The text that follows is a preprint
O texto que segue é um preprint
Please cite as:
Favor citar como:

Laurance, W.F.; J.L.C. Camargo, P.M.
Fearnside, T.E. Lovejoy, G.B.
Williamson, R.C.G. Mesquita, C.F.J.
Meyer, P.E.D. Bobrowiec, & S.G.W.
Laurance. 2016. An Amazonian forest
and its fragments as a laboratory of
global change. pp. 407-440. In: L. Nagy,
B. Forsberg, P. Artaxo (eds.) Interactions
Between Biosphere, Atmosphere and
Human Land Use in the Amazon Basin.
Springer (Ecological Studies 227), Berlin,
Alemanha. 478 pp.
doi: 10.1007/978-3-662-49902-3_16
ISBN (Hard Cover): 978-3-662-49902-3;
ISBN (Ebook): 978-3-662-49900-9.
Copyright: Springer Science + Business Media
The original publication is available from:
A publicação original está disponível de:
http://www.springer.com/us/book/9783662499009
Springer
Tiergartenstraße 17
69121 Heidelberg
Germany

1

Chapter 16.
The impact of land use on carbon stocks and fluxes in Brazilian Amazonia:
Implications for policy
Philip Fearnside, Instituto Nacional de Pesquisas da Amazonia, Manaus

ABSTRACT
Research on carbon stocks and fluxes in Amazonia is advancing both through the
collection of new data and through re-interpretation of older data. Factors affecting
carbon stocks and fluxes include deforestation and forest degradation by logging and
fire. Clearing and emissions in Brazilian Amazonia have declined substantially since
their peak in 2004, but forces pushing in the other direction are expected from planned
infrastructure and from recent weakening of the country’s Forest Code and of its
environmental licensing process. Emissions from forest degradation by logging and fire
are growing and underappreciated concerns.
Keywords: Amazonia, Brazil, Climate change, Rainforest, Global warming, Greenhouse
gas emissions, Tropical forest

1.)

INTRODUCTION

Assessing impact of land use on carbon stocks and fluxes depends on
quantification of the magnitudes and understanding the processes operating in all three
of these sectors. This requires estimates of biomass and carbon stocks, the carbon fluxes
from transformations such as deforestation and abandonment to secondary succession,
and the associated models of land-use change needed to estimate the areas affected.
Although significant progress has been made in these three areas in the past few years,
much remains to be done. The social and physical changes themselves have been
evolving, as have expectations regarding future changes in Brazilian Amazonia, or
Brazilian Legal Amazon (BLA) (Figure 1). This chapter reviews progress on emissions
estimates for deforestation and logging and for the magnification of these effects by
extreme events. Future prospects for monitoring these processes are also reviewed.
Finally, the chapter reviews land-use change, its modeling, recent developments and
probable future drivers. This includes both the forces driving increased biomass loss and
consequent carbon emission and efforts such as Reducing Emissions from Deforestation
and Degradation (REDD) that are aimed at restraining forest destruction by using the
value that avoiding these emissions has for global efforts to mitigate climate change.
[Figure 1 here]
2.)

EMISSIONS ESTIMATES

2.1. Deforestation
There have been a number of advances in quantifying emissions from
deforestation, but this is still the most uncertain portion of global emissions estimates.
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Discrepancies are large among recent estimates of emissions (but see Gloor 2015; Grace
2015). Harris et al. (2012) estimated average annual gross emission from tropical
deforestation over the 2000-2005 period at 0.81 Pg C (0.57-1.22 Pg C 90% confidence
interval). This contrasts with an estimate of 2.2 Pg C by Baccini et al. (2012) for the
2000-2010 period as well as estimates by Houghton (2003) of 1.93 Pg C for 1980-1989
and 2.2 Pg C for 1990-1999. It also differs from the ‘classic’ value of 1.6 Pg C for the
annual net emission from land-use change that persisted through a series of
Intergovernmental Panel on Climate Change (IPCC) reports on the basis of an evolving
series of rationales (see Fearnside 2000b).
The study by Harris et al. (2012) has claimed as positive points the fact that the
study was limited to gross emissions (i.e., ignoring regrowth in the deforestation
emission) and that it omitted soil carbon. The study also omitted the trace-gas emissions
that, considering the global warming potentials used to express CO2 equivalents under
the 1997 Kyoto Protocol of the United Nations Framework Convention on Climate
Change (UNFCCC), increased the impact of global warming of each ton of carbon
emitted by deforestation by c. 15.3% ± 9.7% (depending on the emission factors used)
as compared to a ton of carbon emitted by fossil fuels, which emit almost all of their
carbon as CO 2 (Fearnside 2000c, pp. 143–145). This author holds the view that all
components must be included based on the best available data, even if the estimates
have substantial uncertainty. Excluding uncertain components does not increase the
utility of the result for assessing the impact of land use on carbon stocks and fluxes – it
only makes the result less relevant.
The trace-gas emissions depend on how much of the biomass is oxidized
through combustion and how much through decay (e.g., Fearnside 2000c). For the
portion oxidized through combustion, the amount emitted through flaming versus
smouldering combustion is important, more trace gases being emitted by smouldering.
Burn quality is an important factor in determining the biomass exposed to burning that
is actually oxidized, the unburned biomass that will be subject to decay or to subsequent
burning, and how much is converted to charcoal. Studies include those of Soares Neto
et al. (2009), who found 23.9% burning efficiency in Alta Floresta, Mato Grosso,
similar to other results from Amazonian burns. A study by Righi et al. (2009) in a
transition forest in Feliz Natal, Mato Grosso in 2007 (a dry year) found a burning
efficiency of 65%. Higher burning efficiencies in forests with lower biomass in the ‘arc
of deforestation’ imply additional trace gas emissions (Fearnside et al., 2009).
2.2. Logging
2.2.1. Logging and emissions
Logging is a major factor of forest disturbance that has received much less
research attention than deforestation, in part because of the greater difficulty of
quantification by remote sensing. Merry et al. (2009) have simulated the future advance
of logging, and Ahmed and Ewers (2012) have produced maps of remaining timber
resources.
The question of how much carbon is emitted by logging is an important one, and
it has not been adequately included in global emissions estimates and in national
accounts. Brazil’s first inventory included an estimate (not included in the inventory’s
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accounting of national emissions) of only 2.4 × 106 Mg C per year (MCT 2004, p. 149),
and logging emissions were completely omitted in the second inventory (MCT 2010).
By contrast, Asner et al. (2005) estimated annual emissions from logging at 80 × 106
Mg C. An unpublished critique by researchers at Brazil’s National Institute for Space
Research (INPE) (Câmara et al. 2005) pointed out problems in interpreting the satellite
imagery and suggested that the annual emission will be about half as much, or 40 × 106
Mg C. Both results provide confirmation that emissions are substantial, and they bracket
the earlier estimate of 62 × 106 Mg C (Fearnside 2000a). In 1990 (the standard year for
initial inventories under the UNFCCC), this represented 15% of the annual balance of
emission from Amazonian deforestation and logging in Brazil (Fearnside, 2000a); the
percentage today would be higher, since the deforestation rate in 2013 had declined to
roughly half the rate in 1990, but logging activity has not declined.
2.2.2. Future prospects for monitoring logging
Progress has been disappointing in automatic interpretation of satellite imagery.
One algorithm (Souza et al., 2005) tried and failed to win approval by the Brazilian
Forest Service (SFB) for use in application on a regional scale. Graça et al. (2005)
developed an algorithm that performed well in a limited area near Cláudia, Mato
Grosso, but has not yet been translated into an automated form that can be easily
applied on a regional scale. The CLASS algorithm (Asner et al., 2005) has a better
computational implementation for large-scale ‘operational’ use. The algorithm needs to
be complemented with local expertise to clean the results of areas of rock outcrops,
hilltops and some seasonally flooded ecosystems (várzea) that were mistakenly
identified as logging in the study by Asner et al. (2005) as pointed out by Câmara et al.
(2005). A subsequent ‘light’ adaptation (ClassLite: Asner et al., 2009) is not designed
specifically for logging, but rather for detecting biomass loss from any cause, including
fire.
A key to identifying logging activity is the correct identification of the logging
decks (small clearings where logs are stockpiled for loading on trucks). This has been
hindered by the effect of shadows that often impede the algorithms from correctly
identifying the decks. An important advance has been made by Maldonado et al. (2009),
who developed an algorithm that eliminates the effect of shading, so that the logging
decks stand out clearly.
Unfortunately, none of these algorithms has yet advanced to the point where
regular estimates of degradation (biomass loss) from logging are available similar to
those produced yearly for deforestation. The DETEX program of INPE is intended to
monitor areas of logging, but, so far, the results of this effort are not posted on INPE’s
website, in contrast to the annual deforestation data from the PRODES program. It
should be noted that logging interests are adamant that logged areas not be characterized
as ‘degraded’, but rather as ‘managed’ areas. However, considering the definition of
degradation as a reduction in biomass and carbon stock, logged areas are greatly
degraded (e.g., Keller et al., 2004). They are also damaged in other ways as compared to
undisturbed forest. In practice, logging often serves as a prelude to conversion to other
uses, despite the discourse regarding sustainable management (e.g., Fearnside, 2003).
2.3. Extreme events
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2.3.1. Extreme events and emissions
The impact of land-use change on carbon stocks and flows is aggravated by
extreme events, especially droughts. Deforestation creates forest edges, where the
microclimate is hotter and drier than in continuous forest, causing increased tree
mortality due to water stress (Nascimento and Laurance, 2004). Droughts magnify this
source of mortality. The edges are also the main entry point for forest fires (Cochrane
and Laurance, 2002), which are also directly related to rainfall (Vasconcelos et al.,
2013a; Nepstad et al. 2004). Amazonian droughts affect biomass both through mortality
and though impeding growth (Gatti et al., 2014; Phillips et al., 1998, 2009, 2010). Tree
mortality from forest-fire events has been estimated in on-the-ground studies by various
authors (Table 1).
[Table 1 here]
Almost all Amazonian forest fires are at least partially the result of human
activities, including both the ignition sources and, in many cases, the increased
flammability of standing forest due to the impact of logging in increasing necromass
and in opening the canopy (e.g., Gerwing, 2002; Berenguer et al., 2014). These factors
make it possible for forest fires to develop whenever a major drought episode occurs,
such as the El Niño events of 1997-1998 and 2003 and the Atlantic dipole events of
2005 and 2010 (Lewis et al., 2011; Marengo et al., 2008, 2011, 2015).
The losses are more severe when logging and fire are combined (e.g., Barlow
and Peres 2006). In a study in Paragominas, Pará, Gerwing (2002, p. 136) found, as
compared to ‘intact’ forest, 11.8% less total above-ground biomass (live + dead) in
forest that had been moderately logged, 12.9% less in forest that had been heavily
logged, 23.4% less in forest that had been logged and lightly burned, and 51.1% less in
forest that had been logged and heavily burned. Berenguer et al. (2014, p. 6) found
forest that had been logged but not burned to have c. 24.5% less carbon in above-ground
biomass (live + dead), on average, than ‘undisturbed’ forest in Paragominas, while
forest that had been both logged and burned had 48.2% less. In Santarém, the same
study found that forests that had been logged but not burned had above-ground biomass
carbon reduced by only 2.2%, while those that had only been burned had 5.6% less and
those both logged and burned 22.2% less than ‘undisturbed’ forest.
The occurrence of fire is related to rainfall and soil water (Alencar et al., 2004;
Aragão et al., 2008; 2016; Nepstad et al. 2004; Silvestrini et al. 2011). This indicates the
likelihood of increased fires if Amazonia experiences the projected by dry-season
rainfall decreases expected to result from continued global warming (Justino et al.,
2011; Malhi et al. 2008, 2009b; Nepstad et al. 2008; Nobre and Borma, 2009). Among
the consequences of this would be reduced capacity for REDD to provide benefits, both
for climate and for local populations (Aragão and Shimabukuro 2010; Barlow et al.,
2012).
Emissions from the major forest fires that occurred during the El Niño of 19971998 were estimated in Pará (Alencar et al. 2006) and in Roraima (Barbosa and
Fearnside 1999). Potential emissions from the fires in south-western Amazonia during
the 2005 Atlantic dipole drought were estimated by Vasconcelos et al. (2011, 2013b).
All of these studies indicate major emissions.
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Because forest fires represent a threat to Amazonian forest, it is important to
understand the likely changes in fire frequency and area under climate regimes altered
by global warming (Aragao et al. 2016). The distribution of fires of different sizes is
important in helping to define the levels of atmospheric greenhouse gases that
correspond to ‘dangerous’ interference with the global climate system, as required by
Article 2 of the climate convention (UNFCCC, 1992). A study by Pueyo et al. (2010)
has contributed to this in improving the mathematical characterization of fire-size
distributions in Amazonian forest and savanna ecosystems under drought conditions.
The study finds evidence of a critical transition to a megafire regime under extreme
drought in rainforests.
The effect of increased forest fires under climatic regimes altered by projected
global warming has been omitted from most modeled estimates of future emissions
from Amazonia (e.g., Cox et al., 2004, 2008). Forest fires would both increase
emissions and speed the demise of the forest, as compared to a scenario without fires.
The effect of fire is not included in recent models that indicate resistance of Amazon
forest to climates with as much as four times the pre-industrial atmospheric CO2
concentration, based on CO2 fertilization increasing tree growth and reducing water loss
from transpiration (Cox et al., 2013; Good et al., 2013; Huntingford, et al., 2013). Fires
can kill trees irrespective of their ability to survive drought alone (e.g., Fearnside,
2013a).
Emissions from forest fires are not included in national accounts under the
UNFCCC (IPCC, 2006). However, if global warming is to be contained, it is necessary
to have estimates of all emissions sources, including those that are wholly or partially
the result of natural events. Only emissions that are ‘directly human induced’ are
covered under the Kyoto Protocol (UNFCCC, 1997) and are considered to be the
responsibility of the country where the emission occurred. The objective of the
UNFCCC is to avoid ‘dangerous’ concentrations of greenhouse gases (UNFCCC, 1992,
Art. 2). To keep concentrations within this limit, it is necessary to know the total that is
being emitted in the world so that the quotas (‘assigned amounts’) negotiated for the
different countries will be sufficient to limit the total increase, not just the increase that
is deliberately emitted by society. If emissions, such as those of anthropogenic forest
fires are not counted, then the quotas negotiated may be insufficient to contain global
warming.
2.3.2. Monitoring fires
The interpretation of satellite imagery to detect and quantify damage from
Amazonian fires has advanced using LANDSAT-TM imagery with 30-m resolution
(e.g., Graça et al., 2012; Aragao et al. 2016). INPE’s DEGRAD program uses 250-m
resolution MODIS imagery to measure fire scars at least 25 ha in area (INPE, 2014a).
These results are not yet posted on INPE’s website, but they are communicated to the
Ministry of the Environment.
Canopy damage has been mapped by Morton et al. (2011) for one LANDSAT
scene in southern Amazonia using both LANDSAT and MODIS imagery. The
algorithm that these authors developed is able to differentiate canopy damage from fires
and from logging for areas above 1.5 ha using LANDSAT or 10 ha using MODIS, using
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a 4-year moving window to characterize the changes in each group of pixels over time.
These developments offer hope that the spatial extent of fire damage can be quantified
on a regional basis, thereby addressing an important source of uncertainty regarding
Amazonian emissions from forest degradation (Aragao et al. 2016).
3. LAND-USE CHANGE
3.1. Modeling land-use change
Difficult as it is, the ability to understand and model land-use change is essential
if effective governance measures are to be implemented to bring the process under
control. The causes of Amazonian deforestation are many, and the relative importance
of each varies among locations and over time in any given location (e.g., Fearnside,
2005, 2008a). The dynamics of clearing by small farmers depends on a variety of
economic and demographic factors (Caldas et al., 2010; Perz and Walker, 2002). Roads
are important factors for actors of all sizes, but the tens of thousands of kilometers of
clandestine or ‘endogenous’ roads that have been built in the forest are particularly
important for entry of small farmers (Brandão Júnior et al., 2007). Roads speed
deforestation not only though clearing spreading laterally from the roadside, but also by
allowing migration flows to areas far beyond the end of the road in question, as in the
case of the proposed reopening of the BR-319 Highway that would reconnect Manaus
and Porto Velho (Barni et al., 2015). Land speculation, which is also stimulated by
roads, is a significant force in many parts of the region, including among small farmers
in settlement areas established by the government (Carrero and Fearnside, 2011).
Cattle pasture is still the main replacement for forest in Brazilian Amazonia as a
whole (McAlpine et al., 2010). However, soybeans are the major force driving land-use
change in much of Mato Grosso and in smaller areas in eastern Rondônia and in the
Santarém area of Pará (Fargione et al., 2008; Gibbs et al., 2008; Fearnside, 2001;
Morton et al., 2006). The role of China has recently become a dominant factor in the
advance of soy (Fearnside et al., 2013; Fearnside and Figueiredo, 2015). Even when soy
is planted in former cattle pastures rather than in freshly felled forest, it has an indirect
effect on deforestation by displacing ranching activity into rainforest areas, as has been
shown statistically for movement of this activity from Mato Grosso to Pará (Arima et
al., 2011). Note that Brazilian diplomats do not accept this effect and were successful in
getting mention of it deleted from the summary for policymakers for the IPCC’s Fifth
Assessment Report (Garcia, 2014).
Quantifying the effect of protected areas on deforestation is particularly
important as a guide to policy in this area. The conservation units created and
strengthened under the Protected Areas in Amazonia (ARPA) program have been
shown to have a significant effect in slowing deforestation (Soares Filho et al., 2009,
2010). Differences in effectiveness in resisting deforestation have been found for the
various types of reserves, such as those under federal versus state-level control and
‘integral protection’ versus ‘sustainable use’ categorization in Brazil’s National System
of Conservation Units (SNUC) (Vitel et al., 2009). Indigenous areas have consistently
been found to be the most resistant to deforestation, and in many areas in the arc of
deforestation, indigenous areas represent the only forest that remains standing (Nepstad
et al., 2006a).
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The SimAmazonia model in the DINAMICA software by Soares Filho et al.
(2006) has been an important tool for visualizing likely trends over the 2000-2050
period. However, for assessing the impact of specific development projects, such as
opening a highway or creating a reserve, a number of additional features are needed. In
the case of highways, these projects act as forces increasing the total amount of
deforestation that takes place, not merely in redistributing the location of a given
amount of deforestation activity that has been calculated separately based on macroeconomic indicators such as expected growth in gross domestic product (GDP).
Simulations using DINAMICA indicate a substantial impact from currently planned
highway projects, such as the re-opening of the BR-319 Highway that would connect
the arc of deforestation in Rondônia with Manaus in central Amazonia (Fearnside et al.,
2009; see also Fearnside and Graça, 2006). In the case of reserves, there can be a
significant distortion in the expected amount of deforestation in the reserve area. When
the baseline deforestation is calculated by multiplying a deforestation rate expressed as
a proportion of the forest area in a large sub-region (in one case representing about onethird of Brazilian Amazonia) a large total area to be deforested each year results; when
this is spatially allocated based on attractive features such as presence of roads and of
previous clearings, the large area to be deforested is placed in a single corner of the subregion, producing unrealistically high clearing rates for this particular location. This is
the case for the Juma Sustainable Development Reserve (RDS Juma) in the state of
Amazonas, which is the location of the first Reducing Emissions from Deforestation
and Degradation (REDD) project (Yanai et al., 2012).
3.2. Monitoring deforestation
There has been a trend to smaller clearings detected by INPE’s PRODES
program (using LANDSAT-TM with 30-m resolution), with increasing percentages of
the area deforested each year being in clearings with smaller areas. Deforestation
estimates with higher resolution sensors will be needed to capture small clearings
(LANDSAT-TM has a detection limit of 6.25 ha for clearings). High-resolution sensors,
such as IKONOS or Quick Bird, will also be needed to monitor the narrow strips of
forest along watercourses that are still considered as areas of environmental protection
(APPs) under the Forest Code as revised in 2012. The Ministry of the Environment and
INPE have plans for compiling a higher-resolution mosaic that would at least be able to
detect the 30-m wide APPs of large properties, but not the 5-m wide APPs of small
properties. Satellite monitoring linked to Google Earth, aided by on-the-ground input
from civil society via the internet, is expected to increase the speed and accuracy of
deforestation monitoring (Tollefson, 2009).
Information on land uses in deforested areas has long been a limitation in
quantifying net emissions of greenhouse gases. The limitation of deforestation
monitoring to just two classes, forest and non-forest, does not allow quantification of
the stock and uptake of carbon in the deforested landscape, forcing calculations of
emissions to rely on extrapolations from samples in small areas. Especially important
are estimates of areas of secondary forest and of degraded pasture. An important
improvement is the Terra Class dataset (EMBRAPA and INPE, 2011; INPE, 2014b;
Ometto et al. 2016).
3.3. Recent developments in the region
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Changes in deforestation rates have a direct relation with carbon emissions and
the rate of depletion of carbon stocks. Deforestation rates in Brazilian Amazonia
declined markedly from 2004 (when 27.8 × 103 km2 were cleared) to 2014 (when 4.8 ×
103 km2 were cleared) (INPE, 2015). Note, however, that deforestation soared in the
three months following the July cutoff of the official annual deforestation estimate for
2014 (Fearnside, 2015). This was followed by the rainy season in Amazonia, when,
although deforestation rates were also much higher than in previous years, the effect is
insignificant in terms of the annual total. Whether or not the upturn of deforestation
beginning in August 2014 signals a sustained rebound, the basic forces driving
deforestation continue to grow on the long term.
The decline in deforestation rates after 2004 was the result of a variety of
different forces, with significant differences depending on the location and the year in
question. From 2004 to 2008 the slowdown can largely be explained by the decline in
international prices of commodities such as soy and beef and a rise in the value of the
Brazilian real relative to other currencies, thus decreasing the profitability of exporting
commodities that drive Amazonian deforestation (Fearnside, 2009a). From 2009
onwards the trend in deforestation rates diverged from those of commodity indicators,
indicating that government regulatory measures were having a significant effect
(Assunção et al., 2012; Hargrave and Kis-Katos, 2011).
Despite the decreases in deforestation rates since 2004, a number of changes
point in the direction of greater future deforestation. These include the continuing
increases of the Amazonian population and of investment in the region, the planning
and construction of ever more highways, dams and other infrastructure projects, and
some notable changes weakening environmental protections. One is the revision of the
Forest Code (Codigo Florestal), as finally passed on 25 September 2012 (Law No.
12.651/12). This greatly reduces (or eliminates) requirements for maintaining forest
along watercourses and on steep hillsides and, by effectively pardoning most of the past
violations, creates the expectation that deforestation in violation of the present
regulations will eventually be pardoned in future ‘amnesties’ (Fearnside, 2010; Metzger
et al., 2010; Vieira and Becker, 2010; Sparovek et al., 2012). Another serious setback
for environmental protection is the weakening of the environmental impact statement
and licensing process by the precedents set in 2011 and 2012 in the cases of the Santo
Antônio and Jirau Dams on the Madeira River and the Belo Monte Dam on the Xingu
River (Fearnside, 2012a, 2013b, 2014). By allowing infrastructure projects to be
approved over the objections of the technical staff of the licensing agencies, and by
granting licenses without having satisfied the ‘conditionalities’ that had been
established as preconditions, the door is opened to approving any project no matter how
great its impacts may be. Other setbacks include a virtually complete halt to creation of
new protected areas after 2010 (Alencastro, 2014), continued reduction or rescinding of
existing protected areas (Bernard et al., 2014), and a 72% cut in government funds for
controlling deforestation in 2015 (Leite, 2015).
Of great concern is proposed legislation limiting the authority of the executive
branch of the federal government to enforce environmental regulations and to create
new indigenous areas and conservation units. Requiring congressional approval would
effectively make it impossible to create more protected areas in the foreseeable future.
As demonstrated by the recent weakening of the Forest Code, the national congress is
currently dominated by the ‘ruralist block’ (representatives of large land holders).
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3.4. Future forces in land-use change
A variety of forces can be expected to affect future trends in Amazonian landuse change. Brazil’s National Plan for Climate Change (PNMC), and the ‘voluntary
objectives’ Brazil announced at the 2009 Conference of the Parties of the climate
convention held in Copenhagen, call for a reduction of the annual deforestation rate to 5
× 103 km2 by 2020 (CIMC, 2008). This reduction is substantial as compared to the 19.5
× 103 km2 annual deforestation rate used as the baseline for the plan, but is much less so
as compared to recent rates (5.8 × 103 km2 in 2013). Nevertheless, achieving this will
require significant governance efforts given the likely forces acting to increase
deforestation in the coming years. These include the effects of planned reconstruction of
key highways (together with the opening of side roads): the Santarém-Cuiabá (BR-163)
and the Manaus-Porto Velho (BR-319) Highways (Fearnside, 2007; Fearnside and
Graça, 2006). Roads are generally the key drivers in Amazonian deforestation (e.g.,
Arima et al., 2008; Perz et al., 2008; Southworth et al., 2011). The effect of planned
dams is already being felt (Barreto et al., 2011). Planned waterways for transport of
soybeans can be expected to strengthen this deforestation force (Fearnside, 2002). The
effect of biofuels, including oil palm, may be significant (Fearnside, 2009b). Increasing
Brazilian exports of beef, along with investments in both deforestation and in pasture
intensification, represents another significant trend (McAlpine et al., 2010).
Various possible forces have been suggested as acting to reduce deforestation
pressure in the future. These include increasing urbanization (Wright and MullerLandau, 2006); however, various factors make this effect much less than claimed,
especially the fact that most of the people moving to cities are not from the major
groups of actors in Amazonian deforestation (Fearnside, 2008b). Another is the effect of
a moratorium on soy purchases from land deforested for this crop (Gibbs et al., 2015a;
Nepstad et al. 2014). Certification of cattle ranches and slaughter houses is also being
promoted as a means of decreasing deforestation pressure (Gibbs et al., 2015b; Nepstad
et al., 2006b, 2014; Newton et al., 2014). Note, however, that a variety of practices
allowing ‘leakage’ and ‘laundering’ reduce the effectiveness of these agreements at
present (Gibbs et al., 2015b). Similar challenges face timber certification that is
promoted both by the government and by NGOs as a means of encouraging sustainable
forest management (e.g., Barreto et al., 1998). The net effect of the spread of
“sustainable” forest management is much more complicated than is often portrayed
because of economic contradictions and regulatory loopholes that can make the
management plans a mere front for obtaining authorization for harvesting and
transporting the logs, but with future conversion to deforested land uses as the ultimate
result (Fearnside, 2003).
One of the most controversial topics regarding future deforestation is the
potential role of reducing emissions from deforestation and degradation (REDD).
Potential benefits include reducing clearing in private properties (Stickler et al., 2009)
creating protected areas (Nepstad et al., 2011) and implementing a variety of policy
changes for reducing deforestation (Moutinho et al., 2011a,b). Challenges include the
proper accounting for leakage (Fearnside, 2009c; Yanai et al., 2012) and a series of
unresolved controversies ranging from how the carbon accounting is done to how the
resulting funds are used (Fearnside, 2012b,c). Many have strong opinions on REDD,
favoring either throwing it out altogether or working to fix its problems. Strong reasons
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to solve the very real problems that face REDD include the still significant amounts of
carbon emitted annually by Amazonian deforestation, the very large stocks of carbon in
the remaining forest at risk of future emission, the lower cost and greater speed of
avoiding deforestation emissions as compared to many other mitigation options, and the
substantial non-carbon environmental benefits and social gains from maintaining
Amazonian rainforest.
ACKNOWLEDGEMENTS
I thank Conselho Nacional do Desenvolvimento Científico e Tecnológico (CNPq: Proc.
304020/2010-9; 573810/2008-7), Fundação de Amparo à Pesquisa do Estado do
Amazonas (FAPEAM: Proc. 708565) and Instituto Nacional de Pesquisas da Amazônia
(INPA: PRJ15.125) for financial support. M.A. dos Santos Jr. prepared Figure 1. I thank
L. Nagy and two referees for comments.
LITERATURE CITED
Ahmed, S.E. and Ewers, R.M. 2012. Spatial pattern of standing timber value across the
Brazilian Amazon. PLoS One 7(5): e36099.
Alencar, A.C.; Nepstad, D. and Diaz, M.C.V. 2006. Forest understory fire in the
Brazilian Amazon in ENSO and non-ENSO years: Area burned and committed
carbon emissions. Earth Interactions 10(6): 1–17.
Alencar, A.C.; Solórzano, L.A. and Nepstad, D.C. 2004. Modeling forest understory
fires in an eastern Amazonian landscape. Ecological Applications 14(4): S139S149.
Alencastro, C. 2014. Dilma não criou nenhuma nova unidade de conservação na
Amazônia. O Globo. 4 August 2014. 0
Aragão, L.E.O.C.; Malhi, Y.; Barbier, N.; Lima, A.; Shimabukuro, Y.; Anderson, L. and
Saatchi, S. 2008. Interactions between rainfall, deforestation and fires during
recent years in the Brazilian Amazonia. Philosophical Transactions of the Royal
Society B, 363, 1779–1785. doi: 10.1098/rstb.2007.0026
Aragão, L.E.O.C. and Shimabukuro, Y.E. 2010. The incidence of fire in Amazonian
forests with implications for REDD. Science 328: 1275-1278. doi:
10.1126/science.1186925
Aragão et al. 2016 [this volume]
Arima, E.Y.; Richards, P.; Walker, R. and Caldas, M.M. 2011. Statistical confirmation
of indirect land use change in the Brazilian Amazon. Environmental Research
Letters 6: 024010. doi:10.1088/1748-9326/6/2/024010
Arima E.Y.; Walker, R.T.; Sales, M.; Souza Jr., C. and Perz, S.G. 2008. The
fragmentation of space in the Amazon basin: emergent road networks.
Photogrammetric Engineering & Remote Sensing 74: 699–709.

11

Asner, G.P.; Knapp, D.E.; Balaji, A. and Paez-Acosta, G. 2009. Automated mapping of
tropical deforestation and forest degradation: CLASlite. Journal of Applied
Remote Sensing 3(3): 35-43. doi: 10.1117/1.3223675
Asner, G.P.; Knapp, D.E.; Broadbent, E.N.; Oliveira, P.J.C.; Keller, M. and Silva, J.N.
2005. Selective logging in the Brazilian Amazon. Science 310: 480-482.
doi:10.1126/science.1118051
Assunção, J.; Gandour, C.C. and Rocha, R. 2012. Deforestation Slowdown in the Legal
Amazon: Prices or Policies? Climate Policy Initiative (CPI) Working Paper, Rio
de Janeiro, RJ, Brazil: Pontífica Universidade Católica (PUC), 37 pp., Available
at: http://climatepolicyinitiative.org/publication/deforestation-slowdown-in-thelegal-amazon-prices-or-policie/.
Baccini, A.; Goetz, S.J.; Walker, W. S.; Laporte, N.T.; Sun, M.; Sulla-Menashe, D.;
Hackler, J.; Beck, P.S.A.; Dubayah, R.; Friedl, M.A.; Samanta, S. and
Houghton, R.A. 2012. Estimated carbon dioxide emissions from tropical
deforestation improved by carbon-density maps, Nature Climate Change, 2,
182–185. doi:10.1038/nclimate1354
Barbosa, R.I. and Fearnside, P.M. 1999. Incêndios na Amazônia brasileira: Estimativa
da emissão de gases do efeito estufa pela queima de diferentes ecossistemas de
Roraima na passagem do evento "El Niño" (1997/98). Acta Amazonica 29(4):
513-534. English version available at:
http://philip.inpa.gov.br/publ_livres/mss%20and%20in%20press/RR-Fire-Actaengl.pdf
Barlow, J.; Parry, L.; Gardner, T.A.; Ferreira, J.; Aragão, L.E.O.C.; Carmenta, R.;
Berenguer, E.; Vieira, I.C.G.; Souza, C. and Cochrane, M.A. 2012. The critical
importance of considering fire in REDD+ programs. Biological Conservation,
154, 1-8
Barlow, J. and Peres, C.A. 2004. Ecological response to El Niño-induced surface fires
in central Amazonia: Management implications for flammable tropical forests.
Philosophical Transactions of the Royal Society of London B 359: 367-380.
Barlow, J. and Peres, C.A. 2006. Consequences of criptic and recurring fire
disturbances for ecosystem structure and biodiversity in Amazonian forests. pp.
225-240. In: W.F. Laurance and C.A. Peres (eds.) Emerging Threats to Tropical
Forests. University of Chicago Press, Chicago, Illinois, U.S.A. 563 pp.
Barlow, J. and Peres, C.A. 2008. Fire-mediated dieback and compositional cascade in
an Amazonian Forest. Philosophical Transactions of the Royal Society B, 363,
1787–1794. doi:10.1098/rstb.2007.0013
Barlow, J.; Peres, C.A.; Lagan, B.O. and Haugaasen, T. 2003. Large tree mortality and
the decline of forest biomass following Amazonian wildfires. Ecology Letters
(6): 6-8.

12

Barni, P.E.; Fearnside, P.M. and Graça, P.M.L.A. 2015. Simulating deforestation and
carbon loss in Amazonia: impacts in Brazil's Roraima state from reconstructing
Highway BR-319 (Manaus-Porto Velho). Environmental Management 55(2):
259-278. doi: 10.1007/s00267-014-0408-6
Barreto, P.; Amaral, P.; Vidal, E. and Uhl, C. 1998. Custos e benefícios de manejo
florestal para produção de madeira na Amazônia oriental. Serie Amazonia 10.
Instituto do Homem e Ambiente na Amazônia (IMAZON), Belém, Pará, Brazil.
Barreto, P.; Brandão Jr., A.; Martins, H.; Silva, D.; Souza Jr., C.; Sales, M. and Feitosa,
T. 2011. Risco de Desmatamento Associado à Hidrelétrica de Belo Monte.
Instituto do Homem e Meio Ambiente da Amazônia (IMAZON), Belém, Pará,
Brazil. 98 pp. Available at: http://www.imazon.org.br/publicacoes/livros/riscode-desmatamento-associado-a-hidreletrica-de-belo-monte/at_download/file
Berenguer, E.; Ferreira, J.; Gardner, T.A.; Aragão, L.E.O.C.; de Camargo, P.B.; Cerri,
C.E.; Durigan, M.; de Oliveira Junior, R.C.; Vieira, I.C.G. and Barlow, J. 2014.
A Large-Scale Field Assessment of Carbon Stocks in Human-Modified Tropical
Forests. Global Change Biology. doi: 10.1111/gcb.12627
Bernard, E., Penna, L.A.O. and Araújo, E. 2014. Downgrading, downsizing,
degazettement, and reclassification of protected areas in Brazil. Conservation
Biology 28: 939–950. doi: 10.1111/cobi.12298.
Brandão Júnior, A.O.; Souza Jr., C.M.; Ribeiro, J.G.F. and Sales, M.H.R. 2007.
Desmatamento e estradas não-oficiais da Amazônia. pp. 2357-2364 In: Anais do
XIII Simpósio Brasileiro de Sensoriamento Remoto (Florianópolis, 2007).
Florianópolis, Santa Catarina, Brazil. [online] URL:
http://urlib.net/dpi.inpe.br/sbsr@80/2006/11.15.19.47?languagebutton=pt-BR
Caldas, M.M.; Simmons, C.; Walker, R.; Perz, S.; Aldrich, S.; Pereira, R.; Leite, F. and
Arima, E. 2010. Settlement formation and land cover use change: A case study
in the Brazilian Amazon, Journal of Latin American Geography 9(1): 125–144.
Câmara, G.; Valeriano, D.; Soares, J.V. and Souza Jr., C. 2005. Nota técnica sobre o
artigo “Selective Logging in the Brazilian Amazon”. Instituto Nacional de
Pesquisas Espaciais (INPE), São José dos Campos, SP, Brazil. 3 pp.
http://lba.cptec.inpe.br/lba/site/?p=noticia&t=0&op=227
Carrero, G.C. and Fearnside, P.M. 2011. Forest clearing dynamics and the expansion of
land holdings in Apuí, a deforestation hotspot on Brazil’s Transamazon
Highway. Ecology and Society 16(2): 26. [online] URL:
http://www.ecologyandsociety.org/vol16/iss2/art26/
Carvalho Júnior, J.A.; Veras, C.A.G.; Alvarado, E. C.; Sandberg, D.V.; Leite, S.J.;
Gielow, R.; Rabelo, E.R.C. and Santos, J.C. 2010. Understorey fire propagation
and tree mortality on adjacent areas to an Amazonian deforestation fire.
International Journal of Wildland Fire 19: 1–5.

13

CIMC (Comitê Interministerial sobre Mudança do Clima). 2008. Plano Nacional sobre
Mudança do Clima – PNMC -- Brasil. Ministério do Meio Ambiente, Brasília,
DF, Brazil. 129 pp. Available at:
http://www.mma.gov.br/estruturas/imprensa/_arquivos/96_01122008060233.pdf
Cochrane, M.A. and Laurance, W.F. 2002. Fire as a large-scale edge effect in
Amazonian forests. Journal of Tropical Ecology 18: 311-325.
Cochrane, M.A. and Schulze, M.D. 1999. Fire as a recurrent event in tropical forests of the
eastern Amazon: Effects on forest structure, biomass, and species composition.
Biotropica 31: 2-16.
Cox, P.M.; Betts, R.A.; Collins, M.; Harris, P.P.; Huntingford, C. and Jones, C.D. 2004.
Amazonian forest dieback under climate-carbon cycle projections for the 21st
century. Theoretical and Applied Climatology 78: 137-156.
Cox, P.M.; Harris, P.P.; Huntingford, C.; Betts, R.A.; Collins, M.; Jones, C.D.; Jupp, T.
E.; Marengo, J.A. and Nobre, C.A. 2008. Increasing risk of Amazonian drought
due to decreasing aerosol pollution. Nature, 453: 212-215.
doi:10.1038/nature06960.
Cox, P.M.; Pearson, D.; Booth, B.B.; Friedlingstein, P.; Huntingford, C.; Jones, C.D.
and Luke, C.M. 2013. Sensitivity of tropical carbon to climate change
constrained by carbon dioxide variability. Nature 494: 341–344.
dos Santos, J.R.; Lacruz, M.S.P., de Araújo, L.S. and Xaud, H.A.M. 1998. El proceso
de quema de biomasa de bosque tropical y de sabanas en la Amazonia brasilera:
experiencias de monitoreo con datos ópticos y de microondas. Serie Geografica
7: 97-108.
EMBRAPA (Empresa Brasileira de Pesquisa Agropecuária) and INPE (Instituto
Nacional de Pesquisas Espaciais). 2011. Terra Class: Levantamento de
informações de uso e cobertura da terra na Amazônia: Sumário Executivo.
INPE, São José dos Campos, SP, Brazil. 20 pp.
http://www.inpe.br%2Fcra%2Fprojetos_pesquisas%2Fsumario_executivo_terrac
lass_2008.pdf
Fargione, J.; Hill, J.; Tilman, D.; Polasky, S. and Hawthorne, P. 2008. Land clearing
and the biofuel carbon debt. Science 319: 1235-1238.
Fearnside, P.M. 2000a. Greenhouse gas emissions from land-use change in Brazil's
Amazon region. pp. 231-249 In: R. Lal, J.M. Kimble and B.A. Stewart (eds.)
Global Climate Change and Tropical Ecosystems. Advances in Soil Science.
CRC Press, Boca Raton, Florida, U.S.A. 438 pp.
Fearnside, P.M. 2000b. Effects of land use and forest management on the carbon cycle
in the Brazilian Amazon. Journal of Sustainable Forestry 12(1-2): 79-97.
Fearnside, P.M. 2000c. Global warming and tropical land-use change: Greenhouse gas
emissions from biomass burning, decomposition and soils in forest conversion,

14

shifting cultivation and secondary vegetation. Climatic Change 46(1-2): 115158. doi: 10.1023/A:1005569915357
Fearnside, P.M. 2001. Soybean cultivation as a threat to the environment in Brazil.
Environmental Conservation 28(1): 23-38. doi: 10.1017/S0376892901000030
Fearnside, P.M. 2002. Avança Brasil: Environmental and social consequences of
Brazil’s planned infrastructure in Amazonia. Environmental Management 30(6):
748-763. doi: 10.1007/s00267-002-2788-2
Fearnside, P.M. 2003. Conservation policy in Brazilian Amazonia: understanding the
dilemmas. World Development 31(5): 757-779. doi: 10.1016/S0305750X(0)00011-13
Fearnside, P.M. 2005. Deforestation in Brazilian Amazonia: History, rates and
consequences. Conservation Biology 19(3): 680-688. doi: 10.1111/j.15231739.2005.00697.x
Fearnside, P.M. 2007. Brazil’s Cuiabá-Santarém (BR-163) Highway: The
environmental cost of paving a soybean corridor through the Amazon.
Environmental Management 39(5): 601-614. doi: 10.1007/s00267-006-0149-2
Fearnside, P.M. 2008a. The roles and movements of actors in the deforestation
of Brazilian Amazonia. Ecology and Society 13(1): 23. [online] URL:
http://www.ecologyandsociety.org/vol13/iss1/art23/
Fearnside, P.M. 2008b. Will urbanization cause deforested areas to be abandoned in
Brazilian Amazonia? Environmental Conservation 35(3): 197-199.
doi:10.1017/S0376892908004906
Fearnside, P.M. 2009a. Brazil’s evolving proposal to control deforestation: Amazon still
at risk. Environmental Conservation 36(3): 176-179. doi:
10.1017/S0376892909990294
Fearnside, P.M. 2009b. Potential benefits and impacts of biofuel production in the
Brazilian Amazon. pp. 29-36 In: Garen, E.J. and Mateo-Vega, J. (eds.) Biofuels
and Neotropical Forests: Trends, Implications, and Emerging Alternatives.
Proceedings of the ELTI/PRORENA Conference, December 5, 2008,
Environmental Leadership & Training Initiative (ELTI)/Proyecto de
Reforestación con Especies Nativas (PRORENA) Proceedings Vol. 3, No. 1.
Smithsonian Tropical Research Institute (STRI), Panama City, Panama. 101 pp.
Available at: http://environment.yale.edu/elti/files/Biocombustibles.pdf
Fearnside, P.M. 2009c. Carbon benefits from Amazonian forest reserves: Leakage
accounting and the value of time. Mitigation and Adaptation Strategies for
Global Change 14(6): 557-567. doi: 10.1007/s11027-009-9174-9
Fearnside, P.M. 2010. Código Florestal: As perdas invisíveis. Ciência Hoje 46(273): 6667.

15

Fearnside, P.M. 2012a. Belo Monte Dam: A spearhead for Brazil’s dam building attack
on Amazonia? GWF Discussion Paper 1210, Global Water Forum, Canberra,
Australia. Available at: http://www.globalwaterforum.org/wpcontent/uploads/2012/04/Belo-Monte-Dam-A-spearhead-for-Brazils-dambuilding-attack-on-Amazonia_-GWF-1210.pdf
Fearnside, P.M. 2012b. The theoretical battlefield: Accounting for the climate benefits
of maintaining Brazil’s Amazon forest. Carbon Management 3(2): 145-148. doi:
10.4155/CMT.12.9
Fearnside, P.M. 2012c. Brazil's Amazon Forest in mitigating global warming:
unresolved controversies. Climate Policy 12(1): 70-81. doi:
10.1080/14693062.2011.581571
Fearnside, P.M. 2013a. Vines, CO2 and Amazon forest dieback. Nature [online
comment]
http://www.nature.com/nature/journal/vaop/ncurrent/full/nature11882.html
Fearnside, P.M. 2013b. Decision-making on Amazon dams: Politics trumps uncertainty
in the Madeira River sediments controversy. Water Alternatives 6(2): 313-325.
Fearnside, P.M. 2014. Brazil’s Madeira River dams: A setback for environmental policy
in Amazonian development. Water Alternatives 7(1): 156-169. Available at:
http://www.water-alternatives.org/index.php/alldoc/articles/vol7/v7issue1/244a7-1-15/file
Fearnside, P.M. 2015. Deforestation soars in the Amazon. Nature 521: 423. doi:
10.1038/521423b
Fearnside, P.M. and Figueiredo, A.M.R. 2015. China’s influence on deforestation in
Brazilian Amazonia: A growing force in the state of Mato Grosso. BU
Global Economic Governance Initiative Discussion Papers 2015-3, Boston
University, Boston, Massachusetts, U.S.A. 51 pp.
http://www.bu.edu/pardeeschool/files/2014/12/Brazil1.pdf
Fearnside, P.M.; Figueiredo, A.M.R. and Bonjour, S.C.M. 2013. Amazonian forest loss
and the long reach of China’s influence. Environment, Development and
Sustainability 15(2): 325-338. doi: 10.1007/s10668-012-9412-2
Fearnside, P.M. and Graça, P.M.L.A. 2006. BR-319: Brazil’s Manaus-Porto Velho
Highway and the potential impact of linking the arc of deforestation to central
Amazonia. Environmental Management 38(5): 705-716. doi: 10.1007/s00267005-0295-y
Fearnside, P.M.; Righi, C.A.; Graça, P.M.L.A.; Keizer, E.W.H.; Cerri, C.C.; Nogueira,
E.M. and Barbosa, R.I. 2009. Biomass and greenhouse-gas emissions from landuse change in Brazil’s Amazonian “arc of deforestation”: The states of Mato
Grosso and Rondônia. Forest Ecology and Management 258: 1968-1978. doi:
10.1016/j.foreco.2009.07.042

16

Garcia, R. 2014. Impacto do clima será mais amplo, porém mais incerto. Folha de São
Paulo, 31 March 2014, p. C-5.
Gatti, L.V. and 16 others. 2014. Drought sensitivity of Amazonian carbon balance
revealed by atmospheric measurements. Nature 506: 76–80.
doi:10.1038/nature12957
Gerwing, J.J. 2002. Degradation of forests through logging and fire in the eastern
Brazilian Amazon. Forest Ecology and Management 157: 131-141.
Gibbs, H.K.; Johnston, M.; Foley, J.A.; Holloway, T.; Monfreda, C.; Ramankutty, N.
and Zaks, D. 2008. Carbon payback times for crop-based biofuel expansion in
the tropics: the effects of changing yield and technology. Environmental
Research Letters 3: 034001. doi:10.1088/1748-9326/3/3/034001
Gibbs, Munger, J.; L’Roe, J.; Barreto, P.; Pereira, R.; Christie, M.; Amaral, T. and
Walker, N.F. 2015b. Did ranchers and slaughterhouses respond to zerodeforestation agreements in the Brazilian Amazon? Conservation Letters. doi:
10.1111/conl.12175
Gibbs, H.K., L. Rausch, J. Munge I. Schelly, D.C. Morton, P. Noojipady, B. SoaresFilho, P. Barreto, L. Micol, and Walker, N.F. 2015a. Brazil’s soy moratorium.
Science 347: 377-378. doi: 10.1126/science.aaa0181
Gloor 2016 [this volume]
Good, P.; Jones, C.; Lowe, J.; Betts, R. and Gedney, N. 2013. Comparing tropical forest
projections from two generations of Hadley Centre Earth System models,
HadGEM2-ES and HadCM3LC. Journal of Climate 26(2): 495-511.
Graça, P.M.L.A.; Santos, J.R.; Soares, J.V. and Souza, P.E.U. 2005. Desenvolvimento
metodológico para detecção e mapeamento de áreas florestais sob exploração
madeireira: estudo de caso, região norte do Mato Grosso. pp. 1555-1562. In:
Simpósio Brasileiro de Sensoriamento Remoto, 12, 2005. Goiânia. Anais do XII
Simpósio Brasileiro de Sensoriamento Remoto, Goiânia, INPE, São José dos
Campos, São Paulo, Brazil.
Graça, P.M.L.A.; Vitel, C.S.M.N. and Fearnside, P.M. 2012. Detecção de cicatrizes de
incêndios florestais utilizando a técnica de análise por vetor de mudança na
Terra Indígena Sete de Setembro – Rondonia. Ambiência 8: 511-521. doi:
10.5777/ambiencia.2012.04.06
Grace 2016 [this volume]
Hargrave, J. and Kis-Katos, K. 2011. Economic causes of deforestation in the Brazilian
Amazon: A panel data analysis for the 2000s. Discussion Paper Series n.17,
University of Freiburg, Freiburg, Germany. 30 pp. Available at:
http://www.vwl.uni-freiburg.de/iwipol/discussion_papers/DP17_Hargrave_KisKatos%20-

17

%20Economic%20Causes%20of%20Deforestation%20in%20the%20Brazilian%
20Amazon.pdf
Harris, N.L.; Brown, S.; Hagen, S.C.; Saatchi, S.S.; Petrova, S.; Salas, W.; Hansen,
M.C.; Potapov, P.V. and Lotsch, A. 2012. Baseline map of carbon emissions
from deforestation in tropical regions. Science 336: 1573-1576. doi:
10.1126/science.1217962
Haugaasen, T.; Barlow, J. and Peres, C.A. 2003. Surface wildfires in central Amazonia:
Short-term impact on forest structure and carbon loss. Forest Ecology and
Management 179: 321-331.
Holdsworth, A.R. and Uhl, C. 1997. Fire in Amazonian selectively logged rain forest
and the potential for fire reduction. Ecological Applications 7: 713–725.
Houghton, R.A. 2003. Revised estimates of the annual net flux of carbon to the
atmosphere from changes in land use and land management 1850-2000. Tellus B
55: 378-390.
Huntingford, C. and 25 others. 2013. Simulated resilience of tropical rainforests to CO2 induced climate change. Nature Geoscience 6: 268-273. doi:10.1038/ngeo1741
INPE (Instituto Nacional de Pesquisas Espaciais). 2014a. Sistema DEGRAD. São José
dos Campos, São Paulo, Brazil: INPE. Available at
http://www.obt.inpe.br/degrad.
INPE (Instituto Nacional de Pesquisas Espaciais). 2014b. Terra Class. São José dos
Campos, São Paulo, Brazil: INPE. Available at:
http://www.inpe.br/cra/projetos_pesquisas/terraclass.php.
INPE (Instituto Nacional de Pesquisas Espaciais). 2015. Projeto PRODES:
Monitoramento da Floresta Amazônica Brasileira por Satélite. São José dos
Campos, São Paulo, Brazil: INPE. Available at: http://www.obt.inpe.br/prodes/.
IPCC. 2006. 2006 IPCC Guidelines for National Greenhouse Gas Inventories. H.S.
Eggleston, L. Buendia, K. Miwa, T. Ngara and K. Tanabe (eds.). National
Greenhouse Gas Inventories Programme, Intergovernmental Panel on Climate
Change (IPCC) and Institute for Global Environmental Strategies (IGES),
Kanagawa, Japan.
Justino, F.; de Melo, A.S.; Setzer, A.; Sismanoglu, R.; Sediyama, G.C.; Ribeiro, G.A.;
Machado, J.P. and Sterl, A. 2011. Greenhouse gas induced changes in the fire
risk in Brazil in ECHAM5/MPI-OM coupled climate model. Climatic Change
106(2): 285-302. doi: 10.1007/s10584-010-9902-x.
Kauffman, J.B. 1991. Survival by sprouting following fire in tropical forests of the
Eastern Amazon. Biotropica 23(3): 219-224.

18

Keller, M.; Palace, M.; Asner, G.P.; Pereira, R. and Silva, J.N.M. 2004. Coarse woody
debris in undisturbed and logged forests in the eastern Brazilian Amazon. Global
Change Biology 10: 784-795. doi: 10.1111/j.1529-8817.2003.00770.x
Leite, M. 2015. Dilma corta 72% da verba contra desmatamento na Amazônia. Folha de
São Paulo 31 March 2015.
http://www1.folha.uol.com.br/ambiente/2015/03/1610479-dilma-corta-72-daverba-contra-desmatamento-na-amazonia.shtml
Lewis, S.L.; Brando, P.M.; Phillips, O.L.; van der Heijden, G.M.F. and Nepstad, D.
2011. The 2010 Amazon drought. Science 331: 554. doi:
10.1126/science.1200807
Maldonado, F.D.; Graça, P.M. and dos Santos, J.R. 2009. Aplicação da fração solo por
rotação radiométrica para detecção do corte seletivo em dominio da floresta
amazonica. In: XIV Simposio Brasileiro de Sensoriamento Remoto, 2009, NatalRN. Anais. Instituto Nacional de Pesquisas Espaciais (INPE), São José dos
Campos, SP, Brazil. pp. 2823-2830.
Malhi, Y.; Roberts, J.T.; Betts, R.A.; Killeen, T.J.; Li, W. and Nobre, C.A. 2008.
Climate change, deforestation, and the fate of the Amazon. Science 319: 169172.
Malhi, Y.; Aragão, L.E.O.C.; Galbraith, D.; Huntingford, C.; Fisher, R.; Zelazowski, P.;
Sitch, S.; McSweeney, C. and Meir, P. 2009b. Exploring the likelihood and
mechanism of a climate-change-induced dieback of the Amazon rainforest.
Proceedings of the National Academy of Sciences of the USA 106(49): 20610–
20615. doi: 10.1073/pnas.0804619106
Marengo, J.A.; Nobre, C.A.; Tomasella, J.;. Oyama, M.D.; Sampaio de Oliveira, G.; de
Oliveira, R.; Camargo, H.; Alves, L.M. and Brown, I.F. 2008. The drought of
Amazonia in 2005. Journal of Climate 21: 495–516.
Marengo, J.A.; Tomasella, J.; Alves, L.M.; Soares, W.R. and Rodriguez, D.A. 2011.
The drought of 2010 in the context of historical droughts in the Amazon region.
Geophysical Research Letters 38, L12703. doi: 10.1029/2011Gl047436.
Marengo et al., 2016 [this volume]
McAlpine, C.A.; Ryan, J.G.; Seabrook, L.; Thomas, S.; Dargusch, P.J.; Syktus, J.I.;
Pielke, R.A. Sr.; Etter, A.E.; Fearnside, P.M. and Laurance, W.F. 2010. More
than CO2: A broader paradigm for managing climate change and variability to
avoid ecosystem collapse. Current Opinion in Environmental Sustainability 2:
334-346. doi 10.1016/j.cosust.2010.10.001
MCT (Ministério de Ciência e Tecnologia). 2004. Brazil’s Initial National
Communication to the United Nations Framework Convention on Climate
Change. Brasília, DF, Brazil: MCT. 271 pp. Available at:
http://www.mct.gov.br/upd_blob/0005/5142.pdf

19

MCT (Ministério da Ciência e Tecnologia). 2010. Second National Communication of
Brazil to the United Nations Framework Convention on Climate Change.
Brasília, DF, Brazil: MCT. 2 vols. 493 pp. Available at:
http://www.mct.gov.br/upd_blob/0214/214078.pdf and
http://www.mct.gov.br/upd_blob/0214/214079.pdf
Merry, F.; Soares-Filho, B.; Nepstad, D.; Amacher, G. and Rodrigues, H. 2009.
Balancing conservation and economic sustainability: The future of the Amazon
timber Industry. Environmental Management 44: 395-407.
Metzger, J.-P.; Lewinsohn, T.; Joly, C.A.; Verdade, L.M. and Rodrigues, R.R. 2010.
Brazilian law: Full speed in reverse. Science 329: 276-277.
Morton, D.C.; DeFries, R.S.; Nagol, J.; Souza, C.M.; Kasischke, E.S. and Hurtt, G.C.
2011. Mapping canopy damage from understory fires in Amazon forests using
annual time series of Landsat and MODIS data. Remote Sensing of Environment
115(7): 1706-1720. doi: 10.1016/j.rse.2011.03.002
Morton, D.C.; DeFries, R.S.; Shimabukuro Y.E.; Anderson, L.O.; Arai, E.; del Bon
Espirito-Santo, F.; Freitas, R. and Morisette, J. 2006. Cropland expansion
changes deforestation dynamics in the southern Brazilian Amazon. Proceedings
of the National Academy of Sciences U.S.A. 103(39): 14637-14641.
Moutinho, P.; Martins, O.S.; Christovam, M.; Lima, A.; Nepstad, D. and Crisostomo,
A.C. 2011a. The emerging REDD+ regime of Brazil. Carbon Management 2:
587-602.
Moutinho, P.; Stella, O.; Lima, A.; Christovam, M.; Alencar, A.; Castro, I. and Nepstad,
D. 2011b. REDD in Brazil: A focus on the Amazon. Principles, criteria, and
institutional structures for a national program for Reducing Emissions from
Deforestation and Forest Degradation – REDD. Center for Strategic Studies and
Management, Brasília, DF, Brazil. 148 pp.
http://ipam.org.br/download/livro/REDD-in-Brazil-A-focus-on-the-AmazonPrinciples-criteria-and-institutional-structures-for-a-national-program-forReducing-Emissions-from-Deforestation-and-Forest-Degradation-REDD/583
Nascimento, H.E.M. and Laurance, W.F. 2004. Biomass dynamics in Amazonian forest
fragments. Ecological Applications 14(4) Supplement: S127-S138.
Nepstad, D.C.; Lefebvre, W.P.; Silva, U.L.; Tomasella, J.; Schlesinger, P.; Solórzano,
L.; Moutinho, P.; Ray, R. and Benito, J.G. 2004. Amazon drought and its
implications for forest flammability and tree growth: a basin-wide analysis.
Global Change Biology 10: 704-717. doi: 10.1111/j.1529- 8817.2003.00772.x.,
Nepstad, D.C.; McGrath, D.G. and Soares-Filho, B. 2011. Systemic Conservation,
REDD, and the Future of the Amazon Basin. Conservation Biology 25(6): 11131116
Nepstad, D.C.; McGrath, D.G.; Stickler, C.; Alencar, A.; Azevedo, A.; Swette, B.;
Bezerra, T.; DiGiano, M.; Shimada, J.; da Motta, R.S.; Armijo, E.; Castello, L.;

20

Brando, P.; Hansen, M.C.; McGrath-Horn, M.; Carvalho, O. and Hess, L. 2014.
Slowing Amazon deforestation through public policy and interventions in beef
and soy supply chains. Science 344: 1118-1123. doi: 10.1126/science.1248525
Nepstad, D.C.; Schwartzman, S.; Bamberger, B.; Santilli, M.; Ray, D.; Schlesinger, P.;
Lefebvre, P.; Alencar, A.; Prinz, E.; Fiske, G. and Rolla, A. 2006a. Inhibition of
Amazon deforestation and fire parks and indigenous lands. Conservation
Biology 20(1): 65-73.
Nepstad, D.C.; Stickler, C.M. and Almeida, O.T. 2006b. Globalization of the Amazon
soy and beef industries: Opportunities for conservation. Conservation Biology
20(6):1595-1603.
Nepstad, D.C.; Stickler, C.; Soares-Filho, B.S. and Merry, F. 2008. Interactions among
Amazon land use, forests, and climate: Prospects for a near-term forest tipping
point. Philosophical Transactions of the Royal Society of London, Series B 363:
1737-1746.
Newton, P.; Alves-Pinto, H.N. and Pinto, L.F.G. 2014. Certification, forest
conservation, and cattle: Theories and evidence of change in Brazil.
Conservation Letters. doi: 10.1111/conl.12116
Nobre, C.A. and Borma, L.S. 2009. Tipping points for the Amazon forest. Current
Opinion in Environmental Sustainability 1: 28-36.
Ometto et al. 2016 [this volume]
Peres, C.A. 1999. Ground fires as agents of mortality in a central Amazonian forest.
Journal of Tropical Ecology 15: 535-541.
Perz, S.G.; Caldas, M.; Walker, R. and Arima, E. 2008. Road networks and forest
fragmentation in the amazon: explanations for local differences with
implications for conservation and development. Journal of Latin American
Geography 7(2): 85-104. doi: 10.1353/lag.0.0004.
Perz, S.G. and Walker, R.T. 2002. Household life cycles and secondary forest cover
among small farm colonists in the Amazon. World Development 30(6): 1009–
1027.
Phillips, O.L.; Lewis, S.L.; López-González, G.; Aragão, L.E.C.; Lloyd, J.; Malhi, Y.;
Almeida, S.; Arroyo, L.; Baker, T. R.; Feldpausch, T. R.; Gloor, E. and Higuchi,
N. 2010. Drought mortality relationships for tropical forests. New Phytologist
187: 631-646.
Phillips, O.L.; Malhi, Y.; Higuchi, N.; Laurance, W.F.; Núñez, P.V.; Vásquez, R M.;
Laurance, S.G.; Ferreira, L.V.; Stern, M.; Brown, S. and Grace, J. 1998.
Changes in the Carbon Balance of Tropical Forests: Evidence from Long-Term
Plots. Science 282: 439–442.

21

Phillips, O.L. and 65 others. 2009. Drought sensitivity of the Amazon rainforest.
Science 323: 1344-1347.
Pueyo, S.; Graça, P.M.L.A.; Barbosa, R.I.; Cots, R.; Cardona, E. and Fearnside, P.M.
2010. Testing for criticality in ecosystem dynamics: The case of Amazonian
rainforest and savanna fire. Ecology Letters 13: 793-802. doi: 10.1111/j.14610248.2010.01497.x
Righi, C.A.; Graça, P.M.L.A.; Cerri, C.C.; Feigl, B.J. and Fearnside, P.M. 2009.
Biomass Burning in Brazil’s Amazonian “Arc of Deforestation”: Burning
efficiency and charcoal formation in a fire after mechanized clearing at Feliz
Natal, Mato Grosso. Forest Ecology and Management 258: 2535–2546. doi:
10.1016/j.foreco.2009.09.010
Silvestrini, R.A.; Soares-Filho, B.S.; Nepstad, D.; Coe, M.; Rodrigues, H. and
Assunção, R. 2011. Simulating fire regimes in the Amazon in response to
climate change and deforestation. Ecological Applications 21: 1573–1590. doi:
10.1890/10-0827.1
Soares-Filho, B.S.; Dietzsch, L.; Moutinho, P.; Falieri, A.; Rodrigues, H.; Pinto, E.;
Maretti, C.C.; Suassuna, K.; Scaramuzza, C.A.M. and de Araújo, F.V. 2009.
Reduction of Carbon Emissions Associated with Deforestation in Brazil: The
Role of the Amazon Region Protected Areas Program (ARPA). Instituto de
Pesquisa Ambiental da Amazônia (IPAM), Belém, Pará, Brazil. 32 pp. Available
at: http://www.ipam.org.br/download/livro/Reduction-of-Carbon-EmissionsAssociated-With-Deforestation-in-Brazil-The-Role-of-The-Amazon-RegionProtected-Areas-Program-ARPA-/184
Soares-Filho, B.S.; Moutinho, P.; Nepstad, D.; Anderson, A.; Rodrigues, H.; Garcia, R.;
Dietzsch, L.; Merry, F.; Bowman, M.; Hissa, L.; Silvestrini, R. and Maretti, C.
2010. Role of Brazilian Amazon protected areas in climate change mitigation.
Proceedings of the National Academy of Sciences USA 107(24): 10821-10826.
doi: 10.1073/pnas.0913048107.
Soares-Filho, B.S.; Nepstad, D.; Curran, L.M.; Cerqueira, G.C.; Garcia, R.A.; Ramos,
C.A.; Voll, E.; Mcdonald, A.; Lefebvre, P. and Schlesinger, P. 2006. Modeling
Conservation in the Amazon Basin. Nature 440(23): 520-523.
Soares Neto, T.; Carvalho Jr., J.; Veras, C.; Alvarado, E.; Goelo, R.; Lincoln, E.;
Christian, T.; Yokelson, R. and Santos, J. 2009. Biomass consumption and CO2,
CO and main hydrocarbon gas emissions in an Amazonian forest clearing fire.
Atmospheric Environment 43: 438-446.
Southworth, J.; Marsik, M.; Qiu, Y.; Perz, S.; Cumming, G.; Stevens, F., Rocha, K.;
Duchelle, A. and Barnes, G. 2011. Roads as drivers of change: Trajectories
across the Tri-national frontier in MAP, the Southwestern Amazon. Remote
Sensing 3: 1047–1066.

22

Souza, C.; Roberts, D.A. and Cochrane, M.A. 2005. Combining spectral and spatial
information to map canopy damages from selective logging and forest fires,"
Rem. Sens. Environ. 98: 329-343. doi:10.1016/j.rse.2005.07.013
Sparovek, G.; Berndes, G.; Barretto, A.G.O.P. and Klug, I.L.F. 2012. The revision of
the Brazilian Forest Act: Increased deforestation or a historic step towards
balancing agricultural development and nature conservation? Environmental
Science and Policy 16: 65-71. doi 10.1016/j.envsci.2011.10.008
Stickler, C.M.; Nepstad, D.; Coe, M.T.; McGrath, D.G.; Rodrigues, H.O.; Walker,
W.S.; Soares-Filho, B.S. and Davidson, E.A. 2009. The potential ecological
costs and cobenefits of REDD: A critical review and case study from the
Amazon region. Global Change Biology 15(12): 2803-2824.
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2009.02109.x/full.
Tollefson, J. 2009. Counting carbon in the Amazon. Nature 461: 1048-1052.
UNFCCC (United Nations Framework Convention on Climate Change). 1992. United
Nations Framework Convention on Climate Change. UNFCCC, Bonn, Germany
Available at: http://www.unfccc.de.
UNFCCC (United Nations Framework Convention on Climate Change). 1997. Kyoto
Protocol to the United Nations Framework Convention on Climate Change.
Document FCCC/CP/1997;7/Add1 UNFCCC, Bonn, Germany. Available at:
http://www.unfccc.de.
Vasconcelos, S.S.; Fearnside, P.M.; Graça, P.M.LA. and Nogueira, E.M. 2011.
Mapeamento das áreas afetadas por incêndios florestais no sul do amazonas e
estimativas das emissões potenciais de carbono. .pp. 8059-8066 In: Epiphanio,
J.C.N. and Galvão, L.S. (eds.) Anais XV Simpósio Brasileiro de Sensoriamento
Remoto, Curitiba, Brasil 2011. Instituto Nacional de Pesquisas Espaciais
(INPE), São José dos Campos, São Paulo, Brazil. 9268 pp.
http://www.dsr.inpe.br/sbsr2011.
Vasconcelos, S.S.; Fearnside, P.M.; Graça, P.M.L.A.; Dias, D.V. and Correia, F.W.S.
2013a. Variability of vegetation fires with rain and deforestation in Brazil´s state
of Amazonas. Remote Sensing of Environment 136: 199-209. doi:
10.1016/j.rse.2013.05.005
Vasconcelos, S.S.; Fearnside, P.M.; Graça, P.L.M.A.; Nogueira, E.M.; de Oliveira, L.C.
and Figueiredo, E.O. 2013b. Forest fires in southwestern Brazilian Amazonia:
Estimates of area and potential carbon emissions. Forest Ecology and
Management 291: 199-208. doi: 10.1016/j.foreco.2012.11.044
Vieira, I.C.G. and Becker, B.K. 2010. A revisão do Código Florestal e o
desenvolvimento do país. Ciência Hoje 46(274): 64-67.
Vitel, C.S.M.N.; Fearnside, P.M. and Graça, P.M.L.A. 2009. Análise da inibição do
desmatamento pelas áreas protegidas na parte Sudoeste do Arco de
desmatamento. pp. 6377-6384. In: J.C.N. Epiphanio & L.S. Galvão (Eds.) Anais

23

XIV Simpósio Brasileiro de Sensoriamento Remoto, Natal, Brasil 2009. Instituto
Nacional de Pesquisas Espaciais (INPE), São José dos Campos, São Paulo,
Brazil.
http://sbsr.dpi.inpe.br/col/dpi.inpe.br/sbsr@80/2008/11.13.14.42/doc/63776384.pdf
Wright, S.J. and Muller-Landau, H.C. 2006. The future of tropical species. Biotropica
38(3): 287-301.
Yanai, A.M.; Fearnside, P.M.; Graça, P.M.L.A. and Nogueira, E.M. 2012. Avoided
deforestation in Brazilian Amazonia: Simulating the effect of the Juma
Sustainable Development Reserve. Forest Ecology and Management 282: 78-91.
doi: 10.1016/j.foreco.2012.06.029

Figure legend:
Figure 1 – Brazilian Amazonia and locations mentioned in the text. Dams: (1) Jirau, (2)
Santo Antônio, (3) Belo Monte; Cities: (4) São Paulo, (5) Santarém, (6) Cuiabá,
(7) Porto Velho, (8) Claúdia, (9) Manaus, (10) Belém; Other: (11) PDBFF, (12)
Ducke Reserve, (13) RDS Juma.

