minimum of active restoration was carried out)
(Table 2-8).
Ecological Consequences
Carbon stocks
Carbon stocks of the Xingu River headwaters region forests varied by 212 million
tons from the highest level, in 1996 (661 MtC), to the lowest level, under the modeled
50% legal reserve regulation (449 MtC, Table 2-9). Carbon stocks between the modeled
50% and 80% landscapes differ by 27% (120 MtC, Table 2-9). Whereas implementing
the new regulations would have meant a loss of only 50 MtC since 1996, retaining the
old regulations would potentially have resulted in emissions of 150 MtC (640 MtCO2e).
Currently (2005), somewhat less than half that amount has been lost since 1996 (Table
2-9).
Hydrology and regional climate
Deforestation is known to reduce evapotranspiration and increase stream flow
because of the reduced leaf area index, decreased root density and depth, and
increased soil compaction (Bruijnzeel, 1990; Costa, 2005; Sahin and Hall, 1996;
Scanlon et al., 2007; Nepstad et al., 1994). In the Xingu River headwaters, modeled
streamflow was higher than the original landscape in all five scenarios. Among the
1996, 1999 and “80%” landscapes, mean annual stream discharge was similar ranging
from 7 to 10% greater than that of the control landscape. In the 2005 and “50%”
landscapes, stream discharge was higher, with 13 and 17% increases, respectively.
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This implies lower potential for flooding, and lower risk of overland flow and associated
soil erosion under the 1996, 1999, and “80%” landscapes.
Mean annual evapotranspiration decreases as forest cover decreases on the
landscape, ranging from a 3 to 7% reduction from the control scenario.
Evapotranspiration decreases more than twice as much in the theoretical 50%
landscape over the 1996 and 1999 landscapes and nearly twice as much as the
theoretical 80% landscape. More water vapor, equal to 60 mm y-1, is therefore provided
to the atmosphere under the high forest landscapes (1996, 1999, 80%) than under the
low forest landscape.
Water quality
Whereas both the theoretical 50% and 80% landscapes had all riparian forests
protected or restored , riparian forest cover was substantially lower (12 to 19%) in the
historical landscapes. This suggests that streams in the historical landscapes are more
likely to be affected by sedimentation from point-source than those in the theoretical
landscapes.
Furthermore, by 2005, water temperatures are likely to be higher and dissolved
oxygen levels lower in one-fifth of the landscape’s stream network (Neill et al., 2006),
affecting species populations and assemblages. Some of these streams may also be
subject to grass invasion (Neill et al., 2006). Riparian zone forests are also important in
the food chains of aquatic communities (Neill et al., 2006; Burcham, 1988; Bojsen and
Barriga, 2002; Lorion and Kennedy 2009).
Habitat
Overall, habitat quality and quantity are lowest in the theoretical 50% landscape,
and highest in the 1996 landscape. The 1996 and 1999 landscapes are similar to one
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another, having the highest amount of total forest and cerrado cover, the greatest mean
fragment size (more than four times as large as the 50% landscape), as well as the
highest amounts of interior (core) habitat area (more than twice as much as the 50%
landscape) and lowest amounts of edge habitat (nearly 3 times less than the 50%
landscape). Notably, the theoretical 80% landscape has substantially more edge habitat
(1.5 times more) than the most fragmented historical landscape (2005), despite having
fewer fragments and a greater amount of interior habitat than that landscape (Table 29). This is likely to be explained by the spatial stratification of legal reserves throughout
the landscape in the theoretical landscape, in comparison to the current landscape
where some areas of the landscape are not yet fragmented and other areas no longer
have any native (or regenerated) vegetation remaining. The Forest Code, if imposed at
the level of the microbasin, increases the amount of edge relative to the natural pattern
of forest cover that arises through frontier expansion.
Discussion
The Brazilian Forest Code was designed to protect public interests in private-land
forests, an intent that was fully canonized in the new Constitution of 1988. To
successfully protect the “social function” of private land forests, the Code must change
the behavior of landholders. They must comply with the restrictions on forest clearing
that are defined by the code, and adjust this behavior when the Code changes. At the
beginning of the study period, in 1996, most of the microbasins (92%) of the Xingu River
headwaters region, outside of protected areas, were in compliance with the requirement
that at least 50% of each property’s forests be maintained (Table 2-2). With the
announcement during this same year of a temporary regulation to raise the legal forest
reserve requirement to 80%, the number of microbasins in compliance with the new
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requirement fell to 72%. This can be viewed as the beginning of the test of the
effectiveness of the revised Forest Code. If the revised Code were viewed by
landholders as carrying the full force of the law, then deforestation would have halted in
microbasins that had already reached 20% forest clearing, continuing only on those
microbasins with more than 80% forest cover remaining. In practice, however, the level
of compliance with the 80% legal forest reserve requirement declined from 72% of
microbasins in 1996 to 64% in 1999, then dropped precipitously to 46% in 2005,
following the surge in clearing from 2002 to 2004 (Table 2-2). This illegal deforestation
was manifested at the scale of the entire Xingu River headwaters region. Forest cover
outside of protected areas declined from 83 to 64 % from 1996 to 2005 (Table 2-1).
With the more restrictive Forest Code, annual deforestation in the region climbed from
1590 km2 during the 1996-1999 period to 2201 km2 during the 1999-2005 period, a
further indication that the Code revision had little if any inhibitory influence on forest
clearing by landholders.
It is not surprising that the level of compliance with the new legal reserve
requirement was low. Compliance with environmental regulation is highest when (a) the
process for achieving compliance is clear and practical, (b) the probability of noncompliant landholders being identified is high, (c) the probability of apprehended
landholders paying fines or facing imprisonment is high, and (d) the costs of compliance
are low. In sum, compliance is highest when non-compliance is very expensive. The
change in the Code was not accompanied by an effective program for helping
landholders bring their properties into compliance if they had already exceeded 20%
clearing (28% of microbasins in 1996). It was only in 2000 that the requirement to bring
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properties into compliance began to be enforced through creation of the Mato Grosso
rural environmental licensing system, coincidentally with the sudden change in
legislation. Properties could be brought into compliance through restoration of forests to
bring the property’s forest cover up to 80%, compensation of the legal reserve through
the purchase of excess forests on other properties (Chomitz, 2004; Azevedo, 2009),
and payment into a fund that would maintain or expand state protected areas were
created (Azevedo, 2009). Even in 2005, only 3992 km2 of forest could have been
cleared legally and may have been set aside to compensate non-compliant properties
(Table 2-3). However, the area of illegal clearing by this year had reached 16,000 km2,
more than four times the area available for compensation (3788 km2). Hence, legal
reserve compensation could have been used for, at most, one fourth of the illegally
cleared land. Very few landholders brought their properties into compliance through
compensation on other properties; between 1999 and 2007, only 5 such applications
were processed by Mato Grosso’s environmental agency (Azevedo, 2009). My data do
not allow me to infer the degree to which landholders may have achieved compliance
through payments into a state fund, although Azevedo (2009) indicates that it was also
minimal.
Compliance with the new forest Code may also have been low because of
landholder uncertainty about its longevity. I identify two major sources of this
uncertainty. First, the state of Mato Grosso declared in 2000 that the legal reserve
requirement for the “transition forests”, which include approximately 76% of the forests
in the Xingu River headwater region, was only 50%, despite the change to 80% for all
forests in the Legal Amazon in the federal Forest Code. This state-level declaration
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went unchallenged by the federal government for 5 years, and was accompanied by a
vigorous debate about the definition of transition forest. As of 2005, the federal
government over-ruled the state interpretation, and the entire forest biome returned to
an 80% legal reserve requirement. Because these percentages are decided in the
political arena, rather than through scientific assessment, some biomes (e.g., cerrado)
and their ecological functions are undervalued relative to others. Conversely, the legal
reserve for other biomes (e.g., forest) may be set higher than what is necessary to
maintain ecological function and also result in low compliance as landholders attempt to
gain parity with their peers in other biomes, ultimately to the detriment of the ecosystem.
A second source of uncertainty regarding the longevity of the 80% requirement
was the frequent attacks on the forest Code within the Brazilian National Congress. The
bancada ruralista (ruralist constituency, primarily the agricultural lobby) advanced
proposals to reduce the legal reserve requirement of the Forest Code almost annually
(Lima et al., 2005). The reduction of the legal reserve requirement was an important
plank in the political platform of politicians, agro-industry’s representative organizations,
such as FAMATO (Mato Grosso Agriculture Foundation) and CNA (National Agriculture
Confederation), and may have given landholders a sense of impunity regarding the
Forest Code (Azevedo and Pasquis, 2006; Azevedo, 2009). Since 2005, Mato Grosso’s
agro-industrial sector continues to seek ways to reduce the legal reserve and/or to
legalize properties that have cleared in excess of the permitted amount without requiring
restoration (Camarga, 2008).
These weaknesses in implementation of the Forest Code may have been
reinforced by the costs incurred by landholders through compliance with the Code. The
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costs of registering with the state environmental licensing system (SLAPR) alone have
been demonstrated to be prohibitive to many landholders, particularly if the landholder
attempts to maintain a legal reserve of 80% (Guimaraes and Almeida, 2007; Azevedo,
2009). Opportunity cost may present an even greater obstacle to compliance. The
forgone profits from deforestation-dependent economic activities, such as cattle
ranching and soy cultivation, were particularly strong incentives for landholders to take
the risk of getting caught and paying fines because of the high potential profitability of
the Xingu region’s soils for agriculture and ranching. Using spatially-explicit rent models
for soy cultivation and cattle ranching, I estimate that the aggregate opportunity cost
incurred by landholders through the increase in the legal reserve requirement was
approximately USD 9 billion (Table 2-3). The mean opportunity cost for individual
microbasins associated with the legal reserve requirement shift was USD 4 million
(Table 2-7).
Further evidence of the contribution of opportunity costs to non-compliance is
provided by the potential net present value of cleared land on a per-hectare basis for
compliant and non-compliant properties. Mean NPV per hectare of cleared land was
higher for non-compliant clearing than compliant clearing, and this difference was
greater for the 80% restriction than for the 50% restriction, and it increased over time
(Table 2-6). This suggests that landholders are more willing to break the law and run the
risk of getting caught and punished if there is more profit to be made through illegal
forest clearing. However, although it is unclear what proportion of violators were served
with fines, of those who were, less than 2% of fines are estimated to have been
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collected, even after Mato Grosso’s environmental authority was reorganized (Azevedo,
2009).
In comparison to the forgone income from cleared lands, the costs to restore those
lands are negligible, representing approximately 20% of the opportunity cost of the
lands to be restored in 1996 and 1999 under both the new and the old regulations
(Tables 2-5, 2-8). In 2005, restoration costs represented 13% and 18% of the
opportunity cost of complying with the old and new regulations, respectively. This
illustrates the point that the opportunity cost is likely to be far more prohibitive for
landholders in bringing illegally cleared lands into compliance, but that adding
restoration costs to opportunity cost increases the total cost by one-fifth, on average.
Although compliance with the change in the legal reserve requirement was low,
simulation modeling allows us to understand what this policy decision would achieve if it
were fully implemented. Under full compliance with the 80% forest cover, the level of
“biotic regulation” (Bormann and Likens, 1979) of water flow through the Xingu River
headwaters region increases. The higher level of evapotranspiration associated with the
80% legal reserve scenario relative to the 50% scenario (3%, Table 2-9), although a
small difference, signifies a lower potential for surface runoff and associated soil erosion
(Stickler et al. in press) and lower potential for stream and river flooding. Higher
evapotranspiration also reduces the likelihood of deforestation-driven changes in the
regional rainfall system, which some models suggest can take place when clearing
exceeds 60 to 70% original forest cover (Sampaio et al., 2008; Werth and Avissar,
2002; Nobre et al., 1991). The Xingu headwaters region is likely to be severely
impacted by rainfall reduction through climate change (Malhi et al., 2008) and the
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maintenance of high levels of evapotranspiration could diminish the likelihood of these
changes in rainfall (Nepstad et al., 2008). Both the 80% and 50% legal reserve scenario
assume full restoration of riparian zone forests, potentially re-establishing the role of
these forests in providing shade, fruits, and other forms of organic matter to the region’s
aquatic ecosystems. Riparian zone forests may prevent grass invasion in streams that
can be associated with low levels of oxygen (Neill et al., 2006). Improvements in water
quality under a fully implemented Forest Code could have direct positive impacts on the
livelihoods of the indigenous peoples who reside in the Parque Indigena do Xingu
(Xingu Indigenous Park) located at the core of the headwaters region (Figure 2-1).
Tribes such as the Kisedje have observed declines in the quality of the fish and turtles
that they catch for subsistence consumption and have also noted changes in the timing
and strength of rains at the beginning of the rainy season (pers. comm., Chief Cuiuci
Kisedje, 16 July, 2005). One of the biggest impacts of the 80% scenario fully
implemented is in the increase in interior habitat of the region’s forests (Table 2-9).
Those species that depend upon forest interior habitats, such as ant birds (Bierregaard,
2001), would have more than twice the area of forest interior under the 80% scenario
vs. the 50% scenario (Table 2-9).
The 80% legal reserve scenario also retains 120 million tons of carbon (450 million
tons of CO2 equivalent (tCO2e), Table 2-9) more than the 50% legal reserve landscape.
Carbon storage is the only ecosystem service in the Amazon region that is close to
having a robust market mechanism to provide incentives for its maintenance. If the
REDD (Reduced Emissions from Deforestation and Forest Degradation) regime under
negotiation within the United Nations Framework Convention on Climate Change
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(Gullison et al., 2007; Meridian Institute, 2009) results in the development of a market
for carbon through reductions in deforestation, carbon could become a promising
commodity for compensating land holders for the opportunity costs that they incurred
when the legal reserve was changed from 50 to 80% of each property. This opportunity
cost, that we estimate at approximately USD 9 billion (Table 2-5), could be fully
compensated at a price of USD 20 tCO2e-1 emission that is avoided; this price is within
the range of current carbon prices (approximately USD 21 tCO2e-1; Point Carbon, 2009).
In sum, the Xingu headwaters region provides insights into the limits of command-andcontrol regulations designed to defend public interests in private-land resources. The
change of the legal reserve requirement from 50 to 80% of private properties imposed
USD 9 billion in forgone potential present and future profits on the region’s farmers and
ranchers—averaging USD 3 to 4 million per microbasin—and was ineffective in creating
processes and procedures through which landholders who wished to comply with the
law could do so. The validity of the 80% legal reserve requirement was undermined by
the state of Mato Grosso’s decision that the transition forests of the region had a 50%
legal reserve requirement, by the frequent attacks on the Forest Code within Brazilian
legislature by the agricultural lobby, and by the low levels of enforcement of the 80%
rule. Non-compliance was reinforced by the perceived risks associated with compliance,
in which law enforcement officers punish those who are trying to comply with the law
because of the threat that compliance poses to the culture of graft and corruption
(Rosenthal, 2009).
The origins of these deficiencies in the Forest Code may be traced to the very
system by which laws are created in Brazil and the extent to which this approach is
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suited for handling complex natural resource governance issues. If the governance of
common pool resources depends on designing a system of clear rules and incentives,
the Forest Code fails on both accounts. Whereas the Forest Code certainly lays out a
body of rules, the modifications made after 1996 combined with the process of
decentralization to lead to a set of rules that are far from clear and that inspire
uncertainty. Concurrently, powerful economic drivers created an even greater need for
incentives to comply with the regulations. However, the moral idealism of the legal
tradition in Brazil may have made the notion of incentives difficult to consider. With a
focus on the “ideal” versus the “practical” solution to issues of the public good, and its
defense, Brazil’s civil law system typically produces new regulations and laws without
the dialogue and debate among interested stakeholders that could build into the design
of the new law mechanisms for increasing its practicality and chances of successful
implementation. However, multi-stakeholder, participatory planning processes are
already part of recent watershed management legislation (cite). More and more, civil
society is initiating such processes for a variety of environmental governance issues,
including infrastructure development (Campos and Nepstad, 2006; Soares-Filho et al.,
2004), watershed management (ISA, 2005), and other regional planning processes
(Perz et al., 2008), signaling an important trend in Brazilian environmental rule-making
in the future.
Conclusion
This case study identifies a crucial challenge for lawmaking designed to defend
public interests in privately controlled natural resources. At its core, it illustrates one
legislative attempt to reconcile a trade-off that has repeated itself throughout human
history. Are higher evapotranspiration, carbon stocks, greater rainfall security, reduced
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soils erosion, and the maintenance of native habitats over a 178,000 km2 watershed
worth nine billion dollars? If the answer is affirmative, then creating incentives that
facilitate private landholders’ compliance with the law would seem to be strategic. The
Brazilian Forest Code is an innovative legislation, and one of the first to recognize and
attempt to protect the broader public interests in private land forests in the tropics. Its
potential for fostering the reconciliation of conservation with agricultural development is
high, but in its current state is not being realized. The Brazilian government might have
achieved the objectives of defending public interests in private forests if the shift to 80%
had been implemented in a different way. First, the change should have been
accompanied by an effective set of options by which landholders could bring their
properties into compliance with the new law. Second, the government should have
developed a system of positive incentives for complying with the new regulation,
potentially including compensation of at least part of the opportunity cost associated
with forgone profits from soy cultivation or cattle ranching. The carbon market
represents an important opportunity to achieve these economic incentives.
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Table 2-1. The area and percent coverage of native forest and cerrado in the Xingu River headwaters region as required
by old and new Brazilian Forest Code regulations, and as observed for 1996, 1999, and 2005. Data are
presented both for the entire headwaters region and for the mean values of the region’s microbasins. Results
are for lands outside of protected areas.
Required
Old Regulations New Regulations
Area (km2) % Area (km2)
%
Native Vegetation
Whole watershed (Total)
Legal Reserve
Forest
Cerrado
Riparian Zone
Forest
Cerrado
Total
Microbasins (Mean (s.e.))
Legal Reserve
Forest
Cerrado
Riparian Zone
Forest

1996
Area (km2)

Observed
1999
Area (km2)
%

%

2005
Area (km2)

%

48,255
10,245

50
35

77,208
10,245

80
35

79,910
18,617

83
64

75,139
15,967

78
54

61,934
13,065

64
45

8487

10
0
10
0
10
0

8487

100

7584

89

7354

87

6814

80

2571

100

2117

82

1964

76

1733

67

11,058

100

9700

88

9318

84

8547

77

85
(0.5)
66
(1.1)

43 (1.0)

80 (0.6)

35 (0.8)

68 (0.6)

35 (1.8)

58 (1.2)

28 (1.5)

49 (1.2)

4.0 (0.1)

88 (0.4)

3.9 (0.1)

80 (0.5)

4.3 (0.2)

79 (0.8)

3.8 (0.2)

70 (0.9)

4.0 (0.1)

86 (0.4)

3.9 (0.1)

78 (0.5)

2571
11,058

28 (0.6)

50

44 (0.9)

80

46 (1.0)

22 (1.1)

35

22 (1.1)

35

41 (2.1)

4.8 (0.1)

10
0
10
0
10
0

4.8 (0.1)

100

4.3 (0.1)

5.7 (0.3)

100

4.7 (0.2)

5.0 (0.1)

100

4.4 (0.1)

Cerrado

5.7 (0.3)

Total

5.0 (0.1)

68

90
(0.3)
84
(0.7)
89
(0.3)

Table 2-2. The number and percentage of microbasins in the Xingu River headwaters region that were in compliance with
Brazilian Forest Code forest cover requirements in 1996, 1999, and 2005. Data are for microbasins outside of
protected areas.
Required
Observed
1996
1999
2005
Number in
%
Number in
%
Number in
%
Number in
%
Compliance
Compliance
Compliance
Compliance
Microbasins
Legal Reserve
Forest
50%
1756
100
1608
92
1543
88
1383
79
80%
1756
100
1259
72
1123
64
810
46
Cerrado
35%
460
100
423
92
377
82
359
78
Riparian Zone
Forest
100%
1749
100
748
43
640
37
344
20
Cerrado
100%
454
100
65
14
59
13
36
8
Total
100%
2203
100
813
37
699
32
380
17
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Table 2-3. Evolution of compliance with old and new Brazilian Forest Code in the microbasins of the Xingu River
headwaters region, by category of change for 2 time periods. “Illegal” and “legal” deforestation refers to those
microbasins that were above or below, respectively, the maximum percent of legal reserve clearing allowed by
the Forest Code. “Continued non-compliance” refers to microbasins that began the time period out of
compliance. “New non-compliance” refers to microbasins that moved from compliance to non-compliance
during the time period.
Period 1 (1996-1999)
Period 2 (1999-2005)
50% Legal Reserve
80% Legal Reserve
50% Legal Reserve
80% Legal Reserve
Area
No.
Area
No.
Area
No.
Area
No.
(km2)
microbasins (km2) microbasins (km2) microbasins (km2) microbasins
Deforestation
Illegal
Continued non444
125 (10%)
2129
430 (36%)
854
179 (12%)
5817
570 (38%)
compliance
(9%)
(44%)
(6%)
(44%)
New non756
68 (6%)
1474
145 (12%)
3953
171 (11%)
5361
334 (22%)
compliance
(16%)
(30%)
(27%)
(41%)
Legal
In compliance
3667 1008 (84%)
1263
624 (52%)
8386 1162 (77%)
2006
603 (40%)
(75%)
(26%)
(58%)
(15%)
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Table 2-4. Total area and mean area per microbasin of forest and cerrado within the Xingu River headwaters region that
is “available” for conversion and/or needing to be restored under the old and new Brazilian Forest Code,
measured at three dates. Data are for microbasins outside of protected areas. “Available for conversion” refers
to forest and cerrado that could be cleared without exceeding the maximum percent clearing allowable under
the Forest Code.
1996
1999
2005
Total
Mean (s.e.) per
Total
Mean (s.e.) per
Total
Mean (s.e.) per
2
2
2
(km )
(km )
(km )
microbasin
microbasin
microbasin
(km2)
(km2)
(km2)
Area available for conversion
Forest
50%
32,879
20.4 (0.5)
28,920
18.7 (0.5)
20,284
14.7 (0.4)
80%
9221
7.3 (0.2)
7403
6.6 (0.2)
3992
4.9 (0.2)
Cerrado
35%
8499
20.1 (1.1)
6662
17.7 (1.0)
5362
14.9 (0.9)
TOTAL
50%
41,378
20.4 (0.4)
35,582
18.5 (0.4)
25,646
14.7 (0.4)
80%
17,720
10.6 (0.3)
14,065
9.4 (0.3)
9354
8.0 (0.3)
Area to be restored
Legal Reserve
Forest
50%
1224
8.3 (0.7)
1929
9.1 (0.7)
3490
9.4 (0.5)
80%
6520
13.1 (0.7)
9366
14.8 (0.7)
16,125
17.1 (0.6)
Cerrado
35%
104
3.0 (0.5)
318
3.9 (0.5)
487
4.9 (0.8)
TOTAL
50%
1328
7.3 (0.6)
2247
7.6 (0.5)
3977
8.4 (0.5)
80%
7744
12.5 (0.7)
3684
13.6 (0.6)
16,612
16.0 (0.6)
Riparian Zone
Forest
100%
894
0.5 (0.03)
1126
0.6 (0.03)
1673
1.0 (0.04)
Cerrado
100%
449
1.0 (0.1)
603
1.3 (0.1)
839
1.9 (0.1)
TOTAL
1344
0.6 (0.02)
1728
0.8 (0.03)
2512
1.1 (0.04)

71

Table 2-5. Potential net present value (NPV) associated with soybean cultivation or
cattle production on forested and deforested land for the Xingu River
headwaters region under alternative Brazilian Forest Code requirements at
three dates. Data are for areas outside of protected areas in the forest biome
region, for microbasins in compliance with 50 and 80% legal reserve
requirements, and for microbasins out of compliance with 50 and 80% legal
reserve requirements. Also, potential NPV that could be realized through
additional legal clearing, summed across microbasins, for 50 and 80% legal
reserve requirements.
1996
1999
2005
NPV (million
NPV (million USD)
NPV (million USD)
USD)
Potential NPV
All remaining
26,215
24,266
19,138
forest (potential
NPV)
All cleared land
6668
8617
13,746
Total
32,883
32,883
32,883
Compliant
microbasins
50% Cleared
5070
5799
6905
Forest
25,388
22,963
16,330
80% Cleared
2673
2581
2541
Forest
20,536
16,793
9388
Non-compliant
microbasins
50% Cleared
1598
2818
6841
Forest
827
1303
2809
80% Cleared
3996
6036
11,204
Forest
5680
7473
9750
Potential additional
NPV through legal
forest clearing
Compliant
microbasins
50%
11,595
9646
4518
80%
2853
904
-4224
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Table 2-6. Mean potential net present value of soy cultivation or cattle ranching for
cleared and forested land of compliant and non-compliant microbasins of the
Xingu River headwaters region at three dates. Results are for microbasins
outside of protected areas.
1996
1999
2005
Mean potential NPV per hectare
(USD ha-1)
Compliant microbasins
50%
Cleared
Forest
80%
Cleared
Forest
Non-compliant microbasins
50%
Cleared
Forest
80%
Cleared
Forest

73

2444
2668
2009
2588

2467
2673
1892
2552

2416
2478
1772
2211

2480
2465
2877
2961

2513
2510
2865
2958

3102
3087
3087
2997

Table 2-7. Mean potential net present value associated with soy cultivation or cattle
ranching on cleared and forested lands in microbasins of the Xingu River
headwaters region at three dates. Data are presented for all microbasins, for
compliant and on-compliant microbasins, and for forest land that could be
legally cleared.
1996
Mean potential
NPV per
microbasin
(s.e.)
(million USD)

1999
Mean potential
NPV per
microbasin
(s.e.)
(million USD)

2005
Mean potential
NPV per
microbasin
(s.e.)
(million USD)

Forest
(potential)
Cleared
Total

11.8 (0.4)

10.9 (0.4)

8.6 (0.3)

3.0 (0.2)
14.8 (0.5)

3.9 (0.2)
14.8 (0.5)

6.2 (0.3)
14.8 (0.5)

50%

Cleared
Forest
Cleared
Forest

2.5 (0.2)
12.5 (0.4)
1.6 (0.1)
12.2 (0.4)

3.0 (0.2)
12.0 (0.4)
1.7 (0.2)
11.2 (0.4)

4.0 (0.2)
9.4 (0.3)
2.2 (0.2)
8.0 (0.4)

Cleared
Forest
Cleared
Forest

8.8 (0.8)
4.5 (0.5)
7.5 (0.4)
10.7 (0.7)

9.6 (0.7)
4.4 (0.4)
8.4 (0.4)
10.5 (0.6)

14.5 (1.0)
6.0 (0.4)
10.7 (0.5)
9.3 (0.4)

5.2 (0.2)
1.3 (0.1)

4.4 (0.2)
0.4 (0.1)

2.0 (0.1)
-1.9 (0.2)

Potential NPV
All microbasins

Compliant microbasins

80%
Non-compliant
microbasins
50%
80%
Potential additional NPV
on legally cleared lands
50%
80%

All
All
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Table 2-8. The average and range of estimated costs of restoration (million USD) of the
legal reserve and riparian zone under 2 iterations of the Forest Code in
relation to three points in time, for the entire basin in the aggregate and for
the average microbasin out of compliance. Ranges refer to upper and lower
estimates of restoration costs per hectare.
1996
1999
2005
Whole Basin
Whole Basin
Whole Basin
(million USD)
(million USD)
(million USD)
Legal Reserve
Forest
50%
114 (±48)
180 (±76)
325 (±138)
80%
607 (±258)
872 (+/371)
1502 (±638)
Cerrado 35%
9 (±4)
30 (±12)
45 (±19)
Riparian Zone
100%
252 (±180)
324 (+/232)
471 (±337)
Total
50%
375 (±232)
534 (±322)
841 (±494)
80%
868 (±442)
1226 (–±615)
2018 (±994)

Legal Reserve
Forest
50%
80%
Cerrado 35%
Riparian Zone
100%
Total
50%
80%

Mean per microbasin
(million USD)

Mean per microbasin
(million USD)

Mean per microbasin
(million USD)

0.8 (±0.3)
1.2 (+/0.5)
0.3 (±0.1)

0.8 (±0.3)
1.4 (±0.6)
0.4 (±0.2)

0.9 (±0.3)
1.6 (±0.7)
0.5 (±0.2)

0.1 (±0.1)

0.2 (±0.1)

0.2 (±0.2)

1.2 (±0.6)
1.6 (±0.7)

1.4 (±0.5)
2.0 (±0.8)

1.6 (±0.8)
2.3 (±1.1)
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Table 2-9. Ecological attributes of the Xingu River headwaters region (including
protected areas) at three 3 dates (1996, 1999, 2005) and of modeled
landscapes representing the region with application of 80% legal reserve or
50% legal reserve on private lands. These attributes include: carbon stocks,
surface hydrology and regional climate, indicators related to water quality,
and terrestrial habitat quantity and quality.
Indicator
Carbon Stocks
(MtC)
(MtCO2e)
Surface Hydrology and Regional
Climate
Mean Annual Discharge (m3 s-1)
(% change from potential)
Mean Annual Evapotranspiration
(m3 s-1)
(% change from potential)
Water Quality
Riparian forest cover, 50-m buffer
(km2)
Mean % vegetation cover per
microbasin (s.e.)
% of microbasins with greater than
60% vegetation cover
% of microbasins with less than
40% vegetation cover
Terrestrial Habitat
Vegetation cover (km2)
Forest
Cerrado
Number of fragments
Forest
Cerrado
Mean distance to nearest neighbor
fragment (m)
Forest
Cerrado
Mean fragment size (ha)
Forest
Cerrado
Total interior habitat area (km2)
Forest
Cerrado
Total edge habitat area (km2)
Forest
Cerrado

1996

Scenarios
2005

1999

50%

80%

623
2280

606
2217

546
1998

448
1638

623
2082

2958
(7%)
6754
(-3%)

3007
(9%)
6705
(-3%)

3128
(13%)
6583
(-5%)

3235
(17%)
6477
(-7%)

3032
(10%)
6679
(-4%)

14,862

14,369

12,884

15,500

15,500

86 (0.4)

80 (0.5)

73 (0.5)

61 (0.5)

78 (0.4)

88

79

69

31

84

4

9

14

15

14

86,944
16,496

82,130
14,326

71,336
13,238

51,561
9083

80,005
9083

9810
7223

9609
10,291

12,295
12,632

23,673
18,422

11,439
18,422

383
404

372
368

367
385

376
354

390
354

886
228

855
139

580
105

218
50

699
50

82,248
13,373

76,752
11,082

63,847
9338

36,975
4001

68,598
4001

4700
3123

5378
3245

7489
3900

14,586
5082

11,407
5082
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Figure 2-1. Maps showing the Xingu River headwaters region under different scenarios.
(a) The Xingu River headwaters region (outlined in blue), showing federal and
state protected areas (yellow), indigenous territories (white), paved roads
(red), and other major unpaved roads (black). Land cover is shown for a
Landsat 5 TM mosaic from 2005; greener areas indicate presence of more
native vegetation or higher biomass regeneration, pinker areas indicate
cleared areas or areas of low native biomass. (b-f) Comparison of land-cover
in the basin representing 3 time points relevant to changes in the Brazilian
Forest Code—(b) 1996, (c) 1999, and (d) 2005—and 2 alternative versions of
the Forest Code, with a requirement of (e) 50% legal reserve, and (f) 80%
legal reserve on private properties in the Amazon forest biome.
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Figure 2-2. Box diagram showing the fraction of microbasins (which serve as proxies
for private properties) in the forest biome in each of three categories of
legality and the change in that fraction from the previous date. Categories are:
(a) below 50% legal reserve, (b) between 50 and 80% native vegetation, and
(c) greater than or equal to 80% native vegetation cover. The size of each box
is proportional to the fraction of total forest microbasins in that category.
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Figure 2-3. Map showing microbasins (which serve as proxies for private properties)
out of compliance with two iterations (50% and 80% legal reserve
requirement) of the Forest Code at three time points: (a) 1996, (b) 1999, and
(c) 2005. Microbasins with <50% forest cover (forest biome), 50 to 80% forest
cover (forest biome), and <35% native vegetation (cerrado biome) are
highlighted. Map of net present value (NPV) (d) is provided for interpretation.
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Figure 2-4. Microbasins within two extreme categories of legality in relation to the
modified Forest Code: (a) microbasins with less than 50% forest cover
remaining 1996 through 2005; (b) microbasins with more than 80% forest
cover remaining since 1996.
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CHAPTER 3
HYBRID REGULATORY-ECONOMIC POLICY INSTRUMENTS IN PRIVATE FOREST
GOVERNANCE
Introduction
The main instrument for protecting forests on private lands in Brazil is the federal
Forest Code, which mandates that landholders maintain a certain percentage of native
vegetation in a private reserve. In 1996, the Brazilian federal government responded to
record high deforestation in the previous year by raising the proportion of private
properties in the Amazon to be maintained in a forest reserve from 50% to 80%. This
measure provoked an intense reaction from the agro-industrial lobby, particularly in the
state of Mato Grosso, Brazil’s only major agricultural producing and exporting state
located in the Legal Amazon.
Although it is unclear what the extent of non-compliance with the new Forest Code
regulations is for the whole state of Mato Grosso, in the Xingu headwaters (a region
representing 20% of the state’s area and more than one quarter of the state’s forest
area), an estimated 28% of landholdings were non-compliant in 1996, increasing to 55%
in 2005 (Chapter 2). A partial explanation of this imperfect level of compliance is offered
by the large potential earnings that can be made from soy cultivation or cattle ranching
in comparison with the earnings potential of selective logging. In the Xingu headwaters,
the change in the legal reserve requirement imposed USD 9 billion in potentially
foregone profits on the region’s farmers and ranchers (an average of USD 3 to 4 million
per microbasin) (Chapter 2). Powerful economic drivers to clear forest were not met with
any counter-incentive from the government to facilitate landholder compliance.
Moreover, the change in the Forest Code was not accompanied by effective processes
and procedures through which landholders who wished to comply with the law could do
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so. Finally, a number of other legal and administrative factors—including lack of
financial and human resources for monitoring and conflicting messages from the state
and federal governments about the exact regulations—conspired to leave landholders in
doubt as to what rules they ought to adhere (Chapter 2).
In recognition of the inefficiency and ineffectiveness of the Forest Code, lobbyists
and legislators have made several proposals for modifications or alternate policy
instruments designed to reduce the cost of compliance both to individual landholders
and to the State’s economy as a whole. Among these are two “hybrid” instruments that
combine a regulatory framework with an economic instrument with the goal of
increasing the efficiency and effectiveness of the Forest Code. This first is a provision
(already incorporated into the current Forest Code) to permit landholders having less
than the required area of forest reserve to buy another landholder’s rights to clear forest
on the second property (MP 2611). This mechanism is a type of economic policy
instrument, akin to tradable permits that have been successfully used for reducing some
pollutants and gas emissions. The second policy proposal focuses on designing a landuse zoning plan that incorporates measures of agricultural suitability and ecological
value and vulnerability to determine where and in what measure the requirements of the
current Forest Code will be applied (SEPLAN-MT, 2008). This policy incorporates both
economic and regulatory measures.
In this chapter, I present the results of a study focusing on the provision to allow
tradable development rights in the Forest Code and the Mato Grosso state zoning plan
these other existing legal instruments that could potentially lower the opportunity cost of
complying with the new Forest Code regulations without forfeiting the environmental
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gains. First, I describe each of these instruments and compare them with the Forest
Code, analyzing the extent to which they represent economic instruments or exclusively
regulatory instruments. Next, I carry out a quantitative analysis of the 3 instruments,
focusing on the ability of each to balance agricultural production with ecological
conservation. I compare modeled landscapes representing the land-cover
consequences of implementing each of the three policy alternatives in a landscape on
the southeastern Amazon frontier in terms of area available for agricultural activities, the
costs of compliance with each theoretical landscape, and the extent to which ecosystem
services are maintained.
Forest Governance on Private Lands
Brazilian environmental legislation is considered to be among the most
sophisticated in the world. The early part of the 20th century saw enactment of laws that
recognized and protected forest resources as a common good (Chapter 2). Successive
legislation, including the 1988 Brazilian Constitution, created requirements for
environmental impact assessments, environmental quality standards, and licensing and
monitoring of a range of activities with environmental impacts, as well as environmental
crimes legislation. However, natural resource and environmental policies have been
notoriously difficult to implement in practice. Primarily, this is due to poor coordination
among responsible authorities, lack of human and financial resources, and a pervasive
perception of environmental policy as generally obtrusive to economic development
and, thus, of significantly lower priority than many other policies (Ascher, 1999). Many
key policy decisions that greatly affect natural resources are still primarily the
responsibility of ministries other than the Ministry of Environment, such as the Ministry
of Agriculture, the Ministry of Transportation, and the Ministry of National Integration
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and Planning, which often leads to direct inconsistencies with environmental legislation.
Moreover, the responsibility for developing and implementing specific environmental
regulations is divided among federal, state, and municipal authorities, often without
great clarity about which agency is responsible for which issues and with inadequate
communication and coordination between these authorities (Ascher, 1999; May, 1999).
Even where responsibility is clearer, lack of personnel or funding for enforcement can
hamper policy implementation. Ascher (1999) also observes that government policies
frequently are not designed to encourage landholders or land-users to invest in good
land management and often do just the opposite, providing incentives to invest in
inappropriate technologies or practices. Furthermore, the judicial system is ill-equipped
to help to enforce the laws, largely because of its slowness and weakness in carrying
out the rule of law (Ames and Keck, 1998; Brito and Barreto, 2006), and because of
rampant corruption (Brito and Barreto, 2006). In this chapter, I examine examples of
Brazilian policy instruments that attempt to overcome some of these obstacles to
protecting native ecosystems, and the services that they provide, on privately owned
properties.
Policy Instruments for Natural Resource Management
Environmental policy instruments are typically divided into three broad categories:
regulation, economic instruments, and voluntary action. Whereas regulatory and
occasionally economic instruments are considered to be standard tools for government
policy-making world-wide, market-based mechanisms and voluntary approaches are
increasingly employed to complement or substitute traditional regulatory environmental
policy approaches. Regulatory (often referred to as “command-and-control”) instruments
typically define performance-based or technology-based standards with which
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producers or landowners are required to comply by law. Regulation can take a variety of
forms, including the outright prohibition of an activity or substance, setting limits for the
amount of a pollutant that may be produced, or defining the terms by which natural
resources can be extracted (Sterner, 2003). Failure to comply with regulations generally
involves fines or other penalties. Thus, monitoring and enforcement is a critical
component of direct regulation. In contrast with regulatory instruments, economic
instruments are generally considered to be more economically efficient (Carter, 2001).
This is true because these instruments influence behavior, in effect, by increasing the
profitability of a more desirable form of resource user behavior, hence harnessing the
user’s rent-seeking behavior. They include ecological taxes, user charges, deposit
refunds, tradable permits, and subsidies. Finally, voluntary approaches involve
substitution of state-defined regulations with self-defined implementation standards for
regulations, self-financed certification systems for enforcement, and elective public
reporting for public disclosure requirements (Ten Brink, 2001; Carter, 2001). In the
private sector, voluntary approaches typically involve adoption of social responsibility
standards and environmental management systems (EMS), which include standards
such as ISO 14000 5 , eco-labeling, and certification. Recently, payment-forenvironmental-services (PES) schemes have become a prevalent type of voluntary
approach based on the logic of an economic instrument; prominent among these are
schemes focusing on carbon sequestration and avoided carbon emissions. In this
chapter, I focus primarily on extant regulatory and economic instruments, returning to
5

The ISO (International Standards Organization) 14000 environmental management standards provide a
set of guidelines to help organizations develop environmental management system whose primary focus
is on increasing management efficiency and reducing negative environmental impacts as a by-product,
and on compliance with applicable environmental laws and regulations.

85

voluntary approaches in the final discussion of the results and their implications. In the
following sections, I discuss 3 policy instruments to regulate land-use on private lands.
The three instruments include a standard regulatory instrument and 2 hybrid economicregulatory instruments.
The Legal Reserve of the Federal Forest Code
In Brazil, use of regulatory instruments has been the dominant policy approach to
environmental problems. The Forest Code is an example of such an instrument in that it
requires private landholders to maintain forest reserves on their lands under penalty of
fines. Since 1965, the Brazilian Forest Code requires landowners to maintain 2 types of
native vegetation reserves on their properties: (1) a “legal reserve”, and (2) a riparian
buffer zone. The legal reserve requires landholders to maintain a minimum
percentage—determined by the phytogeographic location of the property—of native
vegetation on their properties, which may be managed for sustainable timber harvests.
In 1996, the legal reserve in the Amazon forest biome was increased from 50% to 80%;
the legal reserve in the cerrado continued to be set at 35% (Chapter 2). In practice, this
requirement has been difficult to enforce, for a variety of reasons. On the one hand,
monitoring and enforcement of the policy is human and financial resource intensive.
Several studies carried out in Mato Grosso—the state with the highest deforestation
rates for much of the past decade—demonstrate that staff to conduct monitoring
expeditions is in short supply, corruption in the legal and regulatory system is rampant
(Lima et al., 2005), and the costs of registering properties and maintaining the legal
reserve are prohibitive (Guimaraes and Almeida, 2007). The effectiveness of the Forest
Code in the Brazilian Amazon has been restricted by frequent changes in regulations,
the lack of an effective mechanism for enabling landholders to comply with these
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changing regulations, and the absence of economic incentives for compliance, as
described in Chapter 2. On the other hand, the potential income from lands cleared for
ranching or soy farming (the principal agricultural activities in the region) is 2 to 20 times
greater than the potential income from reduced-impact selective timber harvest
(Nepstad et al. 2009). Thus, many landowners consider the risk of fines merely a cost of
doing business. Both the absence of enforcement and the profitability of agricultural
production in the region (and thus, willingness to face sizeable fines when they are
applied) help to explain this result (Chapter 2).
In general, the legal reserve requirement has been found to be both an
economically and ecologically inefficient way to meet a quantitative target for forest area
to be preserved (Soulié de Amaral, 1997; Nogueiro-Neto, 1998). According to Chomitz
(2004), the reserve requirement is “economically inefficient because it requires the
same amount of preservation (or restoration) of forest cover regardless of the property’s
agricultural potential or market access.” Moreover, it is environmentally inefficient
because (1) it does not prioritize forest cover according to ecological or biodiversity
value, and (2) it tends to result in fragmented forests (Chomitz, 2004). In addition,
compliance with the Forest Code does not reach 100%. In the Xingu River headwaters
region (in northeastern Mato Grosso), compliance with the increased legal reserve
requirement fell from an estimated 72% of properties in 1996 to 46% in 2005 (Chapter
2). Simultaneously, the area requiring restoration of native vegetation under the law
increased more than 2-fold and the opportunity cost (resulting from lost potential net
present value) increased by nine billion dollars. In an effort to increase compliance with
the regulations by reducing the cost to producers, lawmakers included 2 provisions in
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the modified version of the Forest Code that was finally adopted into law in 2001: (1) the
tradable deforestation rights scheme required that an RL be “compensated” in another
area of equal extent and ecological function and character within the same micro-basin
(Chomitz, 2004); (2) the legal reserve could be reduced to 50% from 80% in the
Amazon forest biome within the context of state zoning plans. I consider both of these
mechanisms to be a hybrid regulatory-economic instrument in that each essentially
maintains the requirements of the Forest Code but permits individual landholders to
determine the way in which he/she will meet the requirements. I describe these
instruments in further detail below.
Tradable Deforestation Rights
Tradable permits represent a rights-based mechanism for internalizing
environmental externalities. The tradable permits (or ‘cap-and-trade’) system represents
a relatively new institutional approach to manage the problem of rationing access to the
commons (Tietenberg, 2002). It has been applied to a number of different resources or
resource systems, including air pollution control, fisheries, water resource management,
water pollution control, and land-use control (Tietenberg, 2002; Chomitz 2004).
Tradable permits address the commons problem by rationing access to the resource
and privatizing the resulting access rights. The first step involves setting a limit (or
“cap”) on user access to the resource. In the case of fisheries this would involve the
total allowable catch, for example. For water supply, it would involve the amount of
water that could be extracted. For pollution control it typically specifies the aggregate
amount of access to the resource that is authorized or the total amount of pollution that
is permitted. These access rights are then distributed (typically by direct allocation or by
a public auction) to potential individual users. Depending on the specific system, these
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rights may be transferable to other users (or “tradable”) and/or bankable for future use.
Users who exceed limits imposed by the rights they hold face penalties up to and
including the loss of the right to participate (Tietenberg, 2002).
The tradable permits system essentially creates a market for a common pool resource,
if there is force of law accompanying it. Generally it will not work on a voluntary basis or
under conditions of low enforcement, since those individuals or firms that comply accrue
higher costs of production than those who do not (Tietenberg, 2002). The key difference
between cap-and-trade systems and command-and-control is that the latter seeks to
control emissions at the individual level, whereas cap-and-trade seeks to control
emissions at the aggregate level. Such a system encourages innovation and
incentivizes the least-costly means to meet the targets. This flexibility is likely to
produce a higher level of compliance and thereby lead to meeting the overall
environmental target more readily. Furthermore, as Carter (2001) explains, “In short,
regulations provide no incentive for polluters to reduce their pollution any further than
that required by law. [Market-based instruments] are intended to provide that incentive.”
Like command-and-control systems, tradable permits systems require adequate
monitoring and enforcement.
When the legal reserve requirement in the Amazon forest biome was increased to
80% in 1996, approximately one-fifth of landholders who had been in compliance with
the law up to that date found themselves suddenly in violation of the new Forest Code
regulations (Chapter 2). Under the new law, they were required to reforest their land to
meet the new legal reserve requirement. However, this represented both the collective
loss of nine billion USD in potential net present value and a collective cost of 1 to 3
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billion USD in restoration costs (Chapter 2). As a means of bringing these landholders
into compliance, a 1998 re-edition (MP 1736/98) of the provisionary measure MP 1.511
modifying the legal reserve included a provision to allow landowners whose property
does not meet the legal reserve requirements to compensate the ‘missing’ reserve area
elsewhere within the same watershed, provided it has equal or greater ecological value.
More specifically, landowners who had deforested more than 20% of their land, but not
more than 50% before December 31, 1999, were eligible to participate in the scheme.
Instead of handing over title to the land, the owner of land having an amount of forest
over and above the minimum requirement for the legal reserve would sell the rights to
develop that land to another owner with inadequate forest to meet the requirements.
To date, however, the option to trade development rights within the Forest Code
has been little exercised within the Legal Amazon. The major barrier is the lack of
sufficient current information about individual properties’ forest reserves (due to
inadequate monitoring and enforcement). Even in the state of Mato Grosso, where the
innovative digital licensing system should facilitate the legal reserve compensation
system (but see Azevedo, 2009), only 5 transfers have been documented as having
taken place since 2000. This is due in large part to disorganization in data base
management within the licensing system (Lima et al., 2005; Azevedo, 2009). In addition,
however, the legislation does not make clear at what scale development rights trading
may be carried out. Although it specifies that it may be carried out within the same
watershed, it is unclear about what size of watershed. As Chomitz (2004) notes, if
trading is carried out on a smaller scale (at the level of lower-order watersheds), the
feasibility of monitoring and enforcement is likely to increase, thus decreasing the
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transaction costs (from society’s point of view, if not the landowners). Furthermore,
trading on a smaller scale increases the homogeneity or substitutability of the forest
areas involved. However, reducing the scale may also severely restrict the potential of
the system to lower the economic costs of environmental management by reducing
available options (Chomitz, 2004).
State Socioeconomic-Ecological Zoning Plans
Since the enactment of the 1988 Constitution, the primary instrument for regional
land-use planning in Brazil within the National Environment Policy (Politica Nacional de
Meio-Ambiente, PNMA) is intended to be the Zoneamento Socio-Economico Ecologico
(ZSEE; Socioeconomic Ecological Zoning Plan). The state zoning plans specify the
types or intensities of land-uses which may occur throughout a given state, based on
analyses incorporating biophysical and economic factors. It was not until 2002 that a
federal decree (Decreto Federal 4.297/2002) established criteria that all state zoning
plans would be required to meet to be recognized by the national government, including
being approved by the respective state’s legislative assembly and ZSEE Commission.
Several federal technical agencies—including the National Institute for Space Research
(INPE), the Brazilian Enterprise for Agricultural Development (EMBRAPA), and the
Brazilian Institute of Geography and Statistics (IBGE)—are charged with assisting
states in developing their zoning plans. One of the most important features of the state
zoning plans is that they may supersede the Forest Code, relaxing or raising the size of
the legal reserve in some zones, for example.
Although the federal Ministry of Environment set a deadline of July 2009 for states
to approve their ZSEE plans, only 2 of Brazil’s 9 Legal Amazon states—Rondônia and
Acre—met this deadline. In Mato Grosso, the ZSEE has been under development and
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discussion for 18 years (Folha de São Paulo, 2009). The state Planning Secretariat
(SEPLAN) presented what it considered to be a final plan together with the state
environmental agency (FEMA, at the time) to Governor Blairo Maggi in 2004. However,
the plan was heavily criticized by environmentalists and following reorganization of the
state’s environmental regulatory and management structure by the federal government
in 2005, a new proposal began to be developed. A new draft of the plan was presented
to the governor in April 2008, but was strongly criticized by the agro-industrial sector as
it increased the land area in protected areas to 27%, up from 20%. In part, the state
Planning Secretariat increased the proportion of protected areas based on
recommendations from INPE, which had predicted increased deforestation rates in the
second half of 2007, while the ZSEE proposal was still being modified. In contrast, the
proportion of the state dedicated to agricultural production (with more limited
environmental requirements) amounted to only 11% of the total area. Since the
proposal was unveiled, the ZSEE has undergone a lengthy consultation process
(originally slated to be completed before the end of 2008, it continues into the second
half of 2009) throughout the state with local stakeholders and the involvement of
national civil society and government agencies. There is considerable concern about
the validity of the plan, since the majority of the data on which the plan is based were
collected between 1995 and 1997, before the major expansion of agro-industry into the
forest zones of the state had begun.
The Mato Grosso ZSEE plan is a hybrid regulatory-economic instrument in that it
requires landholders to comply with the Forest Code, but redefines the proportion of a
property that must be protected using a combination of economic and ecological criteria
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to reduce some of the inefficiencies previously identified in the Forest Code.
Furthermore, in the version of the zoning plan currently being promoted by
environmentalists in Mato Grosso (A. Lima, pers. comm., April 15, 2009), application of
the tradable deforestation rights scheme described above will be permitted. The plan
identifies 4 major zones (Figure 3-1), each having specific rules and restrictions. The
zone classification determines the fiscal incentives and public expenditures that will be
made available, as well as the environmental licensing requirements for an area.
Among the major issues under debate—aside from the proportion of land devoted to
protected areas—is whether the legal reserve in Zone 3 (see below) should remain at
80% and whether landholders having less than 80% forest on their land must restore
the full 80%, as currently stipulated under the ZSEE. The zones are defined as follows:
•

Zone 1. Areas of historical long-term dedicated agricultural use or areas to be
dedicated to agricultural production in the future
In this zone, the Forest Code will be altered, if approved. Private properties may
be deforested up to 50%; if more than 50% of the area has already been
deforested, this excess must only be restored to 50% of the property area.
Properties in the cerrado biome may not clear more than 65% of the total area and
must restore up to 35% of native cerrado vegetation, if more has been cleared.

•

Zone 2. Areas requiring correction of management systems: In this zone, the
Forest Code may be altered
Private properties may not deforest more than 20% of the total area; if more than
20% of the area has already been deforested, this excess must only be restored to
50% of the property area. Properties in the cerrado biome may not clear more than
65% of the total area and must restore up to 35% of native cerrado vegetation, if
more has been cleared.

•

Zone 3. Areas requiring special management: In this zone, the Forest Code may
not be altered
Thus, in the forest biome, private properties may not deforest more than 20% of
the total area; if more than 20% of the area has been deforested previously, this
excess must be restored. However, eligible properties may participate in trading
their deforestation rights, as explained above. Properties in the cerrado biome may
93

not clear more than 65% of the total area and must restore up to 35% of native
cerrado vegetation, if more has been cleared.
•

Zone 4. Protected areas: this category includes all current and proposed protected
areas
No deforestation is allowed in this zone. Theoretically, reforestation will take place
in proposed protected areas, as they currently encompass privately-owned areas.
Materials and Methods

Study Area
The 177,780 km2 Xingu River headwaters region is located in the northeastern
corner of Mato Grosso state, in central Brazil (Figure 3-2). The region’s soils,
topography (100-300 m altitude, with flat interfluvial expanses) and climate are wellsuited for soybean production and cattle ranching. Native vegetation types in the region
are comprised of forests (tall evergreen, transitional semi-deciduous, and riparian) and
savannas (cerrado woodland, mosaics of grassland, thickets, gallery forests) which
comprise approximately two-thirds and one-third of region, respectively. Ten indigenous
territories are completely contained within the boundaries of the Xingu watershed in
Mato Grosso (Figure 3-2). Indigenous territories cover approximately 42,200 km2 within
the basin, representing 24% of the total area of the headwaters region. Private
landholdings comprise nearly 70% of the total area, and smallholder settlements
comprise less than 5% of the region. The streams and rivers of the major protected
forest area that lies at the center of the region—the PIX complex, which alone
comprises nearly 20% of the headwaters area—are under growing threats from
sedimentation, agrochemical run-off, and associated fish die-off from the unprotected
headwaters regions outside of the park boundaries (Sanches, 2002). The Xingu region
is representative of many areas along the Amazon’s agricultural frontier, but faces a
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more acute and immediate threat because it lies between two major federal highways
(BR-158, BR-163) that are partially paved, and lies in the pathway of the northward
expansion of Brazil’s grain belt.
Land Cover Maps
I developed maps of the observed landscape in 2005 and 3 theoretical landscapes
reflecting land-cover corresponding to alternatives for regulating land-use on private
lands in Mato Grosso. I used these maps to estimate and compare the amount of
vegetation—remnant native and restored or regenerating—that would be maintained
under each scenario. Furthermore, I used these maps to calculate the area available for
agricultural production under each policy alternative. I also combined them with maps of
net present value for the region to estimate and compare the potential net present value
of cleared lands in the region under each scenario in the aggregate and on average per
microbasin. Finally, the maps were also used as inputs for calculating several ecological
indicators.
Observed landscapes
I developed maps of land-cover for 2 dates of significance regarding private landuse legislation in Mato Grosso: 1999 and 2005. 2005 is the year in which the federal
government dissolved the Mato Grosso state environmental “foundation” (subsequently
reorganized as the state environmental secretariat) and mandated that landholders in
Mato Grosso follow the requirements of the Forest Code as modified at the federal level
in 2001, rather than as interpreted by the state government since 2000. Here, 2005 also
represents the current landscape in the Xingu River headwaters, as very little new
deforestation took place since that year. The map for 1999 was used to identify those
landholders eligible to participate in the tradable deforestation rights (or compensation)
95

scheme. Maps with 4 classes (forest, cerrado, agricultural lands, other) were classified
as described in Appendix A.
Modeled landscapes
Three theoretical landscapes corresponding to the requirements set forth by (a)
the current Forest Code (after 1996) without the compensation option (that I refer to
here as “CFC-NC”; Chapter 2), (b) the Forest Code with the compensation option
(“CFC-C”), and (c) the Mato Grosso State socio-economic, ecological zoning plan
(referred to here as “ZSEE”, SEPLAN-MT, 2009) were developed using a spatially
explicit dynamic landscape simulation model. The basic architecture and function of the
simulation model is described in Appendix A; details regarding the modeled landscapes
follow here. The assumptions underlying each of the three scenarios differed only in the
percent and location of native vegetation that was to be maintained or restored on each
private land-holding in the headwaters region in accordance with the rules of each
alternative mechanism, as described below. Since a complete map of property
boundaries for the region is not available, I used micro-basins representing individual
stream reaches (1:1,000,000 scale) as proxies for individual properties. The mean,
range, and distribution of sizes of the 2881 microbasins microbasin ( x = 5981 ha, 470,766 ha) are comparable to that of private properties in the region (Jepson, 2006;
Fearnside, 2005; Appendix B). Furthermore, the mean percent clearing in the current
(2005) landscape is comparable among microbasins and properties for which property
limit data are available, indicating that microbasins are suitable substitutes for individual
properties in terms of sampling the population of properties in the region. It was
necessary to use a spatial unit with complete coverage of the study region to simulate
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the distribution of vegetation across the landscape corresponding with the requirements
of the pre- and post-1996 versions of the Forest Code. The tradable deforestation rights
provision in the Forest Code stipulates that property owners who have exceeded the
legally permitted clearing of their land can compensate this forest deficit within the same
microbasin, as described below.
For all three scenarios, full compliance with the law was assumed. All indigenous
reserves and state and federal protected areas were strictly protected. Furthermore, a
50-m riparian buffer zone surrounding each stream and river visible in a map derived
from a thematic stream layer obtained from the Mato Grosso State Regional Planning
Secretariat (SEPLAN-MT) was strictly protected. The Forest Code stipulates that a
riparian buffer zone of at least 50 m be protected around every natural body of water,
and that the size of the buffer zone (up to 500 m) is dependent on the width of the
stream. However, as stream width is difficult to assess and no official map of riparian
buffers exist, the estimation of variable-width riparian buffers was not possible and I
assumed, conservatively, that all water bodies were surrounded by a 50-m wide buffer.
Where necessary, vegetation was restored to this riparian buffer zone so that each
theoretical landscape had 100% native vegetation cover within the boundaries of the
riparian zone.
To calculate the amount of deforestation or restoration that could or should take
place, respectively, outside the riparian zone to meet the legal reserve requirements
under each of the three scenarios—subject to further restrictions or allowances, as
described for each scenario below—I classified each micro-basin according to biome
(cerrado or forest). The cerrado-forest biome map was obtained by merging a map of
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forest/non-forest derived from INPE Prodes maps with a map of biomes from the IBGE
RADAM vegetation thematic map. Of 2881 micro-watersheds in the Xingu River
headwaters region, 34 straddled both biomes. To facilitate model design and
processing, each of these microbasins was assigned to the biome representing more
than 50% of that micro-watershed’s area. At time step 0, the model calculates how
much of each watershed’s area consists of cleared area. If this area is greater than the
allowed amount (as determined by each iteration scenario’s conditions) after the area of
the riparian zone is subtracted from the total watershed area, the model reforests the
area up to the allowable amount of cleared area. If the cleared area is less than the
allowable area, the model begins to deforest the watershed based on where the highest
favorability for deforestation is indicated (Appendix A).
In this study, I modeled 3 alternative scenarios over a 60-year time period (to
ensure that the maximum allowable clearing and regenerating under each scenario’s
assumptions would be achieved) in annual steps, using 2005 as a starting point for: (1)
Current Forest Code, No Compensation (CFC-NC), (2) Current Forest Code,
Compensation (CFC-C); and (3) State Zoning Plan (ZSEE). The assumptions and
conditions for each scenario are described below.
Current Forest Code, no compensation The CFC-NC scenario assumes full
compliance with the current Forest Code, such that properties (microbasins) located in
the forest biome maintain a legal reserve of 80% and those in the cerrado maintain a
reserve of 35%. In addition, all properties must maintain 100% forest cover in riparian
zones.
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To calculate the amount of deforestation or restoration that could or should take
place, respectively, I classified each micro-basin according to biome (cerrado or forest),
as micro-basins serve as proxies for individual properties in the model. The cerradoforest biome map was obtained by merging a map of forest-non-forest derived from
INPE Prodes maps with a map of biomes from the IBGE RADAM vegetation thematic
map. Of 2881 micro-watersheds, 34 straddled both biomes. To facilitate model design,
each of these micro-watersheds was assigned to the biome representing more than
50% of that micro-watershed’s area. At time step 0, the model calculates how much of
each watershed’s area consists of cleared area. If this area is greater than the allowed
amount (see amounts as defined by zone below) after the area of the riparian zone is
subtracted from the total watershed area, the model reforests the area up to the
allowable amount of cleared area. If the cleared area is less than the allowable area, the
model begins to deforest the watershed based on where the highest favorability for
deforestation is indicated (see Simulation Model description).
I generated a riparian buffer zone map by applying a 50-m buffer to either side of
streams, as this width represents the minimum required under the Brazilian Forest
Code. According to the legislation, the buffer width should vary with stream width.
However, as I did not have access to data on stream width for the entire region, I
assume that the minimum riparian zone width will be maintained, at a minimum. At time
step 0 (the initial 2007 landscape, in this case), the model determines how much, if any,
of the area within the limits of the riparian buffer within each micro-watershed is cleared,
then proceeds to reforest the cleared area such that 100% of the riparian zone is
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forested or in regeneration. Both currently forested and regenerating areas were
prohibited from being cleared in the future.
Current Forest Code, compensation Under the CFC-C scenario, landholders
are required to comply with the requirements of the Forest Code as described above.
However, properties with less than the minimum required forest cover and that meet
certain other conditions, explained below, are permitted to buy the rights to the forested
area of another property to meet the legal reserve requirement. The concept is
essentially a version of tradable development rights schemes, such as “cap-and-trade”
programs, for deforestation rights. Only properties which had already deforested more
than 20% of the property’s area by January 1, 2000, are eligible to buy the deforestation
rights of a property that currently still maintains more than 80% forest cover, up to the
amount that must be restored on the first property. In this case, the second property
gives up the right to deforest that portion for which the rights have been sold.
To include the option of tradable deforestation rights, the model employs a mask
that identifies properties eligible for participation in the scheme to calculate, within each
of the 6 sub-basins, the amount of remaining forest (from properties having more than
80% forest cover) that may not be deforested because it will be set aside in
compensation for one of the micro-basins that is eligible to reconstitute its own legally
inadequate reserve by this means. Furthermore, the model determines how much
reforestation is required using these parameters. If more than 20% of a micro-basin’s
area was already cleared prior to January 1, 2000, then the model only requires it to
reforest up to 50% of the total area of the microbasin outside the riparian zone, or in the
case where a trade is made, to set aside the equivalent of this area within the sub-
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basin. However, if less than 20% was cleared by 1999, but more than 20% was cleared
by 2008, then the model reforests (or sets aside) up to 80% of the total area of the
microbasin outside the riparian zone. These conditions conform to those set forth in the
MP 2611 (the 2001 version of the Forest Code).
State zoning plan The ZSEE scenario represents land-use/land-cover in the
watershed if the Mato Grosso state zoning plan were to be approved and implemented
(SEPLAN-MT, 2009). Although the plan requires that landowners observed the
regulations of the Forest Code as described above, it allows restrictions imposed by the
current Forest Code to be relaxed in specific zones, as dictated by the zoning plan. In
addition, for eligible properties, as described above, compensation is applied under the
zoning plan. Finally, the state zoning plan highlights a number of critical biophysical
restrictions that limit agricultural development and encourage forest conservation or
restoration.
To develop the ZSEE scenario, I produced several maps delineating critical
restrictions and zones in which the scenario conditions would be applied (Figure 3-1).
The map of zones was derived from the official state zoning plan map, corresponding to
the 4 major categories identified by the plan, as described above (in State EcologicalEconomic Zoning Plans).
In addition, I identified three critical restrictions among the list of directives of the
ZSEE that are explicitly spatial in nature and that I determined to be limiting such that
areas described by this set of restrictions would not be eligible for relaxation of the
current Forest Code, regardless of which zone they fall in. Moreover, the areas
described by this set of restrictions would be subject to full protection of the native
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vegetation, and most likely, require restoration of the native vegetation should the
vegetation no longer be intact. The restrictions (defined in the ZSEE; SEPLAN-MT,
2009) and methods I used for delineating spatial layers are as follows:
•

Directive 7. Strictly protect floodplains, prohibiting any type of vegetation clearing,
with the exception of clearing carried out for purposes of subsistence agriculture or
for clearing of native pasture without the use of fire.
I derived a map of floodplains in the basin from SRTM data (90-m resolution
oversampled to 30-m; USGS 2007; Farr et al., 2007) for the region by dividing the
region into 3704 6 micro-watersheds and calculating the negative exponential
decay (-0.01) of distance upstream from each watershed’s pourpoint to calculate
the distance between the elevation at each point along each stream and the
elevation at the pourpoint of the stream reach. I used this scale to estimate the
reasonable flood/non-flood elevation at each point upstream from the pourpoint.

•

Directive 42.a. Permit agro-pastoral uses only under suitable soil morphological
conditions, prohibiting agro-pastoral uses in sensitive environments without
appropriate slope and soil conditions, particularly on sandy and alluvial soils that
are not well drained, because of the importance of these areas to the stability of
the local and regional hydrological regime.
I obtained a thematic map of soil types for the region (SEPLAN/SEMA-MT) and
identified all soil types that can be categorized as sandy or alluvial. In addition, I
used the SRTM data to derive a map of slope and then identified all areas with a
slope greater than 10% as being restricted, as this is the maximum value defined
by the Brazilian Forest Code, above which permanent vegetation cover is required
to be maintained. Finally, I combined both restricted soils and slopes into one layer
to represent the spatial restrictions represented by this directive.

•

Directive 81. Strictly protect aquifer recharge zones under “campos umidos” and
“murunduns” which are sensitive habitats essential for the maintenance of water
resources, eliminating any interference or establishment of structures that alter the
hydrological regime and accelerate erosion processes; these areas should be
assigned to legal reserves.
I identified wetland areas by merging all areas identified as wetlands in 3 Landsatbased classifications for the years 1996, 2005, and 2007. Classification accuracy
for wetlands in these classifications separately ranged from 0.88 to 0.91 (mean
0.90).

6

This set of microbasins includes all microbasins in the region, not just those outside of protected areas
which comprise the set used in the remainder of the analysis.
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I merged the layers generated for each of these restrictions to obtain a single
restriction map that was used in the development of the ZSEE scenarios. I adapted the
CFC-NC scenario described above by assigning each micro-watershed to a zone and
altering the percentage of allowable deforestation and required reforestation in each
watershed according to zone as well as to biome. Furthermore, the model reforested
both the riparian zone and the area indicated by the composite map of restrictions; both
areas were subtracted from the total area of each watershed before the model
calculated the amount of deforestation or reforestation that should take place in each
zone.
Analyses
Vegetation cover
For each scenario, I calculated the amount of remnant native forest and cerrado
vegetation remaining. I also calculated the amount of restored vegetation of each type
that would be necessary to meet the requirements of each scenario. “Restored”
vegetation also includes areas that may be left to regenerate naturally; however,
throughout the chapter I will refer to restored vegetation to identify this category of
vegetation.
Economic aspects
To evaluate the economic aspects related to compliance with each of three policy
alternatives in the forest biome in comparison with the current date, I calculated the
difference in the area of the watershed outside of federal and state protected areas (1)
available for agricultural production, and (2) that would need to be restored to come into
compliance under each scenario. For each, I present the total area for the entire
headwaters region as well as the mean per microbasin. Based on these figures, I
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estimated (1) the net present value (NPV) of agricultural activities carried out on legally
cleared lands, and (2) the cost of riparian forest restoration over the whole landscape
and by microbasin, where necessary (both methods are described in detail in Appendix
C).
Ecological consequences
I compared the final landscapes for each of the 4 alternative landscapes in terms
of carbon stocks, river discharge, annual evapotranspiration, terrestrial habitat quality,
and water quality (methods described in Appendix C). Unlike all the preceding analyses,
ecological consequences were aggregated for the entire headwaters region, including
all protected areas.
Results
Remnant Forest and Cerrado
The impacts of the policy scenarios analyzed here are best understood in light of
the influence of each scenario on mandatory forest cover at the level of the microbasin.
The areal coverage of each ecosystem (forest versus cerrado, remnant vegetation
versus restored/regenerated vegetation), the potential area and associated economic
value of land cleared for agriculture, and the ecological integrity of the Xingu River
headwaters region, all varied as a function of the microbasin-level legal reserve
requirement. The most restrictive scenario is the current forest code without
compensation of the legal forest reserve (CFC-NC), which requires that every
microbasin outside of the protected areas maintain 80% forest cover or 35% cerrado
cover. This policy scenario allows the clearing of approximately 6,500 km2 of extant
forest and a similar area of cerrado vegetation present in the 2005 landscape that
exceeded the microbasin-level legal reserve requirement representing a 17% reduction
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below the 2005 landscape (Table 3-1, Figure 3-1). The CFC-C scenario, which imposes
the Forest Code but allows microbasins to achieve the legal reserve requirement
through compensation in other microbasins, is virtually the same as the CFC-NC
scenario since there was very little forest or cerrado vegetation available for
compensation. This is somewhat contrary to the expectation that remaining native
vegetation would be substantially greater in the CFC-C scenario than the CFC-NC
scenario. The ZSEE (ecological-economic zoning) scenario lowered the mandatory
forest legal reserve to 50% in some regions, but only decreased the area of remnant
vegetation remaining by 1,400 km2 relative to the CFC-NC and CFC-C scenarios. In
other words, the ZSEE lowered the microbasin-level legal reserve requirement to 50%
in some regions, but only 1,400 km2 of forest were in excess of 50% forest cover in
these zones (Table 3-1, Figure 3-1).
Restored Forest and Cerrado
All three policy scenarios allowed some of the remnant vegetation present in 2005
to be cleared, but they also required the regeneration/restoration of a greater area.
Seventeen thousand square kilometers of restored/regenerated forest are required
under these scenarios compared with 11,000 km2 under the Ecological-Economic
Zoning scenario (Table 3-2). It is largely because of this requirement for
regenerated/restored forest and cerrado that the total cover of natural forests and
cerrado was greatest in the CFC-C and CFC-NC scenarios with approximately 95,000
km2 (70% of the total area outside of protected areas in the Xingu River headwaters).
The ZSEE scenario, which permits some microbasins to fall to 50% forest cover, had
only 3500 km2 (3%) less vegetation cover (Figure 3-2, Table 3-1). Hence, mean native

105

vegetation cover per microbasin was greatest in the CFC scenarios3 (6scenarios (8
km2) and only half that in the ZSEE scenario (4 km2; Table 3-2).
Native Vegetation Cover
Native vegetation cover outside of protected areas and outside of the riparian zone
was highest in the current (2005) landscape, in both the forest and cerrado biomes,
owing to the fact that some microbasins could still legally clear vegetation under all
three of the alternative policy scenarios. Among those, however, the ZSEE scenario had
the highest amount of native forest remaining, 8498 km2 (11%) less than in 2005 (Table
3-2). In contrast, both the CFC-NC and CFC-C scenarios had 17% less native
vegetation than the current landscape. At the individual microbasin level, native
vegetation cover ranged between 28 km2 and 34 per microbasin across the 4
landscapes (Table 3-1). Of the alternative land-use policy scenarios, the ZSEE scenario
again had the highest mean vegetation cover per microbasin, after 2005, with 30 km2.
Potential Agricultural Area
The potential agricultural area associated with each scenario depends upon the
microbasin-level requirements for natural vegetation cover and the modeled clearing of
native vegetation across the region. Land that is legally cleared, or that could be legally
cleared for potential agricultural production was highest in 2005. The ZSEE scenario
had only 1000 km2 less potential agricultural area than the 2005 landscape despite
restoring nearly 10,000 km2 of vegetation throughout the landscape (Table 3-3, 3-5).
The ZSEE scenario had 4000 km2 less area available within the forest biome than in
2005, but nearly 3000 km2 more in the cerrado biome. But lowering the legal reserve
requirement in many microbasins of the forest biome, the ZSEE permits approximately
7,000 km2 more forestland to go to agriculture than the CFC scenarios, but allows 3,000
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km2 less cerrado vegetation to be converted to agriculture (Table 3-4). This biomespecific influence of the ZSEE can be explained on the basis of the reduced demand for
forest restoration in the ZSEE scenario. Microbasins in Zone 2 that had cleared more
than 20% of their forests are not required to reforest back up to 80% coverage in the
ZSEE as they are in the CFC scenarios. There was less cerrado conversion because
the 3 biophysical restrictions included in the ZSEE protected areas in the cerrado biome
that were not protected in the CFC scenarios. In addition, requiring less reforestation in
Zone 2 prevented clearing from being displaced to the cerrado biome as extensively as
in the CFC scenarios. The CFC-NC and CFC-C scenarios had the least amount of area
legally available for agricultural production, approximately 41,000 km2 (Table 3-3).
These rankings were maintained at the microbasin level, with the ZSEE scenario
allowing an average of 20 km2 per microbasin of legally cleared lands, compared with
21 km2 in the current landscape and 18.5 km2 in the CFC-NC and CFC-C landscapes.
Potential Net Present Value
The difference in area that could be legally cleared for agricultural activities
between the ZSEE and 2005 landscapes represented a decrease of 1.6 billion dollars
over the entire region (Table 3-4). In contrast, the CFC-NC and CFC-C scenarios would
reduce potential NPV in the region by 4 billion USD from the current landscape. Hence,
the ZSEE reduces the opportunity cost of forest conservation by 2.4 billion dollars. For
the individual landholder, the average potential NPV per microbasin under the ZSEE
scenario would be 0.7 million USD lower than in the 2005 landscape and 1.2 million
USD more than the CFC-NC and CFC-C landscapes (Table 3-4).
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Costs of Restoring Forest and Cerrado
Restoration costs were highest in the CFC-NC and CFC-C scenarios, totaling just
over 2000 million USD for the entire region, 1.6 times more than for the ZSEE scenario
(Table 3-6). For the average individual landholder, the restoration burden was lowest
both in terms of area and cost in the ZSEE scenario, as well. The mean area of legal
reserve to be restored in the ZSEE scenario (4.4 km2) is approximately half that of the
other two policy scenarios (approximately 8 km2), with the bulk of restoration needing to
occur in the forest biome. The mean cost of restoration (for legal reserve and riparian
zone restoration combined) was approximately 0.8 million USD per microbasin in the
ZSEE scenario, approximately one-third less than in the CFC-C and CFC-NC scenarios
(Table 3-6).
Overall, when combined with the loss in potential NPV, restoration costs doubled
the cost of adopting the ZSEE scenario compared to the current (2005) scenario,
reaching 1.5 million USD. Under the CFC-NC and CFC-C scenarios, restoration
increased the average cost to the landholder to 3.2 and 3.1 million USD. The total cost
of legal compliance under the CFC-C AND CFC-NC scenarios, combining the
opportunity costs (Table 3-5) and the increase in restoration costs relative to the current
(2005) landscape (Table 3-6) was approximately USD 6620 million for the entire region
and averaged USD 3.1 million per microbasin.
Ecological Consequences
Carbon stocks
Contrary to expectations, the ZSEE scenario achieved higher overall emissions
reductions than either the CFC-NC or CFC-C scenarios when each is compared to the
2005 (current) landscape (only 33 MtC emitted vs. 47 MtC) (Table 3-7). This can
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primarily be attributed to the greater area of forest and cerrado woodland savanna that
is maintained or restored under the former scenario in areas defined as restricted by the
zoning plan, despite also relaxing the requirements of the Forest Code in 60% of the
area outside protected areas. Although existing protected areas contain the highest
biomass stands in the region, since both these and the riparian zones are strictly
protected under all three alternative policy scenarios, the additional carbon stocks in the
CFC-NC and CFC-C scenarios are entirely attributable to protection and restoration of
forest and woodlands on private lands. Restored vegetation contributed an estimated 23
MtC to the total carbon stock in both the CFC-C and CFC-NC landscapes over a 30year time period, about 1.6 times more than in the ZSEE landscape (Table 3-7).
Hydrology and regional climate
All three scenarios show decreases in stream discharge in comparison with the
2005 landscape, ranging from 2 to 3% less than that of the current landscape (Table 37). The greatest decrease in discharge occurs in the CFC-C and CFC-NC scenarios.
Mean annual evapotranspiration decreases as forest cover decreases in the 3
alternative policy scenarios, although all exhibit a 4% reduction from the control
scenario (Table 3-7). However, all three have increased evapotranspiration by 1% over
the current landscape.
Water quality
All three of the alternative policy scenarios had all of the riparian forests protected
or restored, thus riparian forest cover increased by approximately 2600 km2 (20%) over
the 2005 landscape (Table 3-7). Thus, in all cases, 20% of streams would be likely to
have lower temperatures and higher dissolved oxygen levels (Neill et al. 2006) than the
current landscape, affecting species populations and assemblages. The proportion of
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microbasins having less than 40% vegetation cover was lowest in the ZSEE scenario
(Table 3-7). This indicates that although this scenario did not have the highest
proportion of microbasins with 60% or more vegetation cover (both CFC scenarios had
more), more microbasins would be likely to maintain basic hydrological functions (Coe
et al., 2009).
Habitat
Overall, habitat quality and quantity differed between scenarios by biome. For the
forest biome, habitat quality and quantity are lowest in the 2005 landscape, and highest
in the CFC-NC and CFC-C scenarios (Table 3-7). The CFC-NC and CFC-C landscapes
have the highest amount of total forest cover, the smallest number of forest fragments,
the greatest mean forest fragment size, as well as the greatest amount of core or
interior area (representing 90% of the total forest area in the landscape) (Table 3-7). In
contrast, the 2005 landscape compared most favorably for the cerrado biome, with the
ZSEE scenario indicating the next best outcome for the biome. Total vegetation, mean
fragment size and interior habitat area were greatest in the 2005 landscape. Total edge
area was lowest by a factor of 1.5 (in the forest biome) to 1.3 (in the cerrado biome) in
the 2005 in comparison with the three alternative policy scenarios. Among the modeled
scenarios, the CFC-C had the least amount of edge forest habitat.
Discussion
The hybrid regulatory-economic policy instruments examined in this study differ in
their degree of flexibility and responsiveness to frontier dynamics, with important
implications for ecological and economic processes in the Xingu River headwaters
region. The Brazilian Forest Code provision that allows compensation of the legal
reserve among property holders (CFC-C scenario) is intended to reduce the economic
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costs of the Forest Code by allowing more agricultural expansion on lands with higher
returns from deforestation-dependent agricultural activities, such as soy production and
cattle ranching, in exchange for reduced deforestation on lands with lower potential
returns from soy and cattle. In the case of the Xingu River headwaters region, however,
this provision had virtually no effect on native ecosystem cover when compared with the
Forest Code with no compensation (CFC-NC scenario), in part because of the strict
eligibility criteria, the small amount of excess forest or cerrado vegetation in microbasins
having more than 80% or 35% cover, respectively, and possibly because of restrictions
in the model that limited trading to a 4th-order watershed level (Table 3-4). This form of
flexibility in land use regulations must be functional early in the evolution of an
agricultural frontier to significantly reduce the economic costs of compliance. In the case
of the Xingu River headwaters region, there may have also been a strong reluctance on
the part of landholders to use the compensation provision after it was enacted, in 2000 7 ,
because of the great uncertainty surrounding the legal reserve requirement itself. To
use the compensation provision, landholders must alter their land titles to forgo
development rights on all remaining forests or cerrado on their property as they enter
into a financial compensation contract with another property holder. These restrictions
become unpalatable for many when there is a perceived likelihood that the legal forest
reserve requirement could be reduced permanently, especially when severe forms of
punishment for non-compliance can be avoided through bribes (Rosenthal, 2009).
The Brazilian socio-economic and ecological zoning policy (ZSEE) is a far more
sophisticated instrument than the legal reserve compensation provision in that it
7

The provision was included in the revised Forest Code in late 1998, but landholders were identified as
eligible depending on their vegetation cover status at the end of 1999.
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responds to biophysical and infra-structural (transportation, urban centers, electrical
supply) features of landscapes to restrict clearing for agriculture and landscape in areas
of marginal suitability and liberate clearing in areas of agricultural consolidation. The
modeled ZSEE scenario, using economic rent models that are responsive to the same
factors that impinge upon the profitability of agriculture that the ZSEE is designed to
represent, demonstrates the potential for this instrument to considerably reduce the
economic costs of legal compliance while protecting public interests in private land
native ecosystems and their services. The ZSEE reduces the opportunity costs
associated with full compliance with the Brazilian Forest Code (with no compensation)
from 4.2 to 1.6 billion dollars (Table 3-5), primarily by allowing a greater share of cleared
lands that are non-compliant with the 80% or 35% legal reserve requirement to stay in
production. More specifically, in Zone 2 of the ZSEE scenario, microbasins that have
cleared more than 80% of forest cover or 35% of cerrado cover are not required to
reforest (or compensate) the difference. For the average landholder, this means that the
net present value of a landholding is worth 1.2 million dollars more than under the CFC
scenarios, and only 0.7 million dollars less than in the current (2005) landscape (Table
3-5).
The ZSEE also has features that improve the ecological performance of the
landscape in ways that are not captured by parameters such as the total cover of native
vegetation. For example, agriculturally marginal lands, with steep slopes and high
erodibility or that are located in wetland or floodplain areas, are protected under the
ZSEE. In the Xingu River headwaters region, this feature of ZSEE is manifested as a
greater coverage of cerrado vegetation. The ZSEE protects 3,100 km2 more remnant
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cerrado vegetation than the CFC scenarios, largely because of their marginal suitability
for agriculture (Table 3-1). By most ecological parameters, the ZSEE scenario is nearly
indistinguishable from the CFC scenarios, despite its far lower opportunity costs. The
ZSEE scenario has the same river discharge, evapotranspiration, and nearly the same
number of microbasins with at least 60% native ecosystem coverage (75% vs. 80% and
81% for the CFC scenarios). The ZSEE scenario has smaller carbon stocks (1924 vs.
1909 and 1907) than the CFC scenario landscapes, but less interior habitat (99,000 km2
vs. 105,000 km2) than the CFC scenario landscapes.
Conclusion
Hybrid regulatory-economic policy instruments may be particularly appropriate for
achieving land-based economic and ecological outcomes. Unlike pollution regulation,
where environmental impacts are lowered by reducing emissions of a pollutant
regardless of the exact location of this emission, ecosystem services are best protected
through instruments that guarantee that these services will be spatially distributed. This
is a positive feature of the Forest Code, that requires that all riparian zone forests be
protected and a portion of the native ecosystems of every microbasin. The economic
component of one of the hybrid instruments that I evaluated, the ZSEE, lowered the
cost to landholders and to secondary and tertiary industries that depend upon
agricultural production, with only a small sacrifice of ecological performance. Albeit not a
perfect solution to balancing agricultural productivity with environmental sustainability, in
this landscape it may be among the optimal policy frameworks.
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Table 3-1. Total area and mean area per microbasin of remnant forest and cerrado woodland within the Xingu River
headwaters region in 2005 and under 3 land-use policy scenarios. Data are for microbasins outside of protected
areas. “CFC-NC” is the abbreviation for “Current Forest Code, No Compensation”. “CFC-C” is the abbreviation
for “Current Forest Code with Compensation”. “ZSEE” is the abbreviation for “Zoneamento Socio-Economico
Ecologico” (Socioeconomic Ecological Zoning).
2005
CFC-NC
CFC-C
ZSEE
Total
Mean (s.e.)
Total
Mean (s.e.)
Total
Mean (s.e.)
Total
Mean (s.e.)
2
2
2
2
(km )
(km )
(km )
(km )
per
per
per
per
microbasin
microbasin
microbasin
microbasin
(km2)
(km2)
(km2)
(km2)
Remnant native
vegetation
Forest
61,934
35.3 (0.8)
55,416
31.6 (0.7) 55,410
31.6 (0.7) 56,882
32.4 (0.8)
Cerrado
13,065
28.5 (1.5)
6547
14.3 (0.8)
6558
14.3 (0.8)
9619
21.0 (1.1)
TOTAL
74,999
33.9 (0.7)
61,963
28.0 (0.6) 61,968
28.0 (0.6) 66,501
30.0 (0.6)
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Table 3-2. Total area and mean area per microbasin of forest and cerrado within the Xingu River headwaters region that
will consist of restored vegetation in 2005 and under 3 land-use policy scenarios. Data are for microbasins
outside of protected areas. Scenario abbreviations are as in Table 3-1.
CFC-NC
CFC-C
ZSEE
Total
Mean (s.e.) per
Total
Mean (s.e.) per
Total
Mean (s.e.) per
2
2
2
(km )
microbasin
(km )
microbasin
(km )
microbasin
(km2)
(km2)
(km2)
Restored Vegetation
Legal Reserve
Forest
17,101
9.7 (0.4)
17,235
9.8 (0.4)
9090
5.2 (0.3)
Cerrado
722
1.6 (0.2)
687
1.5 (0.3)
565
1.2 (0.1)
TOTAL
17,823
8.0 (0.3)
17,922
8.1 (0.3)
9654
4.4 (0.2)
Riparian Zone
Forest
1666
1.0 (0.04)
1666
1.0 (0.04)
1666
1.0 (0.04)
Cerrado
835
1.9 (0.1)
835
1.8 (0.1)
835
1.8 (0.1)
TOTAL
2501
0.9 (0.03)
2501
0.9 (0.03)
2501
0.9 (0.03)
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Table 3-3. The area and percent coverage of forest and cerrado vegetation (remnant and restored combined) in the
Xingu River headwaters region as observed for 2005 and modeled under three land-use policy scenarios. Data
are presented both for the entire headwaters region and for the mean values of the region’s microbasins.
Results are for lands outside of protected areas. Scenario abbreviations are as in Table 3-1.
2005
CFC-NC
CFC-C
ZSEE
2
Area (km )
%
Area
%
Area
%
Area
%
(km2)
(km2)
(km2)
Total Natural Vegetation
(remnant and restored)
Whole watershed (Total)
Legal Reserve
Forest
61,934
64
75,590
80
75,718
80
69,044
71
Cerrado
13,065
45
9265
35
9241
35
12,194
42
Total
74,999
60
84,855
68
84,959
67
81,138
64
Riparian Zone
Forest
6052
78
7736
100
7736
100
7736
100
Cerrado
1695
67
2530
100
2530
100
2530
100
Total
7747
76
10,266
100
10,266
100
10,266
100
Legal Reserve and
82,746
60
95,121
69
95,225
70
91,404
67
Riparian Zone
Microbasins (Mean (s.e.))
Legal Reserve
Forest
Cerrado
Riparian Zone
Forest
Cerrado
Total

35 (0.8)
28 (1.5)

68 (0.6)
49 (1.2)

43 (0.9)
20 (1.1)

80 (0.3)
35 (0.8)

43 (0.9)
20 (1.1)

78 (0.3)
33 (0.8)

39 (0.8)
27 (1.3)

74 (0.4)
45 (1.0)

3.5 (0.1)
3.7 (0.2)
3.5 (0.1)

79 (0.5)
69 (0.9)
77 (0.5)

4.4 (0.1)
5.6 (0.3)
4.7 (0.1)

100 (0)
100 (0)
100 (0)

4.4 (0.1)
5.6 (0.3)
4.7 (0.1)

100 (0)
100 (0)
100 (0)

4.4 (0.1)
5.6 (0.3)
4.6 (0.1)

100 (0)
100 (0)
100 (0)
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Table 3-4. Total area and mean area per microbasin of forest and cerrado within the Xingu River headwaters region that
is “available” for agricultural production in 2005 and in 3 land-use policy scenarios. Data are for microbasins
outside of protected areas. “Available for agricultural production” refers to areas that already are or could be
legally cleared without exceeding the maximum percent clearing allowable under each scenario.
2005
CFC-NC
CFC-C
ZSEE
Total
Mean (s.e.)
Total
Mean (s.e.)
Total
Mean (s.e.)
Total
Mean (s.e.)
(km2)
per
(km2)
per
(km2)
per
(km2)
per
microbasin
microbasin
microbasin
microbasin
Area available
(km2)
(km2)
(km2)
(km2)
for agriculture
Forest
31,419
17.9 (0.6)
20,812
11.8 (0.3)
20,881
11.9 (0.3)
27,429
15.6 (0.5)
Cerrado
14,110
30.8 (2.0)
19,931
43.5 (2.2)
20,082
43.8 (2.2)
17,003
37.1 (2.2)
TOTAL
45,529
20.6 (0.6)
40,743
18.4 (0.6)
40,963
18.5 (0.6)
44,432
20.0 (0.6)

117

Table 3-5. Potential net present value (NPV) associated with soybean cultivation or
cattle production on cleared land for the Xingu River headwaters region under
3 alternative policy scenarios and in 2005. The opportunity cost of adopting
each scenario (relative to the 2005 landscape) is also presented. Data are
presented for the entire region and per microbasin, for areas outside of
protected areas in the forest biome region.
2005
CFC-NC
CFC-C
ZSEE
NPV
NPV
NPV
NPV
(million USD) (million USD) (million USD) (million USD)
Potential NPV
Whole basin
13,755
9522
9529
12,104
Mean per
6.2 (0.3)
4.3 (0.2)
4.3 (0.2)
5.5 (0.2)
microbasin (s.e.)
Opportunity Cost
Whole basin
n/a
4233
4228
1651
Mean per
n/a
1.9 (0.2)
1.9 (0.2)
0.7 (0.1)
microbasin (s.e.)

118

Table 3-6. The estimated costs of restoration of the legal reserve and riparian zone
under 3 alternative policies, for the entire basin in the aggregate and for the
average microbasin out of compliance. Ranges refer to upper and lower
estimates of restoration costs per hectare, as defined in Table C-1.
CFC-NC
CFC-C
ZSEE
Whole Basin
Whole Basin
Whole Basin
(million USD)
(million USD)
(million USD)
Legal Reserve
Forest
1593 (+/676)
1605 (±682)
847 (±359)
Cerrado
67 (±29)
64 (±27)
53 (±22)
Riparian Zone
366 (±261)
366(±261)
366(±261)
Total
2026 (±966)
2035 (±970)
1266 (±642)
Mean per microbasin
(million USD)
Legal Reserve
Forest
Cerrado
Riparian Zone
Total

Mean per microbasin
(million USD)

0.9 (±0.4)
0.2 (±0.1)
0.2 (±0.1)
1.3 (0.6)

0.9 (±0.4)
0.1 (±0.1)
0.2 (±0.1)
1.2 (±0.6)
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Mean per microbasin
(million USD)
0.5 (±0.2)
0.1 (±0.1)
0.2 (±0.1)
0.8 (±0.4)

Table 3-7. Ecological attributes of the Xingu River headwaters region (including
protected areas) in 2005 and of modeled landscapes representing the region
under 3 policy alternatives on private lands. These attributes include: carbon
stocks, surface hydrology and regional climate, indicators related to water
quality, and terrestrial habitat quantity and quality.
Indicator
Carbon Stocks
Stored in native vegetation
(MtC)
(MtCO2e)
Stored in restored vegetation (30 years)
(MtC)
(MtCO2e)
Total
(MtC)
(MtCO2e)
Emissions since initial year
(MtC)
(MtCO2e)
Surface Hydrology and Regional Climate
Mean Annual Discharge (m3 s-1)
(% change from potential)
Mean Annual Evapotranspiration (m3 s-1)
(% change from potential)
Water Quality
Riparian forest cover, 50-m buffer (km2)
Mean % native vegetation cover per
microbasin (s.e.)
% of microbasins with greater than 60%
vegetation cover
% of microbasins with less than 40%
vegetation cover
Terrestrial Habitat
Vegetation cover (km2)
Forest
Cerrado
Number of fragments
Forest
Cerrado
Mean distance to nearest neighbor
fragment (m)
Forest
Cerrado
Mean fragment size (ha)
Forest
Cerrado
Total interior habitat area (km2)
Forest
Cerrado
Total edge habitat area (km2)
Forest
Cerrado

Scenarios
CFC-NC
CFC-C

2005

ZSEE

544
1995

497
1824

497
1822

511
1873

5
17

23
85

23
85

14
51

549
2012

520
1909

520
1907

525
1924

n/a
n/a

47
171

47
173

33
122

3128
(13%)
6583
(-5%)

3032
(10%)
6679
(-4%)

3033
(10%)
6678
(-4%)

3070
(11%)
6641
(-4%)

12,931
69 (0.5)

15,509
73 (0.4)

15,509
73 (0.4)

15,509
73 (0.4)

65

80

81

75

18

16

16

11

107,789
17,037

116,487
13,297

116,395
13,149

110,902
15,209

13,427
13,285

12,666
18,238

12,958
18,138

13,777
15,571

361
406

381
371

379
371

363
378

803
128

920
73

898
73

805
98

99,978
12,737

104,754
7652

105,287
7433

98,886
9762

7810
4300

11,732
5645

11,108
5716

11,969
5472
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Figure 3-1. Location and distribution of the major biophysical restrictions (shown in red)
and the 4 major zones of the Mato Grosso State Zoning Plan (ZSEE) within
the Xingu River headwaters: (a) floodplain areas; (b) soil and slope
restrictions; (c) wetland areas; (d) the 4 major zones (noted by number)
combined with the 3 biophysical restrictions.
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Figure 3-2. Comparison of land-cover in the basin for (a) 2005 (observed), (b) full
compliance with 80% legal reserve in forest biome, no compensation (CFCNC) (modeled), (c) full compliance with 80% legal reserve in the forest biome
with compensation (CFC-C) (modeled), and (d) Mato Grosso state socioeconomic ecological zoning plan (ZSEE) (modeled), with compensation.
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CHAPTER 4
THE COST OF CARBON TO OFFSET OPPORTUNITY COSTS ON PRIVATE LANDS
UNDER ALTERNATIVE POLICIES IN THE UPPER XINGU RIVER BASIN
Introduction
Approximately 17% of global greenhouse gas emissions are estimated to come
from the clearing and degradation of tropical forests (IPCC, 2007). In an attempt to
reduce these emissions, negotiators within the UN Framework Convention on Climate
Change (UNFCCC) are designing a mechanism for compensating tropical nations that
succeed in reducing carbon emissions from deforestation and forest degradation,
known by the acronym “REDD” (from Reducing Emissions from Deforestation and
Degradation; Gullison et al., 2007). REDD has the potential to both increase the scale of
tropical forest conservation and significantly reduce greenhouse gas emissions. REDD
could also become the vehicle for protecting and restoring the role of tropical forests in
the provision and regulation of pure freshwater, biodiversity conservation, soil
conservation, and the protection of regional climate systems (Stickler et al., 2009),
channeling financial resources from either a new forest carbon market or from
expanded carbon-related donations from developed countries.
As negotiations of the REDD mechanism within the UNFCCC framework move
toward fruition, federal and state governments of tropical nations are developing
programs to achieve reductions in deforestation and forest degradation. Brazil has been
developing a program to reduce emissions from deforestation in the Amazon—the
country’s largest source of GHG emissions (76%, 1.2 billion tons CO2e; MCT, 2009).
Under the Brazilian National Climate Policy, the government established a target of 80%
reduction in deforestation in the Amazon region by 2020 in 2009 (GOB 2008; Nepstad
et al., 2009). With a USD 1 billion commitment from the Norwegian government, Brazil
123

has already established a fund to finance projects and programs for achieving these
emissions reductions (BNDES, 2009). The Amazon Fund, as negotiated with Norway,
would be replenished as long as Brazil continues to reduce deforestation in the Amazon
region below its historical baseline. The initial payment of USD 110 million from Norway
was in recognition of deforestation reductions already achieved since 2005. Though not
officially considered a REDD program by the Brazilian government, for all intents and
purposes, it serves as the first regional- or national-scale REDD experiment in the
world. However, the Amazon Fund does not have a well-developed plan for achieving
reductions in deforestation and forest degradation in the Amazon region.
REDD land use policy design is advancing within the Amazon states of Brazil.
Under the Brazilian National Climate Policy, Amazon state governments are expected to
establish their own deforestation reduction targets that, combined, provide the requisite
reductions for the entire region (Tollefson, 2009). Mato Grosso state has historically
been responsible for the greatest amount of deforestation (39% of annual regional
average for 1996-2005 time period; INPE, 2009), but from 2006-2009, it has been
responsible for 59% of deforestation reduction already achieved under the BNCP goals
over the last 4 years (INPE, 2009; GOMT, 2009). Furthermore, in its own plan, Mato
Grosso is committing to 89% reduction in deforestation by 2020, 9% more than the
national plan. This target represents more than 60% of the national target for
deforestation reduction in the Amazon, and approximately 40% of Brazil’s total goal of
GHG emission reduction by 2020.
According to the state’s draft REDD plan, the implementation of REDD is
considered vital to achieve Mato Grosso’s deforestation reduction targets to finance
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credits for emissions reductions financed by the Amazon Fund and other voluntary and
potential official market mechanisms. The emissions reductions effectively achieved
during a given period of time are intended to provide financing for future deforestation
reductions. “REDD Certificates” are proposed to be allocated between six programs for
(1) indigenous peoples; (2) protected areas; (3) private forests; (4) smallholder
settlements; (5) state governance ; and (6) an insurance fund. During the first phase of
implementation, indigenous lands, protected areas, and smallholder settlements will
participate in the mechanism through priority pilot projects that will help to develop
adequate approaches and methodologies for state-wide programs. The private forests
program, linked to the State environmental licensing system of rural properties
(Azevedo, 2009), will provide payments for forest reserves located in rural properties
that fully comply with the federal and state environmental laws.
In this paper, I attempt to provide input to the policy framework design of the Mato
Grosso REDD program, specifically to the design of the program to reduce
deforestation on private lands. I examine the extent to which existing forest and landuse policies might be used as a basis for effectively applying REDD or other carbon
credits in the upper Xingu River basin in northeastern Mato Grosso—one of 3 pilot sites
for designing and testing the state level program (GOMT, 2009). I estimate the
emissions reductions below (a) a historical baseline and (b) 3 BAU scenarios that could
be achieved on private lands in the region under 3 alternative policy frameworks. I also
estimate the price of carbon that would be needed to offset the opportunity costs
incurred by private landholders of complying with each alternative framework used to
achieve target (portion coming from private lands). Finally, I compare the alternative
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scenarios with respect to a series of ecological indicators to evaluate the performance
of each in providing co-benefits beyond carbon stocks.
Study Area
The Xingu headwaters region is representative of many areas along the Amazon’s
agricultural frontier, with expanding production of cattle and soy (70% of the area)
surrounding smallholder settlements (3%) and largely-forested indigenous lands
(approximately one quarter) (Figure 2-1a). The stream and river ecosystems are under
growing threats from sedimentation, agrochemical run-off, and associated fish die-off
from the unprotected headwaters regions outside of the indigenous reserve, which is
located at the core of the region (Figure 2-1a). The Basin supports cerrado (savanna
woodland) in the south and dense humid forest in the north (Figure 2-1a).
The Xingu region is also an advanced laboratory for exploring the potential
ecological co-benefits of alternative approaches to REDD plans. The region (177,780
km2) is larger than 90% of the tropical nations that could seek participation in REDD
within the UNFCCC. The Xingu is also the site of a 5-year multi-stakeholder campaign
to protect water resources, particularly through efforts to protect and reforest riparian
forests in the region (‘Y ikatu Xingu, 2009). The campaign has been moderately
successful, and the prospect of carbon funds represents an opportunity to continue
funding and expanding efforts related to stream health and other ecosystem services
that are important to the region’s inhabitants.
Materials and Methods
I compared 3 alternative land-use policies that represent possible approaches to
the implementation of emissions reductions targets over 30 years in the Xingu
headwaters region. I developed land-cover maps representing each of the alternative
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scenarios, as well as 3 business-as-usual (BAU) scenarios. I used these maps to
estimate and compare the volume of carbon stocks that would be maintained under
each scenario, in both remaining native and restored or regenerating forest or cerrado. I
then used the maps to calculate the cost of (1) reducing carbon emissions, and (2)
restoring or enhancing carbon stocks under compliance with each of the 3 alternative
policy scenarios relative to each of three business-as-usual (BAU) scenarios. Finally,
the maps were also used as inputs for calculating several ecological indicators as a
basis for assessing the potential ecological co-benefits of REDD.
Model Development
Six land cover maps corresponding to three alternative policy scenarios and three
business-as-usual (BAU) scenarios were developed using a spatially explicit dynamic
landscape simulation model described in Appendix A. This spatial-statistical model of
land-use change was derived from a land-use/land-cover change analysis and a GIS
consisting of data related to the location and neighborhood attributes (e.g., distance to
roads, distance to streams, slope, agricultural suitability) of 4 focal land-use transitions:
(1) forestÆagriculture (pasture or annual crops); (2) cerradoÆagriculture; (3)
agricultureÆregenerating forest; and (4) agricultureÆregenerating cerrado. For the
BAU scenarios, the model simulates land-cover change over 30 time steps, beginning in
2005 and ending in 2035, using land-cover conversion probabilities and rates calculated
from the 1996-2005 reference period (Appendix A). “High” and “low” BAU scenarios
were developed in an attempt to bracket the range of likely future deforestation by
applying the highest and lowest historical observed deforestation rates, respectively, as
described below. For the policy scenarios, maximum required reforestation and
maximum allowed clearing were imposed upon the Xingu River headwaters region
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landscape, independent of the amount of time required to reach these levels. The basic
architecture and function of the simulation model is described in further detail in
Appendix A.
Scenarios
Each of the scenarios is based on recent, existing and/or proposed legislation
(Chapter 2, Chapter 3) and was compared with a range of BAU simulations that assume
no REDD interventions. The basic assumptions underlying each scenario, including the
reference scenarios, are as follows:
Business-as-usual scenarios
Business as Usual (BAU) assumes that the historical rate and pattern of
deforestation continues into the future, and thus serves as a baseline model against
which to compare other options. Here, I develop 3 BAU scenarios that represent
alternative development trajectories with no additional REDD or other governance
interventions (e.g., creating or enforcing protected areas). The average BAU scenario
uses the average deforestation rate calculated for this region over the 1996-2005 period
and applies it over 30 years. The reference period corresponds to that set for
determining crediting levels for the Amazon Fund (GOB 2009). Under the Amazon
Fund, the reference scenario is estimated by extending the average rate for the 10-year
period from 1996-2005 as an absolute (gross) rate into the future. In the analysis
presented here, the BAU scenario is somewhat more conservative, applying the same
annual rate of clearing as a percentage (net rate) of the remaining forest; thus the
absolute amount cleared each year decreases proportionally with the decrease in total
forest cover. This is a more realistic reference scenario for a region such as the Xingu
River headwaters, as it has historically high levels of deforestation which are unlikely to
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be sustained at the same absolute level in the future. Under the Amazon Fund, the
reference scenario is extended only through 2020; here, however, extend the simulation
through 2035 to provide an assessment of how policies aided by carbon offset to create
incentives might protect ecological resources in the longer term.
I also model two further BAU scenarios—BAU High and BAU Low—using a higher
and lower annual deforestation rate, respectively, than the original BAU uses. The
scenarios use deforestation rates observed in the region for the 2005-2007 and the
2001-2003 periods, respectively, to provide a range of reference values that reflect
business-as-usual under alternative economic conditions. These periods represent the
periods of highest and lowest observed deforestation rates in the region to date and
thus represent realistic endmembers for attempting to bracket historic land-cover
change patterns into the future.
Policy scenarios
I modeled three scenarios representing the Xingu River headwaters landscape
under alternative extant or proposed federal and state policies (Chapter 2, Chapter 3).
The Current Forest Code (CFC) scenario represents the landscape under the
assumption that the current Federal Forest Code was perfectly implemented and
enforced. Since 1996, the Forest Code requires that properties located in the forest
biome in the Legal Amazon maintain 80% of the native vegetation in a permanent legal
reserve; properties in the cerrado biome are required to maintain 35% of the native
vegetation in a legal reserve (Chapter 2). Where less than this amount is present, the
vegetation must be restored. In addition, vegetation within 50-m of each stream on
private properties must be strictly protected or restored if it is absent.
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The Reduced Legal Reserve (RLR) scenario models the Forest Code under the
law before 1996 and as was required by the Mato Grosso state government until as
recently as 2005, enforcing a legal reserve of only 50% on properties located in the
Amazon forest biome (Chapter 2). The legal reserve on cerrado properties remains 35%
and the riparian zone is also strictly protected.
The Socio-Economic Ecological Zoning Plan (ZSEE) scenario assumes that the
proposed Mato Grosso state zoning plan is implemented, as described in Chapter 3.
The zoning plan has 4 major zones which determine the percent of legal reserve that is
required for properties falling within each zone. The scenario modeled here also
assumes that the “tradable deforestation rights” option included in the federal Forest
Code in 1998 will be exercised (Chapter 3). Furthermore, the scenario assumes strict
protection of areas falling in any one of 3 areas described as requiring special attention
and protection under the ZSEE (Chapter 3). Finally, as in the other two scenarios, all
riparian areas within 50-m of streams are strictly protected and reforested.
Analyses
Emissions reductions and carbon enhancement
For the initial landscape (2005) and each alternative scenario, I calculated the
carbon (CO2e) stocks stored in remaining native vegetation using a map of forest
biomass developed for the entire Amazon basin (Saatchi et al., 2007, adapted in
Nepstad et al., 2007a and Nepstad et al., 2009).
To estimate the gain in carbon stocks resulting from reforestation under each
alternative policy scenario, I assigned a value of 1.5 tC ha-1y-1 and 0.5 tC ha-1y-1
(Houghton et al., 2000; Zarin et al., 2001) per pixel, respectively, and multiplied by the
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number of years that regeneration in each pixel had taken place (ranging from 1 to 29
years).
I present the distribution of carbon stocks among riparian and non-riparian zones
separately. Furthermore, I present regenerating and maintained carbon stocks
aggregated over the entire Xingu River headwaters region outside of protected areas.
Thus, I obtained estimates of total carbon emissions, of carbon emissions due to
clearing of native vegetation, the potential emissions reductions that could be achieved,
and the total carbon enhancement represented by each policy alternative.
Price of carbon
To calculate the minimum price of a ton of carbon (CO2e, in this case) needed to
offset the opportunity cost represented by each of the 3 policy scenarios for private
lands in the basin in the aggregate, I divided the difference in total opportunity cost of a
given scenario and each of the BAU scenarios by the corresponding difference in
carbon stocks in remnant vegetation. The opportunity cost was calculated by estimating
the potential net present value (NPV) of forested (native or regenerating) lands
maintained under each scenario associated with soy or cattle production (the higher of
the two) (Appendix C), and then calculating the difference in potential NPV between
each policy scenario and each of the BAU scenarios. I obtained a range of prices per
ton of CO2e to offset the aggregate opportunity cost faced by private landowners under
each policy scenario.
In addition, I calculated the price per ton of carbon necessary to compensate
private landholders for the costs of restoring lands where restoration is necessary to
comply with each alternative policy scenario. The costs of restoration are two-fold: (1)
the foregone profits (opportunity cost) of the land taken out of production, and (2) the
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direct expenditures for restoration. The direct costs of restoration are likely to be
negligible outside riparian areas, as landholders will simply allow the land to regenerate
naturally (Chapter 3). However, here, I present the range of potential direct costs
associated with active restoration for illustrative purposes. The opportunity cost is
calculated as above and the range of direct costs is calculated as described in Appendix
C. The per unit price of carbon is calculated by dividing the sum of opportunity costs
and direct restoration costs for each scenario by the corresponding volume of carbon
accumulated on regenerating lands over a 30 year time horizon. We assume no
significant amount of natural regeneration or active restoration occurs in any of the BAU
scenarios; thus, the amount of accumulated carbon for each scenario represents the
difference between the total observed regeneration for that scenario and the initial
volume of regenerating vegetation in 2005.
Eligible credits
Finally, for microbasins located in the forest biome only, where the legal reserve
was 50% of private landholdings in the Amazon until 1996 (Chapter 2), I also present
the total volume of credits and the necessary price for a restricted portion of carbon
stocks which represent the carbon stocks held in forests in excess of 50% of total
potential forest in each microbasin. This restriction represents a scenario under which
governments limit compensation for the costs of forest maintenance and restoration to
those landowners who contribute more to the maintenance of carbon stocks and
provision of ecosystem services than the minimum required under the law until 1996
(and until 2005, in Mato Grosso) (Chapter 2). In this case, I assume that the law
requires landholders to set aside at least 50% of their land in a forest reserve, for
reasons explained in Chapter 2. This restriction addresses concerns both domestically
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and internationally that individuals should not be paid to comply with the law, and
furthermore, that individuals who violate the law not be compensated for whatever
amount of forest they do maintain. The cost of reducing emissions and the price of
carbon for only this subset of the total carbon stock in the region were calculated as
described above. The per unit price to compensate restoration costs was not included. I
present the results for this subset of microbasins in the region at the aggregate
(landscape) level.
Assessment of ecological co-benefits
I compared the final landscapes for each of the 3 alternative scenarios and for
each BAU scenario (for a total of nine comparisons) in terms of river discharge, annual
evapotranspiration, habitat quality, and water quality (methods described in Appendix
C).
Results
Emissions Reductions and Carbon Enhancement
The simulated policy scenarios affected land cover in the Xingu River headwater
region by imposing restrictions on private-land forest and cerrado clearing and by
defining forest/cerrado restoration requirements for each privately-held microbasin. The
reduced legal reserve (RLR) scenario was the most permissive, allowing forest clearing
to proceed to 50% of each microbasin and requiring forest restoration only up to 50% of
each microbasin in cases where there was less than 50% forest cover during the base
year, 2005. It is therefore not surprising that the RLR scenario resulted in the lowest
amount of carbon in remnant native vegetation and restored vegetation of the three
policy scenarios for private lands in the region (Table 4-1, Figure 4-1).
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The current Forest Code (CFC) scenario was the least permissive policy among
those simulated. It restricts forest clearing to 20% of individual microbasins and requires
landholders to restore forest cover to 80% if clearing had already exceeded 20% during
the base year, 2005. The socio-economic, ecological zoning plan (ZSEE) scenario was
the same as the CFC scenario except for one difference: landholders were required to
restore forest cover only up to 50%, instead of 80%. As a result of this difference, the
CFC scenario had five times more restored forest carbon than the ZSEE and six times
more than the RLR (Table 4-1). But the CFC had slightly less remnant native vegetation
(1113 MtCO2e) than the ZSEE (1241 MtCO2e) (Table 4-1), because of the additional
restricted areas created under the plan, in addition to the regulations defined for each
zone (Chapter 3).
The policy scenarios exerted a large impact on forest/cerrado carbon stocks in the
Xingu River headwaters region. The ZSEE and CFC scenarios maintain the greatest
amount of carbon in remnant native vegetation relative to the other modeled scenarios
(Table 4-1, Figure 4-1). They maintain approximately 1.5 times as much carbon as the
BAU Low and RLR scenario and 2 to 5 times more than the BAU and BAU High
scenarios. Notably, more native carbon stocks are maintained (not emitted) under the
BAU Low scenario than the RLR scenario. Under the worst case BAU scenario, BAU
High, the least amount of carbon stocks were maintained, approximately 5 times less
than either the ZSEE or CFC scenarios. In contrast, only a 2 to 3-fold difference in
carbon stocks was observed between the average BAU scenario and the CFC and
ZSEE scenarios.
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Price of Carbon
All carbon
The price per ton of CO2e necessary to compensate all private property holders in
the region for maintaining or restoring carbon stocks over and above the amount that
would be maintained under the BAU scenario was greatest for the RLR scenario (Table
4-2). The price ranged from 25 to 54 USD tCO2e-1 (average 32 USD tCO2e-1), whereas
under the CFC and ZSEE scenarios, the range of prices was both lower and narrower
(22-26 and 22-28 USD tCO2e-1, respectively). However, the total cost of maintaining and
restoring forests to reach compliance with each of the latter scenarios was 2 to nearly 3
times higher, respectively, than for the RLR scenario (Table 4-2). Removing
compensation for the cost (both opportunity and direct costs) of restoration reduces the
per ton price substantially, in the case of the RLR scenario, with prices ranging from 18
to 21 USD tCO2e-1. Again, the range of prices for the other two scenarios is narrower
and slightly lower, ranging around 18 and 17 USD tCO2e-1 for the CFC and ZSEE
scenarios, respectively. Under the RLR and ZSEE scenarios, compensating for
regeneration is expensive (the per unit price ranges around 102 and 103 USD tCO2e-1,
respectively), as the amount of carbon accumulated is relatively low and the costs are
high (including both foregone potential income and the direct cost of restoration). In
contrast, under the CFC scenario, where far more restoration is required, something of
an economy of scale is achieved, and the price falls to a far more reasonable 36 USD
tCO2e-1. This surprising result can be explained as the result of higher carbon
accumulation in restored forests under this scenario and lower opportunity costs. In
other words, this scenario forces the restoration of a large area of land that once
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supported forests with high carbon density and that has low potential profitability for soy
and cattle ranching.
Eligible carbon
When compensation for carbon maintenance (reduced emissions) is restricted
only to that portion of forest that exceeds 50% of the total possible native forest in each
microbasin, a 3-fold reduction in per unit prices for CO2e is observed (Table 4-3). Prices
for compensating landholders for their “excess” carbon maintenance under the RLR
scenario range from 11 to 12 USD tCO2e-1, compared with 15-16 USD tCO2e-1 and 1415 USD tCO2e-1 under the CFC and ZSEE scenarios, respectively.
Ecological co-benefits
Hydrology and regional climate. Different changes in forest cover caused by
each of the three policy scenarios resulted in corresponding changes in key ecological
parameters. The CFC and ZSEE scenarios induced twice as much forest cover as the
average BAU scenario and therefore had far more evapotranspiration (approximately
300 mm yr-1, Table 4-4). With more evapotranspiration, the two high-forest-cover
scenarios allowed less river discharge than any of the other scenarios that I modeled
(Table 4-4). The RLR scenario, which induced forest cover intermediate to the BAUhigh and BAU-average scenarios, had correspondingly little effect on evapotranspiration
and discharge.
Water quality. All three of the alternative policy scenarios forced full protection or
restoration of riparian forests, thus riparian forest cover increased by approximately
2600 km2 (20%) over the 2005 landscape (Table 4-4). Thus, in all cases, 20% of
streams would be likely to have lower temperatures and higher dissolved oxygen levels
(Neill et al., 2006) than the current landscape, affecting species populations and
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assemblages. In contrast, riparian forest cover decreased by an average of 3200 km2
(ranging from 2500 km2 to 6400 km2) under the BAU scenarios. Thus, more streams
would be likely to have higher temperatures and lower dissolved oxygen levels than the
current landscape. More importantly, an average across BAU scenarios of nearly 40%
of all streams would be subject to forest removal and potential oxygen depletion relative
to any of the three alternative policy scenarios.
Among the policy scenarios, the proportion of microbasins having less than 40%
vegetation cover was lowest in the ZSEE scenario (Table 4-4) because of differences in
model predictions for cerrado microbasins. The RLR and CFC scenarios were similar to
the current landscape, whereas under the BAU scenarios, the proportion of microbasins
with this level of native vegetation loss from 41 to 72%. Only the CFC and ZSEE
scenarios had a greater percentage of microbasins (10 to 16%) with more than 60%
forest cover than the 2005 landscape. The RLR was equivalent to the BAU scenario,
with 37% fewer microbasins having over 60% vegetation cover. These results indicate
that any of the policy scenarios would be likely to maintain basic hydrological functions
in more microbasins (Coe et al., 2009) in the region than the BAU scenarios, although
the RLR scenario would be the least favorable option of the three policy scenarios.
Habitat. Overall, habitat quality and quantity differed between scenarios by biome,
but was highest in the CFC and ZSEE scenarios. Perhaps most surprising, the RLR
scenario had lower habitat quality than the BAU Low scenario. Although the BAU
scenarios maintained nearly as much or more forest cover than the RLR scenario
(Table 4-4), cerrado cover was generally much lower. This can be explained by the
model’s representation of the most likely pattern and trajectory of forest and cerrado
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deforestation, which is more likely close to roads and previously cleared areas, if no
controls on land-use that regulate the spatial distribution of native vegetation are put in
place.
Forest fragmentation was consistently 2 to 3 times higher in the BAU scenarios
than in the alternative policy scenarios; cerrado fragmentation was 1.4 to 1.7 times
greater under BAU scenarios than in the alternative policy scenarios. Mean fragment
sizes were 4- to 9-fold lower in the forest biome under BAU scenarios than under CFC
or ZSEE scenarios. Differences were far less pronounced between fragment sizes
under the RLR and BAU scenarios.
A strikingly different pattern emerges in comparing edge and interior habitat area
among the scenarios. The RLR scenario has the highest amount of forest edge habitat
and even less forest interior habitat than the BAU high scenario. All of the alternative
policy scenarios have more total edge habitat than the BAU scenarios in both the
cerrado and forest biomes. Additionally, the BAU Low scenario maintains more total
interior habitat in both the forest and cerrado biomes than the RLR scenario.
Discussion
On balance, the results of this analysis indicate that even in an active
agroindustrial frontier, with very high opportunity costs associated with forest
conservation (Chapter 2, Chapter 3), compensation of opportunity costs can be
achieved through carbon prices that are at the low end of estimates of future carbon
markets. Larsen and Heilmayr (2009) estimate a substantial amount (300 MtCO2e) of
greenhouse gas emissions reductions in the United States could be achieved for less
than 50 USD tCO2e-1 by 2030. Currently, CO2e is trading for approximately 20 USD
tCO2e-1 under the European Union’s Emissions Trading Scheme (ETS; Point Carbon,
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2009). In the CFC and ZSEE scenarios, I estimate the price of CO2e at approximately
20 to 30 USD per ton.
Overall, the ZSEE scenario performed best in balancing ecosystem service
protection with the costs of providing incentives to private landholders in the region to
comply with the zoning plan, although its performance in terms of price was surprisingly
similar to that of the CFC scenario. Emissions reductions are maximized under the
ZSEE scenario, although overall carbon stocks are greatest under the CFC scenario by
approximately 100 MtCO2e due to forest restoration. The per unit price of CO2e to
achieve the desired emissions reductions is lower under the CFC and ZSEE scenarios
than the RLR scenario, although the total cost to achieve the reductions is more than 2fold greater under the former scenarios. Notably, the RLR scenario provides only
modest gains against BAU scenarios in terms of forest carbon stocks compared to the
CFC and ZSEE scenarios. Although this scenario permits the greatest amount of
agricultural development and the least opportunity cost to landholders (Chapter 2), its
relatively poor performance (in comparison with the CFC and ZSEE scenarios) with
respect to carbon stocks and other ecosystem services strengthens the argument for
some type of compensation or incentive to encourage increased forest protection in the
region.
Enhancing carbon stocks through active restoration doubles the total cost of
complying with the RLR and CFC scenarios, but only increases the total cost of
complying with the ZSEE scenario by 50%. In general, compensating restoration costs
is expensive when the amount of accumulated carbon is relatively low given both the
foregone potential income and the direct cost of restoration. In contrast, when a large
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volume of carbon is accumulated, as under compliance with the CFC scenario, the per
unit price of CO2e falls markedly. This large volume of carbon in restored forests implies
a much larger absolute cash outlay will be necessary to make the CFC scenario
feasible. Nevertheless, even compensation for restoration at the same level as for the
opportunity cost alone could potentially be important in encouraging riparian zone
restoration, which is critical for overall stream health.
Critics of the Amazon Fund—and REDD more broadly—cite concerns that the
proposal intends to reward landholders for complying with legislation to protect forests,
arguing that individuals or companies should not be paid to obey the law (FOEI 2008).
However, land-use policies which set out ambitious goals for forest and ecosystem
service protection in the Amazon impose high costs on landholders and therefore
achieve only low compliance levels (Chapter 2). Such policies could become more
feasible under a compensation mechanism. However, it may be important to restrict
eligibility for compensation so as not to inadvertently punish landholders that have
maintained a minimum forest reserve of 50% by rewarding those who blatantly
disregarded regulations (Chapter 2). When the subset of carbon for which landholders
may be compensated is restricted to that portion that exceeds the stocks contained in
legally required forest reserves, the ZSEE scenario is demonstrated to be the most
efficient although the per unit price is not the lowest. This is because it retains 24 times
the carbon stocks on the land than the lowest priced policy alternative, the RLR
scenario, at only 1.3 times the per unit price. This pattern holds true at all three
examined reference levels. The CFC scenario also retains high carbon stocks (although
not as high as the ZSEE scenario), but the per unit price to achieve them is even higher
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than for the ZSEE. Overall, compensating landholders in good standing for only part of
their forest reserve reduces the cost of reducing emissions by nearly 4 USD tCO2e-1
when compared to a plan that compensates all landholders in the region for protecting
all remnant native vegetation. This price would put compensation well in the range of
current carbon prices (Point Carbon, 2009).
REDD is also criticized for its narrow focus on carbon and the concern that noncarbon ecosystem services (e.g., the provision and regulation of pure freshwater,
biodiversity conservation, and the maintenance of soil resources) and social issues
(e.g., poverty reduction and the protection of land and human rights) will be neglected or
affected detrimentally (Daviet et al., 2007; Brown et al., 2008, Dooley et al., 2008).
These are important concerns, especially given the poor performance of previous global
initiatives to protect tropical forests (Winterbottom, 1990). The potential ecological costs
and co-benefits of REDD will depend upon the types of land management interventions
that this regime will eventually allow, which is the focus of considerable debate within
the United Nations Framework Convention on Climate Change (UNFCCC).
An integrated zoning plan that takes into account agricultural suitability as well as
environmental sensitivity may be one of the best ways to carry out REDD-related
policies. As demonstrated in the Xingu River headwaters case study, the ZSEE
scenario performs best with respect to a number of ecological indicators, including
surface hydrology, several measures of water quality, and several measures of
terrestrial habitat quality (e.g., increased forest connectivity and reduced edge effects).
Furthermore, it optimizes agricultural production (Chapter 3) and carbon stocks relative
to other existing policy alternatives. The case study demonstrates that the ecological co-
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benefits of REDD are sensitive not only to the quantity of forests and woodlands
remaining on the landscape, but also to their spatial distribution. Even small flows of
carbon revenue properly targeted—for example, toward the conservation and
restoration of riparian zone forests—could confer enormous ecological benefits for
aquatic ecosystems. The results suggest that overall watershed function would be best
protected under a more even distribution of forests and that REDD co-benefits could be
maximized in the context of an integrated regional plan. In addition, a zoning plan, if
extended over an entire region or nation (in this case, first to Mato Grosso, then the
Brazilian Amazon), could reduce potential “leakage” effects, in which forest protection in
one location leads to increased clearing or degradation in other location.
In this analysis, I have only explored the possibility of providing incentives and
compensation to private landholders, largely because in the study region altering the
behavior of landholders with respect to forest protection will be critical to an overall
deforestation reduction strategy and thus is one of the major components of the Mato
Grosso draft REDD plan (GOMT, 2009). In Brazil, the agro-industrial lobby is very
powerful due to its large and growing share in generating national income. Currently,
representatives of the sector are successfully lobbying to significantly weaken or
overturn the bulk of Brazil’s environmental legislation, arguably in response to the
environmental lobby’s largely uncompromising stance in recent years (Folha de São
Paulo, 2009). Thus, including agricultural producers and ranchers in a scheme to
provide incentives for good forest stewardship will be crucial for achieving deforestation
reduction targets. However, for REDD or any other carbon-based compensation
mechanism to be successful in Brazil and elsewhere, an integrated approach that
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addresses a broad range of stakeholders and resource use types will be necessary. In
the case study presented here, the ZSEE scenario addresses indigenous territories,
smallholder settlements, and state and federal protected areas, as well as private
landholdings. Furthermore, the extended plan includes a large number of non-spatial
considerations related to optimizing ecological integrity and agricultural production for
the state of Mato Grosso.
Conclusion
The regulatory framework created by the frameworks that I analyzed could greatly
facilitate the implementation of markets for ecosystem services. Carbon storage and
sequestration by forests is the ecosystem service with the most advanced market, and
may soon expand precipitously for tropical forests through the UNFCCC (Gullison et al.,
2007). It is very likely that REDD funding will flow to nations and regions that have
mechanisms in place for rewarding communities and private landholders who are
keeping their forests standing, and for identifying those rural land users who are out of
compliance with land use legislation. The ZSEE under negotiation in Mato Grosso, and
the property-level land registry developed in this state (Fearnside, 2003; Azevedo,
2009), provide an excellent framework for developing and implementing deforestation
reduction targets that are tied to the emerging REDD carbon market.
Furthermore, if well executed, the potential social and ecological benefits of REDD
are numerous. The protection of water resources, local and regional climate, soil
resources, and biodiversity could contribute to the social benefits derived from REDD
since they are ecosystem services on which local and regional populations depend.
Because of its focus on carbon emissions reduction needed to stabilize the global
climate system, REDD has access to a pool of non-local stakeholders who are
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interested in paying to maintain carbon in forests and thereby potentially provide a
cascade of ecosystem services to local stakeholders who would otherwise be unable to
pay for the benefits those services provide.
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Table 4-1. Forest carbon stocks on private lands of the Xingu River headwaters region in 2005 and simulated for 2035
under six scenarios: Business-as-usual (BAU) with low, high, and average rates of deforestation; reduced legal
reserve (RLR, legal reserve of 50% in the forest biome and 35% in the cerrado biome), current Forest Code
(legal reserve of 80% in the forest biome and 35% in the Cerrado biome), and the socio-economic, ecological
zoning plan of Mato Grosso state (ZSEE).
Scenario (2035)
2005
BAU Low
BAU High
BAU
RLR
CFC
ZSEE
Non-riparian zone
Stored in native vegetation
1161
770
215
501
684
993
1041
(MtCO2e)
Stored in restored vegetation
15 n/a
n/a
n/a
38
241
47
(30 years)
(MtCO2e)
Total
1176
770
215
501
722
1234
1088
(MtCO2e)
Riparian zone
Stored in native vegetation
120
90
39
80
120
120
120
(MtCO2e)
Stored in restored vegetation
2 n/a
n/a
n/a
7
7
7
(30 years)
(MtCO2e)
Total
122
90
39
80
127
127
127
(MtCO2e)
Grand total
Stored in native vegetation
1281
860
254
581
804
1113
1241
(MtCO2e)
Stored in restored vegetation
17 n/a
n/a
n/a
45
248
54
(30 years)
(MtCO2e)
1298
860
254
581
849
1361
1295
Total
(MtCO2e)
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Table 4-2. The effect of policy scenarios on the costs, carbon stocks, and costs per ton of carbon associated with
additional forest cover in the privately-owned land of the Xingu River headwater region. Calculations are made
relative to each of three business-as-usual (BAU) scenarios of future forest cover. Costs include the total
economic costs (opportunity costs of foregone profits from agriculture or ranching plus forest restoration costs).
Policy scenarios (RLR, CFC, ZSEE) are described in Table 4-1.
Reduced
Emissions
Cost (million USD)
RLR

4872

CFC

9562

ZSEE

9940

BAU (average)
Enhancement

Total

4316
(±899)
8709
(±905)
4917
(±583)

9188
(±899)
18,271
(±905)
14,857
(±583)

Reduced
Emissions
8898
13,818
14,256

BAU (high rate)
Enhancement

Total

Reduced
Emissions

4316
(±899)
8709
(±905)
4917
(±583)

13,214
(±899)
22,527
(±905)
19,173
(±583)

1477
4938
5274

BAU (low rate)
Enhancement

Total

4316
(±899)
8709
(±905)
4917
(±583)

5793
(±899)
13,647
(±905)
10,191
(±583)

Carbon stocks
(MtCO2e)
(relative to BAU
stocks)
RLR
CFC
ZSEE

247
521
559

38
241
54

285
762
613

486
789
834

38
241
54

524
1030
888

70
276
304

38
241
54

108
517
358

Price of carbon
(USD tCO2e-1)
RLR

20.1

ZSEE

17.8

102.3
(±11.9)
36.1
(±3.7)
103.9
(±12.3)

25.2
(±1.7)
21.9
(±0.9)
21.6
(±0.8)

21.2

18.3

32.2
(±3.2)
24.0
(±1.2)
24.2
(±1.0)

18.3

CFC

102.3
(±11.9)
36.1
(±3.7)
103.9
(±12.3)

102.3
(±11.9)
36.1
(±3.7)
103.9
(±12.3)

53.6
(±8.4)
26.4
(±1.7)
28.5
(±1.6)

17.5
17.1
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17.9
17.4

Table 4-3. The effect of policy scenarios on the basin-wide costs, carbon stocks, and
costs per ton of carbon associated with additional forest cover in excess of
50% cover of privately held lands in the forest biome of the Xingu River
headwater region, represented by individual microbasins. Calculations are
made relative to each of three business-as-usual (BAU) scenarios of future
forest cover. Policy scenarios (RLR, CFC, ZSEE) are described in Table 4-1.
Costs include the total economic costs (opportunity costs of foregone profits
from agriculture or ranching plus forest restoration costs).
BAU (average)
BAU (high rate)
BAU (low rate)
Reduced
Reduced
Reduced
Emissions
Emissions
Emissions
Cost (million USD)
RLR
84
92
59
CFC
2456
2556
2103
ZSEE
2758
2873
2396
Carbon (MtCO2e)
RLR
CFC
ZSEE

8
162
192

8
171
204

5
134
162

Price of carbon
(USD tCO2e-1)
RLR
CFC
ZSEE

11.2
15.2
14.4

11.0
14.9
14.1

12.2
15.7
14.8
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Table 4-4. Comparison of ecological features of the Xingu River headwaters regions with 2005 forest cover, under three
simulations of future forest cover under business-as-usual assumptions, and under three simulated policy
scenarios. The policy scenarios include RLR, CFC, and ZSEE, as described in Table 4-1. Ecological features
include parameters for surface hydrology and regional climate, indicators related to water quality, and terrestrial
habitat quantity and quality.
Surface Hydrology and Regional Climate
Mean Annual Discharge (m3 s-1)
(% change from potential)
Mean Annual Evapotranspiration (m3 s-1)
(% change from potential)
Water Quality
Riparian forest cover (km2)
Mean % vegetation cover per microbasin
% of microbasins with greater than 60%
vegetation cover
% of microbasins with less than 40%
vegetation cover
Terrestrial Habitat
Vegetation cover (km2)
Forest
Cerrado
Number of fragments
Forest
Cerrado
Mean distance to nearest neighbor fragment (m)
Forest
Cerrado
Mean fragment size (ha)
Forest
Cerrado
Total interior habitat area (km2)
Forest
Cerrado
Total edge habitat area (km2)
Forest
Cerrado

2005

BAU Low

BAU High

3113
(13%)
6570
(-5%)

3314
(21%)
6368
(-8%)

3579
(31%)
6103
(-12%)

12,931
69 (0.5)
65

10,431
53
34

18

Scenarios
BAU

RLR

CFC

ZSEE

3410
(25%)
6272
(-10%)

3235
(17%)
6477
(-7%)

3055
(11%)
6665
(-4%)

3018
(10%)
6628
(-4%)

6527
30
23

9697
43
28

15,509
57 (0.4)
28

15,509
73 (0.4)
81

15,509
73 (0.4)
75

41

72

61

18

16

11

107,789
17,037

81,483
8567

45,246
3988

64,602
6305

51,561
9083

116,395
13,149

110,902
15,209

13,427
13,285

40,568
24,881

49,780
25,467

46,510
26,702

23,673
18,422

12,958
18,138

13,770
15,573

361
406

403
427

564
490

465
442

376
354

379
371

363
378

803
128

201
34

91
16

139
24

218
50

898
73

805
98

99,978
12,737

72,744
5758

40,498
2030

56,977
3569

36,975
4001

105,287
7433

98,973
9753

7810
4300

8739
2809

4748
1958

7624
2736

14,586
5082

11,108
5716

11,930
5456
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Figure 4-1. Maps showing simulated future (2035) land cover of the Xingu River
headwaters region under six different scenarios. These scenarios are
described in Table 4-1 and include: (a) Business as Usual (BAU), average
rate; (b) BAU, low rate; (c) BAU, high rate; (d) RLR (reduced legal reserve);
(e) CFC (current Forest Code); and (f) ZSEE (socio-economic, ecological
zoning plan). Indigenous territories and protected areas are indicated with
white hatching.
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CHAPTER 5
CONCLUSION
By suddenly increasing the “legal forest reserve” of the Brazilian Forest Code from
50 to 80% of private landholdings in the Amazon region, in 1996, the Brazilian
Government imposed substantial costs on farmers and cattle ranchers, reaching nine
billion dollars in the Xingu River headwaters region alone (three to four million dollars,
on average, for each of the region’s landholders). By maintaining the new measure in a
state of perpetual modification and revision for the next five years, the government may
have further undermined the perception, by landholders, of the new rules as binding and
permanent. Finally, by failing to provide programs that facilitate landholder compliance
with the new regulation, the potential role of the law to protect private land forests may
have been further diminished. Compliance with the new Forest Code fell to only 46% of
landholders in 2005 (Chapter 2). The potential ecological benefits of a fully implemented
80% legal reserve requirement are substantial. Compared to the fully implemented 50%
requirement, it would provide an additional 120 million tons of carbon (450 tons of CO2
equivalent (tCO2e)) stored in forests, higher evapotranspiration, lower stream and river
discharge (with reduced risks of flooding), and nearly twice the amount of interior forest
habitat (Table 2-9).
Problems with the modified Forest Code were foreseen. The 1988 Constitution
established a new land use policy instrument, known as the socio-economic, ecological
zoning plan (ZSEE). These state-level plans, upon approval by the state legislative
assembly, permit the definition of specific geographical zones in which the legal forest
reserve requirement of the Forest Code can be reduced to 50%. A second instrument
for addressing the economic costs of implementing the 80% modification of the Forest
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Code is the provision for legal reserve compensation. In the case of the Xingu River
headwaters region, the Mato Grosso state ZSEE has not been finalized. If it were
implemented, it could greatly increase the feasibility of moving agricultural regions into
compliance with the law while protecting ecosystem services. The economic opportunity
cost of compliance with land-use regulations incurred by landholders in the region as a
whole would decline by USD 2.5 billion; for the average landholder, the cost of
compliance would decline from 4.2 million USD to 1.6 million USD through
implementation of the ZSEE. In contrast, the tradable development rights provision of
the modified Forest Code would have virtually no effect on the cost of legal compliance
in the Xingu River headwaters region, since very few of the region’s microbasins (the
proxy for landholdings in this study) have more native vegetation than is mandated by
the law. This sharp reduction in opportunity costs achieved through the ZSEE does not
imply deep sacrifices in the provision of ecological services. Evapotranspiration and
stream discharge remain virtually the same in ZSEE compared with full compliance with
80% legal reserve, although forest carbon stocks and forest interior habitat decline.
Furthermore, the ZSEE protects more native cerrado vegetation than the post-1996
Forest Code because the reduction in restoration requirements in the forest biome
reduce leakage of clearing for agricultural lands into the cerrado biome.
The major policy alternatives under discussion for the Xingu River headwaters
region, including a reduced legal reserve (RLR, returning to 50% from the current 80%
requirement), the current legal code (CFC, 80%), and the ZSEE, would result in
different amounts and patterns of coverage of remaining and restored forests and
cerrado with important implications for the amount of carbon contained on the
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landscape, the costs to producers, and the associated ecosystem services. The gain in
forest carbon would be much smaller under the RLR scenario (285 to 584 MtCO2e),
than under the CFC (762 to 1030) and ZSEE (613 to 888 MtCO2e) relative to the range
of BAU scenarios. The associated cost per ton of CO2e would be somewhat higher for
the RLR scenario (18-21 USD tCO2e-1), than the CFC (18 USD tCO2e-1) and ZSEE (1718 USD tCO2e-1) scenarios. The current price of CO2 in the carbon market is
approximately USD 21 per ton (Point Carbon, 2009), suggesting that the potential for
carbon offsets to provide one source of financial incentives for landholders in the region
to comply with regulations is high.
There is concern, however, that emerging carbon markets, such as REDD, could
generate negative ecological consequences as it fosters greater carbon storage on the
land. REDD could displace agricultural expansion from a region of high carbon density
to a region of low carbon density, potentially eradicating native ecosystems that are rare
and contain species threatened with extirpation or extinction (Stickler et al., 2009). In
the case of the Xingu River headwaters region, under a zoning plan, incentives tied to
carbon stock maintenance and enhancement could also foster improved watershed
function, and increase habitat quality and quantity (e.g., through increased forest
connectivity, reduced edge effects) while allowing for reasonable areas of land to be
made available for agricultural production. The Xingu headwaters case study
demonstrates that the ecological co-benefits of REDD are sensitive not only to the
quantity of forests and woodlands remaining on the landscape, but also to their spatial
distribution.
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This case study of the Xingu River headwaters region indicates that the prospects
for protecting public interests in private forests in regions such as the Brazilian Amazon
are high. Although no policy framework is likely to present a perfect solution to
balancing two public goods—agricultural production and the provision of ecosystem
services—this assessment does indicate that a happy medium may be achieved by
identifying areas likely to be more suitable for agriculture as well as those which are
more environmentally sensitive. With 83% of the forest remaining, there is still time to
correct the mistakes made in modifying and implementing the Forest Code. However,
the moral idealism of the legal tradition in Brazil may make the notion of positive
economic incentives for compliance with the law difficult to consider. With a focus on the
“ideal” versus the “practical” solution to issues of the public good, and its defense,
Brazil’s civil law system typically produces new regulations and laws without the
dialogue and debate among interested stakeholders that could build into the design of
the new law mechanisms for increasing its practicality and chances of successful
implementation. However, multi-stakeholder, participatory planning processes are
already part of recent watershed management legislation. More and more, civil society
is initiating such processes for a variety of environmental governance issues, including
infrastructure development (Campos and Nepstad, 2006; Soares-Filho et al., 2004),
watershed management (ISA, 2005), and other regional planning processes (Perz et al.,
2008), signaling an important trend in Brazilian environmental rule-making in the future.
This study presents the results of an integrated assessment that attempts to
evaluate a more complete set of ecological and economic trade-offs associated with
alternative policies for managing a large-scale agro-industrial landscape by projecting
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the likely land-cover outcomes of each of those policies into the future. This approach is
important for policy makers and stakeholders in the region because it allows them to
make informed decisions regarding land-use planning based on a quantitative analysis
of the effects of each policy option on a series of indicators. For the first time, this
research brings such a quantitative analysis into a debate that has been historically
ruled by ideological perspectives. Thus, the results presented here are already being
used to improve policy design in the region.
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APPENDIX A
LAND-COVER MAPS
I developed land-cover classification maps for the years 1996, 1999, 2005, and
2007 using image segmentation and object-oriented classification techniques of 30-m
resolution Landsat TM image mosaics corresponding to each year. I generated maps
with 5 land-cover classes for each year: forest, cerrado, agriculture in the forest biome,
agriculture in the cerrado biome, and a miscellaneous category.
Sensor Data
Twelve Landsat-5 TM (L1G) scenes (bands 1-7) were acquired for each of 4 years
(1996, 1999, 2005, 2007). All images were acquired during the dry season to minimize
cloud cover (Table A-1). Pre-processing of the L1G scenes included radiometric
calibration, atmospheric correction, georeferencing, and mosaicing. The radiometric
data were converted from radiance to ground reflectance (Jensen, 2000) to eliminate
variability and noise due to differences in satellite instrumentation, Earth-Sun distance,
solar elevation angle, solar curve, and atmospheric effects on different acquisition dates
and times using the calibration technique of Green et al. (1999). Geometric rectification
was performed using nearest neighbor resampling to co-register each scene to its
orthorectified GeoCover analogue obtained from the Global Landcover Facility (GLCF).
Using a combination of manual and automatic registration methods, all scenes were
transformed to the UTM coordinate system and WGS 84 datum. A root mean square
(RMS) error of <0.5 pixels was achieved for all scenes. Automatic mosaicing was
conducted after manual exclusion of areas covered by clouds, shadows, and/or smoke,
using histogram matching and seam-line generation. The 1996, 1999, and 2005
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mosaics were co-registered to the 2007 mosaic to increase consistency between the
images and subsequent maps.
Reference Data
A total of 989 reference points were used for classification model calibration and
validation. Of these, 535 were ground reference plots sampled across 15 landcover/land-use types during an eight-week, dry-season field campaign between 26-June
and 23-August 2006 (Walker et al., in prep.). At each location, a 900-m2 plot was
established, and the land-cover/land-use class, land-use history, mean vegetation
height, and geographic coordinates were recorded. All plots were located along or
within the Xingu basin watershed boundary, and for accessibility reasons, tended to be
concentrated along primary and secondary transportation routes outside of major
protected areas in the region. Landcover classes for all years were assigned using landcover/land-use class in 2006, land-use history information, and cross-referencing
between years.
The remaining 454 points were collected via on-screen identification using the
2007 Landsat 5 mosaic as a base map and in conjunction with the ground reference
dataset. Point locations were determined through the random superimposition of a
uniform 35 km2 point grid on the Landsat image mosaic with the overall goal of obtaining
supplemental reference data points in regions previously unsampled, most notably
areas that were inaccessible for field sampling. Land-cover classes for the two other
years were assigned by cross-referencing between years.
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Classification and Mapping Approach
Segmentation and Attribute Extraction
Segmentation refers to the automated and optimal grouping of image pixels, i.e.,
the partitioning of a landscape, into spectrally homogenous and spatially distinct regions
or “image objects” based on some predefined, knowledge-based criteria (Baatz et al.,
2004; Navulur, 2007). Unlike individual image pixels, image objects can be smartly
characterized by hundreds of object-level attributes, including measures of shape, size,
texture, and morphology, in addition to standard spectral descriptions, and numerous
investigators have demonstrated the superiority of object-based strategies to empirical
modeling and mapping over traditional pixel-based approaches (Baatz et al., 2004;
Walker et al., 2007).
The eCognition software package provided the computational framework for
image segmentation and subsequent object-level attribute extraction. For the purposes
of producing a second segmentation product suitable for classification and mapping,
fourteen individual image data layers were used as inputs to this segmentation including
raw bands 3-7, principal components 1-3, Tasseled Cap brightness, greenness, and
wetness, NDVI, the 3-arcsecond SRTM DEM, and the SRTM-derived slope.
The segmentation process is guided primarily by three criteria: 1) scale, 2) shape,
and 3) smoothness/compactness. Whereas the scale parameter controls the average
size of the image objects to be generated, the latter two criteria determine the
homogeneity of image objects. Hierarchical (top-down), bi-level segmentation
procedures were parameterized using scale parameters of 40 and 20, shape factors of
0.1, and compactness/smoothness factors of 0.5. Parameters were determined
empirically using an iterative post-segmentation inspection/refinement approach.
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Further information on eCognition parameterization can be found in Baatz et al. (2004).
The final segmentation generated an average of 474,265 image objects with an average
object size of 0.7 km2 (range: 0.001-36.0 km2) for each image. Fifty putative predictor
variables were computed for each of the segments. Of the 50 variables, 26 spectral, 13
textural, 7 ancillary-spatial, and 4 ancillary-topographic variables were included.
Spatial Database Joining
To compile the tabular databases required for use in the development of the
classification models, spatial joins were established between the reference point dataset
and each of the segmentation products (i.e., for each year). The joining procedure
resulted in a database file of 989 rows by 53 columns (52 predictor and 1 response
variables).
Classification and Mapping
Empirical-statistical machine learning techniques such as classification and
regression trees (CART) have become increasingly popular within the remote sensing
research and applications community, particularly when the objectives involve broadscale mapping (e.g., Baccini et al., 2009; Blackard et al., 2008; Goetz et al., 2005;
Hansen et al., 2008; Walker et al., 2007). These approaches tend to be user-friendly,
computationally less demanding, and can achieve high predictive accuracies when well
calibrated for the region of interest. For the purposes of this classification effort, the
randomForest (RF) algorithm, implemented in the open source R statistical
programming environment, was used. First proposed by Breiman (2001), the RF
algorithm falls into the category of ensemble learning methods where the goal is to
construct a “forest” (i.e., ensemble) of individual classifiers that are later combined to
improve predictive accuracy. In the case of RF, independent trees are constructed using
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a bootstrap sample of the data set in a process called bagging, a term derived from
bootstrap aggregation (Bauer and Kohavi, 1999; Dietterich, 2000; Liaw and Wiener,
2002). In each bootstrap sample, approximately 1/3rd of the reference cases are left out.
These “out-of-bag” samples are predicted during each bootstrap iteration (i.e.,
generation of each tree), and later aggregated to produce an out-of-bag (OOB) estimate
of error. Direct comparisons between OOB error rates and error rates computed under
independent validation scenarios have found the OOB estimates to be quite robust
(Liaw and Wiener, 2002; Walker et al., 2007).
Three separate randomForest classifications (corresponding to each year in the
study) with 6 classes (agriculture, forest, cerrado, open water, wetlands, sandbars in
areas of open water) were generated and evaluated based on overall classification
accuracy and Cohen’s Kappa statistic. Subsequently, some classes were merged
(water, wetlands, and sandbars to a miscellaneous class) and post-classification sorting
(Janssen et al., 1990; Vogelmann et al., 1998) split some of the automatically generated
classes to achieve a final classification with 7 classes for each year (forest, cerrado,
regenerating forest, regenerating cerrado, agriculture in the forest biome, agriculture in
the cerrado biome, other). Specifically, cleared areas were recoded by biome (forest
and cerrado) to differentiate between dynamics of clearing in the forest and cerrado
biomes. The cerrado-forest biome map was obtained by merging a map of forest/nonforest derived from INPE Prodes maps (INPE, 2009) with a map of biomes from the
IBGE RADAM vegetation thematic map (IBGE, 1981). Regeneration and/or
abandonment were also recoded as necessary by cross-referencing between years.
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Table A-1. Image dates for Landsat-based mosaics for 4 years (1996, 1999, 2005,
2007).
PATH/ROW
(WRS-2)
P224/R67
P224/R68
P224/R69
P224/R70
P225/R67
P225/R68
P225/R69
P225/R70
P226/R67
P226/R68
P226/R69
P226/R70

1996
07/03
07/03
06/17
07/03
07/10
07/10
07/10
06/24
07/01
07/01
06/15
07/17

YEAR (MM/DD)
1999
2005
10/08
07/28
08/21
07/12
08/21
08/13
08/21
06/10
08/12
07/03
08/12
08/04
08/12
08/20
08/12
04/14
08/19
07/10
07/02
07/26
07/02
05/07
08/03
05/07
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2007
06/16
06/16
08/19
08/19
07/09
07/09
07/09
09/09
08/17
08/17
08/17
08/17

APPENDIX B
DYNAMIC SPATIAL SIMULATION MODEL DEVELOPMENT
Overview
I developed a dynamic landscape simulation model to model future landscape
trajectories corresponding to a set of alternative policy proposals. The model is based
on a spatial-statistical model of land-use change, derived from a land-use/land-cover
change analysis and a GIS consisting of data related to the location and neighborhood
context of 4 focal land-cover transitions: (1) forestÆagriculture (pasture or annual
crops); (2) cerradoÆagriculture; (3) agricultureÆregenerating forest; and (4)
agricultureÆ regenerating cerrado. The model simulates land-cover change over 14
time steps, beginning in 2007 and ending in 2020, using land-cover conversion rates
calculated from the 1996-2005 reference period. The model integrates coupled
components developed within two spatial structures: (1) subregions defined by
hydrographic sub-basins, and (2) raster cells (4510x5963) at 1-ha resolution.
The model uses a nested, sub-regional approach based on hydrographic basins,
to better reflect the ecological and legal reality of land-use policy in the region, as well
as to facilitate model processing. The model is calibrated and run separately for 6 3rdorder sub-basins (explained in more detail below), the results of which are merged at
every time step. This step decreases processing memory requirements and better
simulates actual land-cover change processes by regionalizing rates, relationships to
proximal drivers, and patterns.
Each of the 6 sub-basins is further sub-divided into micro-watersheds representing
individual stream reaches (1:1,000,000 scale), which interact such that the proximity of
a deforestation front in one micro-basin influences deforestation in a neighboring micro-
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basin. Within a sub-basin, all microbasins are subject to the total annual land-cover
change rate for the whole basin. For the baseline (Business as Usual) scenario
simulation, the sub-division into microbasins does not affect the location of the focal
land-cover change events. However, this becomes important in modeling alternative
land-use policy scenarios in which regulations are established for the property level. As
a complete map of property boundaries for the region is not yet available, I employ the
micro-basins as proxies for individual properties to better simulate policy outcomes on
private lands. The mean size and range of sizes of the 2881 micro-basins (x = 5981 ha,
4-70,766 ha) is comparable to that of private properties in the region (Jepson, 2006;
Fearnside, 2005). Furthermore, Brazilian water law requires management plans at the
watershed level and the Brazilian Forest Code stipulates that deforestation rights may
be traded by property owners within watersheds in certain cases (MP 2166-67, 2001;
Chomitz, 2004; Stickler, 2009).
The model has 4 basic steps: First, annual deforestation rates are calculated for
each 3rd-order watershed based on conversion rates calculated for the period 1996 to
2005. Next, annual deforestation probability in relation to a set of spatial variables is
obtained using “weights of evidence” analysis (Soares-Filho et al., 2004) for each of the
6 sub-basins. Third, for each sub-basin, I developed a unique spatial simulation model.
Finally, I validated the model by comparing the simulated and observed landscapes for
the year 2007. I developed all modeling phases using the Dinamica EGO graphical
interface platform (http://www.csr.ufmg.br/dinamica/) that has the capacity to process
multiple large map sets and has special features for advanced spatial modeling and
simulation (Soares-Filho et al., 2009).

162

Model Calibration
First, annual deforestation rates are calculated for each 3rd-order watershed
based on conversion rates calculated for the period 1996 to 2005. The amount of
change in each transition of interest is computed from a Markov matrix obtained through
the comparison of land use/cover maps for the two dates.
Second, annual deforestation probability in relation to a set of spatial variables is
obtained using “weights of evidence” analysis for each of the 6 sub-basins. I used the
Weights of Evidence method (Soares-Filho et al., 2004) to select the variables most
related to observed landscape changes as well as to quantify their influences on each of
the modeled transitions. Weights of Evidence is a Bayesian method traditionally used to
derive favorability maps for spatial point phenomena (Agterberg and Bonham-Carter,
1990; Bonham-Carter, 1994). In this study, weights of evidence (Wk+) are calculated for
every k category of each spatial variable under analysis and can be interpreted as the
influence of that category on the chances of a deforestation event occurring. Since this
method only applies to categorical data, it is necessary to categorize continuous graytone variables, such as distance-decay maps; this is done using a method adapted from
Agterberg and Bonham-Carter (1990) in Dinamica EGO.
The variables I examined comprised a set of biophysical and socioeconomic (or
proximate) factors that spatially determine the location of the changes. This set includes
slope, elevation, soil type, protected areas (including indigenous territories), suitability
for annual crops and cattle ranching, INCRA small-holder settlements, distances to
rivers, major and secondary roads, and urban centers, and distances to forested,
regenerating and deforested areas. A basic assumption for the Weights of Evidence
method is that the variables must be spatially independent. I tested the spatial
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independence of the aforementioned variables using the Crammer coefficient (V) and
found that all variables, except the pair “soil type” and “suitability”, have values lower
than an empirical threshold (V < 0.45), and thus are spatially independent (Almeida et
al., 2003). I retained “suitability” as it encompassed more information than the soil
variable.
Landcover Simulation
For each of the 6 sub-basins, I developed interacting spatial simulation models
with customized parameters consisting of (1) a cellular automata type model that
simulates the spatial patterns of (a) deforestation or clearing of cerrado, based on a
probability map depicting the integrated influence of proximate drivers on the location of
clearing at each time step (Soares-Filho et al., 2002), and (b) regeneration, according to
a set of exogenous rules and assumptions; and (2) a road constructor model that
projects the expansion of secondary road network, and thereby incorporates the effect
of road expansion on the evolving spatial patterns of deforestation (Soares-Filho et al.,
2004). Deforestation or clearing of cerrado occurs in accordance with the rate
determined for each sub-basin by the Markovian transition matrix and the probability
map determined by the set of spatial variables. As microbasins become saturated with
deforestation, the model chooses the pixel in a neighboring microbasin with the next
highest probability of being deforested within a given sub-basin. Depending on the
assumptions of a given scenario, certain areas (e.g., protected areas) and individual
micro-basins within a sub-basin can be forced to become saturated despite having a
high probability of being deforested, thus causing the model to search for highprobability pixels in neighboring micro-basins that may still be cleared. The model
includes regeneration only when a scenario requires that regeneration take place.
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Regeneration occurs in one of two, not mutually exclusive, ways: (1) within predetermined zones (e.g., riparian buffer zone, proposed protected areas), and/or (2)
within individual micro-basins according to the requirements of the assumptions of a
given scenario (e.g., according to state or federal legislation or some other proposal for
private lands). In the latter case, regeneration preferentially occurs adjacent to the
defined riparian zone, adjacent to remnant large blocks of forest, and/or farther away
from roads and urban centers. At each time step, sub-basin level maps depicting
saturation, time of residence (for pixels that have been subjected to a transition), landcover, probability, and cumulative roads are merged and passed on to begin the next
time step.
Baseline Scenario Development. The baseline (or Business as Usual, BAU)
scenario assumes that the current rate of deforestation, level of compliance with
environmental legislation, and accompanying land-use/land-cover change will continue,
and thus serves as a baseline model against which to compare other regulatory options.
The baseline scenario, referred to as the “business-as-usual” (BAU) scenario, assumes
that historical trends will continue into the future, projecting regional rates using 19962005 figures. This scenario applies a Markovian approach, simply projecting the
changes into the future using transition rates annualized from the 1996-2005 timeperiod transition matrix using the general spatial allocation approach described above
(for details see Soares-Filho et al., 2002).
Model Validation
Finally, I validated the model by comparing its predictions to the observed data for
2007 using a fuzzy map comparison which compares simulated deforestation to
observed deforestation (Soares-Filho et al., 2009; Almeida et al., 2008; Hagen, 2003).
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Two-way fuzzy comparison using a constant decay function provides a detailed
assessment both of categorical and spatial similarity of two maps that more closely
mimics human visual comparison by overcoming restrictions induced by hard pixel limits
like pattern quantification and exclusive cell state (Hagen-Zanker, 2006; Visser and Nijs,
2006). This method compares the number of cells of a certain class in a simulated map
with the number of these cells in a reference map that fall within a central cell
neighborhood, as defined by a window size. By using a constant decay function, if a
matching cell is found within the window, fit is assigned to 1, otherwise 0. Windows with
increasing sizes convolute over the map and a mean is computed for each window size.
This method employs a reciprocal approach, comparing the match between the
observed map and the simulated map, and vice versa, ultimately choosing the minimum
mean in order to penalize random maps, which tend to overestimate the fit. In this
manner, this method accounts for both omission and commission errors. Our
comparison employed increasing windows sizes from 1 to 11 cells, which in terms of
map resolution represent a range of 100x100-m to 1100x1100-m. The overall
agreement between the two maps ranged from 60 to 77%.
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APPENDIX C
ECONOMIC AND ECOLOGICAL ASSESSMENT
Economic Assessment
I estimated the economic costs of complying with the policy change by estimating
(1) the potential forgone profits to producers over the whole landscape and by
microbasin using net present value as a proxy for the potential value of agricultural
lands in the region, and (2) the cost of riparian forest restoration over the whole
landscape and by microbasin, where necessary.
Net Present Value
Net present value (NPV) for the region was estimated using spatially-explicit rent
models for soy production (Vera Diaz et al., 2007; Nepstad et al., 2007a), cattle
ranching (Nepstad et al., 2009), and sustainable timber harvest (Merry et al., 2009)—
the three major economic activities in the region. These models estimate the potential
rent of each economic activity on analyses of the costs of production (several of which
are spatially-dependent, such as transportation costs), yields, and prices. For each of
the three economic activities, the NPV was estimated for 30 years into the future
assuming a 5% annual discount rate and a plausible schedule of highway paving
(Soares et al., 2006). Agricultural land values are typically appraised by determining the
production value of the land, as determined by the NPV of the specific use to which that
land is or will be put (Van Kooten and Bulte, 2000). In this case, the range and
distribution of NPV in the region is similar to that of actual land values for which prices
are only available at the municipal level (FNP, 2005). Although the models do not
account for short-term fluctuations, they use a set of assumptions that provide
conservative projections of profit for each activity.
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The layers derived from the rent models were combined such that, for any given
pixel, the NPV of timber harvests (where this value was greater than 0) was subtracted
from the highest value from either cattle or soy activities. Negative values resulting from
this calculation were set equivalent to a net present value of zero. I used the resulting
map of combined NPV of the Xingu headwaters to estimate total maximum potential
NPV for both forested and cleared lands—if they were to be cleared or remain
cleared—within the forest biome as well as per microbasin.
Restoration Costs
I estimated the costs to restore both legal reserve and riparian areas where
required under the modeled scenarios. To estimate the cost of riparian zone restoration,
I used figures generated in field trials carried out by non-governmental organizations
active in the region: Instituto Socioambiental, Aliança da Terra, and Instituto de
Pesquisa Ambiental da Amazônia. I adapted the riparian restoration costs to estimate
legal reserve restoration costs, eliminating methods that involve out-planting and
maintenance of seedlings as this would be extremely costly and labor-intensive over the
relatively larger areas needing restoration. Restoration costs range from USD 536 ha-1
to USD 3217 ha-1, depending on the type of adjacent land-use and the intensity of
treatments required to restore forest (Table C-1). Although the cost could be as low as
USD 0 ha-1, regeneration would likely be slow and success would be highly dependent
on the type and intensity of previous land-use, as well as distance to nearest seed
source.
Ecological Assessment
I compared the final landscapes for the observed and modeled landscapes in
terms of carbon stocks, river discharge, annual evapotranspiration, terrestrial habitat
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quality, and water quality. Unlike other analyses in this study, which were restricted to
private lands in the Xingu Basin, ecological consequences were assessed for the entire
headwaters region, including all protected areas. Here, I describe how each indicator
was assessed.
Carbon Stocks
Carbon stocks under each scenario were calculated using a map of above- and
belowground forest biomass developed and adapted for the entire Amazon basin
(Saatchi et al., 2007, adapted in Nepstad et al., 2009). I overlaid the map of biomass
with the final outcome map for each scenario and assigned biomass values to each
land-use/land-cover class in the simulated map. For intact native vegetation classes
(intact forest, intact cerrado, native wetlands), the values in the aboveground biomass
map were assigned directly. I converted biomass values to CO2-equivalent (CO2e)
values for each pixel. For areas of agriculture or pasture, I assigned a value equivalent
to 15% of the original carbon stock, which represents the reduction in biomass following
clearing since sufficient information to accurately identify pasture and soy expansion
was not available (Houghton et al., 2000). For areas of regenerating forest and cerrado,
I assigned a value of 1.5 tC ha-1y-1 and 0.5 tC ha-1y-1 (Houghton et al., 2000; Zarin et al.,
2001) per pixel, respectively, and multiplied by the number of years that regeneration in
each pixel had taken place (ranging from 1 to 29 years).
Surface Hydrology and Local and Regional Climate
To investigate the impact of each scenario on the surface hydrology of the Xingu
River in the absence of atmospheric feedbacks to precipitation, simulations with a land
surface model (IBIS; Kucharik et al., 2000) and a river transport model (THMB; Coe et
al., 2009) were carried out. I carried out offline simulations (as described in Stickler et
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al., 2009; Coe et al., 2009) for the landscape maps for all scenarios (3 historical, 2
modeled), as well as for a scenario describing potential (historical) land-cover in the
region prior to settlement (referred as the Control (CTL) scenario). As the THMB model
has a resolution of 5-min, whereas the land-cover maps have a resolution of 100 m,
new 5-min cell size land-cover maps to serve as input to THMB were derived by
calculating the fraction of each 5-min grid cell size represented by disturbed and
undisturbed vegetation for each scenario. The land-cover maps corresponding to each
scenario were first recoded such that they contained only 2 classes, disturbed and
undisturbed vegetation (corresponding to the two extreme scenarios used by IBIS to
calculate mean monthly surface and sub-surface runoff for THMB, IBIS-POT (which
assumes all intact vegetation) and IBIS-GRASS (which assumes all disturbed or cleared
vegetation). In the 2 theoretical Forest Code scenarios, regenerating forest and cerrado
were reclassified as intact vegetation to reflect the intention that these lands will remain
protected and allowed to continue to regenerate. The differences from CTL in simulated
discharge of the three observed landscapes and the two theoretical landscapes quantify
the sensitivity of the surface hydrology (discharge and flooding) to land cover changes.
For each scenario, I extracted simulated monthly discharge values for 32 years
(1968-2000) for the main trunk of the Xingu River at the border between Mato Grosso
and Pará states. I calculated annual mean discharge (N = 32) for each scenario. I
calculated mean annual evapotranspiration by subtracting mean annual discharge from
mean annual precipitation. Mean annual precipitation was derived for the same location
from an interpolation of observed climate data over the same time period (1968-2000)
over which the discharge simulations were carried out. For each scenario, the total
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volume and the percent change from the potential in annual discharge and annual
evapotranspiration for each scenario is presented.
Indicators of Water Quality
To compare the effects of native vegetation distribution for water quality, I
assessed a series of landscape-level measures that associated with broad physical and
chemical changes in water. The primary landscape measure associated with water
quality is the presence of riparian zone vegetation. For each landscape, I calculated the
amount of each land-cover type within the riparian zone by overlaying each landscape
with the riparian buffer map described above. Next, I calculated the percent of forest or
cerrado remaining in each of 2881 micro-basins comprising the headwaters region.
Together with the presence of riparian vegetation cover, this percent forest cover serves
as an indicator of the proportion of small streams that are likely to have higher
temperatures and lower dissolved oxygen due to the lack of forest cover (Neill et al.,
2006; Nepstad et al., 2007b).
Terrestrial Habitat
To evaluate differences in habitat quantity and quality among the scenarios,
habitat fragmentation and the potential extent of edge effects were assessed for forest
and cerrado cover associated with areas of grain or cattle production by calculating a
series of simple landscape metrics for each landscape. I assessed quantity (total class
area for both cerrado and forest classes), degree of fragmentation (number of patches,
mean patch size), habitat quality (total core area, total edge area, edge-to-core-area
ratio), and connectivity (patch nearest neighbor distance). All analyses were carried out
using Fragstats 3.3 spatial pattern analysis software (McGarigal et al., 2002). The
proportion of “edge” vs. “interior” habitat for forest was calculated using edge influence
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values derived from empirical observations by researchers studying edge effects related
to the effects of fire on forests in the region (Balch, 2008). I applied an edge depth value
of 150 m to forest patches adjacent to agricultural areas. This was rounded to 100 m (1
pixel) due to the resolution of the land-cover maps. For forest patches adjacent to
cerrado or regenerating forest or cerrado patches, edge influence was considered to be
negligible relative to map resolution. Similarly, edge influence depth in cerrado was
considered to be negligible as cerrado is a more “open” land-cover type that is welladapted to regular fire disturbance.
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Table C-1. Estimated costs for restoration of native vegetation in legal reserves and
riparian zones in the Xingu River headwaters region.
Legal
Riparian
Reserve
Zone
Description of Restoration Method
(USD ha-1) (USD ha-1)
Natural regeneration, adjacent to forest or cropland
0
0
Natural regeneration, adjacent to active pasture
536
536
(fencing, fire breaks only)
Natural regeneration with enrichment, adjacent to
644
644
active pasture
(fencing, fire breaks, enrichment with native seeds)
Mechanized restoration, adjacent to forest or cropland
791
791
(grading, leveling, planting native and some exotic
seeds)
Mechanized restoration, adjacent to active pasture
1327
1327
(fencing, fire breaks, grading, leveling, planting native
and some exotic seeds)
Restoration with seedlings
NA
3217
(fencing, fire breaks, seedlings, planting labor,
maintenance labor)
2nd year enrichment
(seedlings, native seeds, planting labor)
Exchange rate: 0.53 BRL/USD (August 28, 2009; Source: Instituto Socioambiental & Aliança da Terra)
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