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The Changing Rates and Patterns of Deforestation and Land Use
in Brazilian Amazonia

Diogenes S. Alves.' Douglas C. Morton.” Mateus Batistella,” Dar A. Roberts.* and Carlos Souza Jr.”

Investigating the rates and patterns of land cover and land use change (LCLUC)
in Amazonia is a central issue for Large-Scale Biosphere-Atmosphere Experiment
in Amazonia (LBA) research. LCLUC, along with climatic changes, affects
the biological, chemical. and physical functions of Amazonia, thereby linking
environmental change at the local, regional, and global scales. Considerable research
has focused on estimating rates of forest conversion in Amazonia, mainly through
the use of satellite remote sensing, and evaluating factors that influence these rates.
Beyond the rates of forest loss. LCLUC research in Amazonia has also considered
the variety of agricultural uses that replace forest cover, forest degradation from
logging and fire, and secondary vegetation on previously cleared lands.

1. INTRODUCTION

Investigating the rates and patterns of land cover and
land use change (LCLUC) in Amazonia is a central issue
for Large-Scale Biosphere-Atmosphere (LBA) Experiment
in Amazonia research [Keller et al., 2004] (see the LBA
Extended Science Plan at http:/lba.cptec.inpe.br/lba/site
?p=plano_cientifico_estendido&t=1). LCLUC, along with
climatic changes. affects the biological, chemical, and phys-
ical functions of Amazonia, thereby linking environmental
change at the local. regional, and global scales [Keller et al..
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2004] (LBA Extended Science Plan at http://Iba.cptec.inpe.
br/lba/site/?p=plano_cientifico_estendido&t=1). Consider-
able research has focused on estimating rates of forest con-
version in Amazonia, mainly through the use of satellite
remote sensing and evaluating factors that influence these
rates [e.g., Tardin et al., 1980; Fearnside et al., 1990; Fearn-
side, 1990: Skole and Tucker, 1993; Alves, 2002; Margulis,
2004; Chambers et al., 2007]. Beyond the rates of forest
loss, LCLUC research in Amazonia has also considered the
variety of agricultural uses that replace forest cover, forest
degradation from logging and fire, and secondary vegetation
on previously cleared lands. LCLUC in Brazilian Amazonia
is highly heterogeneous, both spatially and temporally, as
are the varieties of agricultural uses that replace forest cover
[e.g., Becker, 1997; Machado, 1998; Faminow, 1998; Alves,
2002, 2007a; Morton et al., 2006]. To capture this hetero-
geneity, we develop a framework in which deforestation
1S one transition stage in a continuum of land use and land
cover changes and their associated impacts on ecosystems
and landscapes of Amazonia. We refer to the sequence of
land cover changes, from mature forests to agricultural uses
and abandonment, as a land use trajectory. Individual events
within a trajectory are described as transitions.

The current Amazonian landscape is an integrated measure
of'the disturbance history from different development phases
over the past 50 vears. Numerous studies have provided
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a multifaceted history of the driving forces behind fron-
tier expansion and deforestation in the region [e.g., Velho,
1976; Sawver, 1984; Schmink and Wood, 1992; Machado,
1998; Margulis, 2004], and we will not duplicate those ef-
forts here. Historically, variations in forest clearing rates
were generally linked with changes in access to the region;
thus, road building and migration were critical precursors
to forest losses. During the 1980s and 1990s, large-scale
colonization projects, credit incentives, and steady invest-
ment in the region led to annual forest losses of 1-3 million
ha [INPE, 2001, 2007] (Figure 1). More recently, economic
forces within and beyond Amazonia have exerted stronger
controls over deforestation rates and postclearing land uses,
including domestic and global demand for beef, soybeans,
and wood products [Faminow, 1998; Andersen et al., 2002;
Margulis, 2004; Veiga et al., 2004; Morton et al., 2006].
LBA contributed to the development of remote sensing
methods to map land cover and land use in Amazonia [Rob-
erts et al., 2002; Hess et al., 2003; Lu et al., 2004; Anderson
et al., 2005; Morton et al., 2006] and to greater understand-
ing of the patterns and processes of deforestation and the
overall dynamics of LCLUC through field, remote sensing,
modeling, and related studies [e.g., A/ves, 2002; Asner et al.,
2005; Soares Filho et al., 2004; Alves, 2007a). LCLUC plays
a central role in many elements of LBA research, since the

sum of recent LCLUC defines the spatial patterns of land
cover and the relative proportion of mature forest, secondary
growth, or degraded forest of varying structural characteris-
tics, wetlands, natural and planted pastures, and croplands in
any Amazonian landscape.

In this chapter, we summarize recent LBA research fo-
cused on regional-scale patterns and processes of forest
modification, conversion, postclearing land use, and the fate
of deforested land over time. Rates and patterns of defor-
estation are influenced by a range of economic, social, and
political factors, and where possible, we describe linkages
between these controls and deforestation activity. We con-
centrate on the large-scale dynamics that link a variety of
LCLUC processes; specific transitions such as logging, fire,
and individual agricultural uses will also be addressed in
more detail in the following chapters. We begin with a sum-
mary of deforestation mapping and monitoring approaches
of both forest loss and postclearing land use. Basin-wide dy-
namics of forest loss, agricultural land uses, and rates of land
abandonment are subsequently described to discuss recent
spatial and temporal trends in LCLUC. Finally, we examine
the deforestation and postclearing land use of Mato Grosso
state in greater detail to highlight rapid changes over the past
decade in this region and the development of grain produc-
tion capacity.
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Figure 1. Interannual deforestation rates in Amazonia from Instituto Nacional de Pesquisas Espaciais (INPE) deforesta-
tion surveys [/NPE, 2001, 2007; Alves, 2007b]. (1) Average annual rates for the 1978—1988 period; estimates for 1978
were produced after partial reanalysis of black-and-white Landsat MSS 1:500,000-scale images and maps by Tardin et al.
[1980] to address inconsistencies between this study and later INPE surveys [Fearnside et al., 1990]; (2) Average annual
rates for the 1992—1994 period. Statistics for the 1987-2000 period are based on visual interpretation of color compos-
ites of Landsat TM red, near-infrared and mid-infrared channels at the 1:250,000-scale. Later statistics are derived from
digital processing of Landsat TM images mapping forest clearings of 6.25 and larger.



2. CHARACTERIZING SPATIAL AND TEMPORAL
VARIATIONS OF LAND COVER AND USE

Mapping or monitoring land cover changes in Amazonia
is challenging. The region is very large, rapidly changing,
and often covered by clouds. The study of deforestation and
subsequent LCLUC has therefore relied on satellite remote
sensing and periodic agricultural censuses to construct the
spatial and temporal variations in deforestation and post-
clearing land uses. Satellite remote sensing has also been an
integral part of investigations of the forest modification by
logging and fire that often precedes deforestation and to the
characterization of the spatial and temporal distribution of
anthropogenic fires in Amazonia.

Given the vast geographic extent of inundated forests and
other wetlands, tropical forest, and savannas (Plate 1), meth-
odological approaches to map or monitor LCLUC often re-
quire trade-offs in spatial or temporal resolution [Chambers
et al., 2007]. Thus, deforestation mapping based on high-
resolution satellite data can only be completed once per year,
since cloud-free satellite coverage is most reliable during the
dry season months [Fearnside, 1990; Asner, 2001]. Moni-
toring changes in land management across Amazonia may
only be possible at 5- or 10-year intervals from agricultural
census data, given the amount of effort required to survey
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farmers across the basin. The required spatial and tempo-
ral resolution of any application will therefore influence the
choice of a specific satellite sensor or data product.

Satellite remote sensing analyses have mapped the spatial
extent of deforestation [e.g., Fearnside et al., 1990; Fearn-
side, 1990; INPE, 2001; Alves, 2007b], selective logging
[e.g., Asner et al., 2005; Souza et al., 2005], secondary for-
est [e.g., Roberts et al., 2002; Alves et al., 2003], and land
use following clearing [e.g., Moran and Brondizio, 1998;
Morton et al., 2006; Lu et al., 2008]. Region-wide deforesta-
tion in Brazilian Amazonia has been mapped with satellite
data since the 1970s [e.g., Tardin et al., 1980; Fearnside et al.,
1990; Fearnside, 1990; Skole and Tucker, 1993; Shimabu-
kuro et al., 2007; Alves, 2007b]. Annual Landsat-based sur-
veys estimate total deforested area in Brazilian Amazonia
to have reached nearly 70 million ha by 2005 [/NPE, 2001,
2007] (Plate 1).

Information regarding the timing of forest clearing activi-
ties has emerged recently with the launch of new moderate
resolution sensors SPOT-VEGETATION (1998, 1.1 km) and
Moderate Resolution Imaging Spectroradiometer (MODIS;
2000, 2003, 250 m to 1 km). Near-daily coverage from these
instruments can be combined to provide cloud-free data at
weekly to monthly intervals to map land cover change [e.g.,
Carreiras et al., 2002; Souza et al., 2003; Anderson et al.,
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Plate 1. Brazilian Amazonia showing the areas of closed forest (58%), Cerrado woodland-savannas (14%), wetlands and
water bodies (9%), and deforestation to 2005 (13%). Unobserved areas correspond to 2005 cloud cover (6%) or areas
outside the limits of Brazilian Amazonia. Data sources: closed forest, woodland-savannas, and deforestation [INPE,

2007]; wetlands and water bodies [Hess et al., 2003].
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2005; Morton et al., 2005; Lu et al., 2008]. Moderate resolu-
tion data are not ideal for quantifying fine-scale land cover
changes; deforestation monitoring algorithms only consider
forest losses larger than several moderate resolution pixels,
or approximately 25 ha [Morton et al., 2005; Shimabukuro
et al., 2007]. MODIS-based deforestation monitoring pro-
vided the first regional understanding of the timing of for-
est clearing activities [Anderson et al., 2005; Kay, 2005;
Shimabukuro et al., 2007]. For recent deforestation in Mato
Grosso state, clearing activity began in 93% of deforested
areas prior to the onset of dry season conditions [Kay, 2005].
Clearings initiated in the wet season averaged three to five
times the size of those areas cleared during the dry season,
indicating that mechanized clearing may be less dependent
on climate conditions than previously thought [Kay, 2005].
Data from DETER, an operational deforestation monitoring
system developed by Instituto Nacional de Pesquisas Espa-
ciais, Sao Paulo, Brazil [Shimabukuro et al., 2007], show

M > 1000 ha

@ <s0ha

Not
analysed

: /
——— kM T

Plate 2. (a) Regions of predominance of forest clearings of various
sizes during 1991-1997 [after A/ves, 2002]. Categories represent
the clearing size that accounted for 50% or more of the total cleared
area in the period; area depicted comprises the '4° cells that accu-
mulated the first 95% in the Lorenz curve shown in Figure 3 [after
Alves, 2002]. (b) Same as Plate 2a but for 2000-2005.
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Plate 3. Contrasting patterns of forest fragmentation and land cover
in two regions of Rondénia. Old secondary forest appears to be
abundant in an area of the northwestern part of the state. Within a
region of old settlement near the town of Jaru, deforestation elimi-
nates most forest cover between 1986 and 2003. Each scene is 21
km across.

that deforestation timing differed markedly between 2005
and 2006. In 2005, forest clearing in Mato Grosso was al-
most equally split between September and April (47%) and
May and August (53%), suggesting a strong wet season
clearing component (November and April, 31%). In 2006,
less than 20% of all clearing between was identified before
May. Less wet season clearing in 2006 is consistent with
reductions in large, mechanized clearing activities compared
to other recent years.

Agricultural census data are a rich archive of regional in-
formation on agricultural production, land management de-
cisions, and related ecosystem and economic impacts. For
1970-1985, censuses were carried out every 5 years; after
this period, a single survey was conducted (1995/1996),
and a new census was underway in 2007. Census data are
generally available at the municipal scale; however, due to
frequent subdivisions of large municipalities, establishing a
consistent unit of analysis to track changes over the entire
1970-1996 period would require very large, heterogeneous
units, which, in some cases, would include entire states (see,
for example, http://www.ipeadata.gov.br). Also, method-



ological issues from changes in the categories of data or
the period of data collection, and difficulties related to the
logistics of data collection in Amazonia further complicate
comparisons between censuses. Despite these drawbacks,
agricultural censuses constitute the most complete survey
of agricultural production, including the area under different
land use categories, crop production, and agricultural inputs,
allowing for detailed analyses of social, economic, and en-
vironmental aspects of agriculture in Amazonia and com-
parison of the region with other parts of Brazil. During LBA,
research based on data from the agricultural censuses evalu-
ated the suite of positive and negative effects of deforesta-
tion in Amazonia [4ndersen et al., 2002] and the dynamics
of land abandonment and land use intensification during this
period [Alves, 2007a]. Methodological advances in fusing
satellite and census data captured the corresponding spatial
detail and management information in both data types for
studies of land cover change and future landscape scenarios
[Cardille and Foley, 2003; Morton et al., 2009].

3. LAND COVER AND LAND USE CHANGE:
PATTERNS AND TRAJECTORIES IN AMAZONIA

The same LCLUC trajectory can result from different
suites of transitions, depending on the type of initial forest
disturbance and the number of preceding land uses (Figure 2).
For example, the forest to pasture trajectory can occur di-
rectly, if mature forest is clear-cut to plant grasses, or in-
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directly if pastures are established following logging or
crop cultivation. The likely transition pathway from forest
to other land uses depends on the stage of frontier occu-
pation and the site conditions, such as distance to existing
settlements and roads [4/ves, 2002], soils and topography
[e.g., Machado, 1998], land tenure, houschold assets, and
market conditions for specific forest or agricultural products
[Batistella et al., 2003; Batistella and Moran, 2005]. These
factors influence the probabilities for individual transitions
within this diagram at a variety of spatial scales; the spatial
extent of logging and deforestation were nearly equivalent
during 2000-2002, yet logged forest within 25 km of major
roads had a higher probability of being deforested than un-
logged forest [Asner et al., 2006].

Census data from 1970 to 1995 show several key trends
in LCLUC trajectories during the expansion of the agricul-
tural frontier. During this period, the majority of deforested
land was converted to pasture for cattle ranching. The rela-
tive importance of temporary crops was relatively stable
across much of Amazonia except Mato Grosso (Table 1).
The contribution of Amazonian cattle to the total Brazilian
herd increased from 8% to 23%, driven by both an increase
in pasture area and a doubling of the average stocking rates
per hectare.

The long-term land use trajectories in a given region may
be linked to different land use processes and socioeconomic
factors. For example, cycles of land abandonment can be
linked to shifting cultivation or land rotation in established
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Figure 2. (a) Diagram showing the most common transitions among land cover/use classes studied during LBA. Initial
forest disturbances occur through clear-cutting (solid), fire (dashed), and logging (dotted). Subsequent transitions among
pasture, cropland, secondary forest, and degraded forest cover types show the diversity of pathways that are possible for
any land use trajectory. (b) Transition probabilities for postclearing land uses in Mato Grosso state during 20002005
for forest, secondary forest. and cerraddo woodland clearings >25 ha. Small deforestation events (<25 ha. not shown) in
Mato Grosso account for 15% of all deforestation. Percentages refer to the fraction of cleared area converted to specific
land uses [Morton et al., 2006, 2007a].
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Table 1. Evolution of Aggregate Land Use Statistics According to Brazilian Agricultural

Census®

1970 1975 1980 1985 1995

Land Category, % Total Farm Area
Pasture 37.9 3535 352 36.8 424
Crops, temporary 2.6 3.3 4.1 4.4 39
Crops, permanent 0.3 0.4 0.7 0.8 0.8
Forest 37.3 43.0 42.4 40.4 413
Abandoned land® 15.5 13.1 9.8 8.9 5.7
All other® 6.4 4.7 7.8 8.7 59
Temporary Crops in MT and in All Other States, % Total
Farm Area

Mato Grosso state 1.4 21 4.1 5.3 5.6
All other states 3.0 3.8 4.0 4.0 2.8

Cattle Head in Amazonia as a Fraction of National Herd, %

8.2 9.0 12.7 14.7 23.3
Average Stocking Rate, head/ha
0.30 0.30 0.40 0.40 0.70

#Aggregate data for the nine states belonging to Legal Amazonia: Acre, Amapa, Ama-
zonas, Maranhdo, Mato Grosso, Par4, Rondonia, Roraima, and Tocantins. Source: http:/

www.ipeadata.gov.br.

®Abandoned land is defined as land unused for more than 4 years.
“All other includes land in rotation, planted forest, and other categories like swamps.

-farms; cropland can rotate with pasture when grain prices
are low. Although not shown in Figure 2, agroforestry, re-
forestation, urban expansion, and other types of land use can
also replace pastures or croplands. In addition, some land
use trajectories can be influenced by a combination of fac-
tors, such as forest degradation from selective logging and
fire [Nepstad et al., 1999], which fundamentally alter forest
structure and land value.

Particular LCLUC transitions generate unique patterns of
forest loss. Different agrarian regimes, including farm size,
the architecture of settlement projects, and different pro-
duction and land management strategies can lead to diverse
expressions of the same trajectory in landscape patterns.
The composition and configuration of the landscapes pro-
duced have important consequences for the functioning of
the biophysical systems in Amazonia and may help inform
discussions of plausible development scenarios for the re-
gion. Within many older agricultural frontiers, concentrated
deforestation activity in the vicinity of major roads and colo-
nization projects [Machado, 1998; Alves, 2002] has led to
landscapes dominated by pastures and cropland. The mag-
nitude of forest clearing for agriculture in these areas often
exceeds the limits prescribed by the Brazilian Forest Code
[Alves et al., 2003; Alvez, 2007b].

The following sections review advances in understanding
the evolution of landscape patterns and the dominant long-
term LCLUC trajectories in Amazonia.

3.1. Landscape Patterns of Forest Conversion

Deforestation in Amazonia has replaced the forest with a
fragmented landscape of pasture and agricultural areas, leav-
ing few forest remnants where deforestation has been most
concentrated. The total extent of deforestation in Amazonia
until 2005, depicted in Plate 1, provides a first approxima-
tion of important regional patterns in forest loss. Major road
and river networks are buffered by the outlines of historic
deforestation and older frontier areas of eastern Para, Mato
Grosso, and Ronddnia states have greater forest loss than
newer frontiers in central Para, Acre, or Amazonas states.
Specific site conditions, including soil quality or topogra-
phy, further influence both the location of forest clearing and
the postclearing land uses, such that patterns of deforestation
and land use may be locally consistent.

The spatial patterns resulting from forest conversion may
differ substantially across the basin as a function of clear-
ing size (Plate 2). Deforestation between 1991 and 1997 oc-
curred in very large clearings in central Mato Grosso and



eastern Para states and in smaller clearings in regions with
higher densities of settlement projects in Para and Rondo-
nia. Overall, large clearings on larger farms contributed the
greatest fraction of total deforestation (Figure 3) [A4lves,
2002]. During 2000-2005, the patterns in deforestation size
show a bimodal distribution, with regions either dominated
by very large (>1000 ha, 25% of cells) or very small (<50 ha,
51% of cells) clearing sizes. Very large clearings in central
Para, southern Amazonas, and central Roraima states sug-
gest that these regions were recently exposed to the same
degree of capital and technology that was previously found
only in older frontier areas.

Landscape patterns of forest conversion at the local
scale reflect additional heterogeneity beyond clearing size
(Plate 3). In 1986, central Rondonia near Jaru was already
highly disturbed, consisting of nearly equal proportions of
primary forest and pasture, with pasture concentrated along
planned roads at 4-km intervals. By 2003, linear strips of
forest from 1986 had been reduced to small forest fragments,
many of which were less than 1 km across. Small patches of
secondary forest mapped in 2003 occur exclusively along
the margins of forest fragments that have never been cleared,
suggesting that forest edges are taking on the spectral sig-
nature of secondary forest in the absence of any clearing.
Patterns in a region of the nearby municipio of Ariquemes
differ markedly with extensive tracts of mature forest in both
1986 and 2003, no “fishbone” pattern from evenly spaced
roads, and some large patches of secondary forest as much
as 18 years old. Differences in fragmentation patterns reflect
differences in the architecture of settlement and colonization
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Figure 3. Lorenz curve of the 1991-1997 deforestation rate calcu-
lated for 4° cells and accompanying cumulative curves of the area
of forest clearings of two different sizes in the same period [after
Alves. 2002].
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projects, whereas the persistence of secondary forest in the
northwest is likely due to higher rainfall and poorer soils in
this region.

3.2. Forest Degradation From Logging

Selective logging is one of the most important drivers
of forest degradation and land cover change in Amazonia.
Logging is rarely practiced in a sustainable fashion. In fact,
only 1248 ha of mature forests were harvested following the
Forest Stewardship Council (FSC) standards in Amazonia in
2003 [Lentini et al., 2005].

The extensive network of secondary roads built by log-
gers and capital obtained by land owners selling timber help
to accelerate the deforestation process near sawmill centers
[Uhl et al., 1991; Verissimo et al., 1992]. Unmanaged log-
ging practices lead to forest degradation through damage to
forest structure and altered species composition [see Asner
et al., this volume]. Using remote sensing techniques, As-
ner et al. [2005] estimated that the annual area affected by
logging was 12,000-19,000 km> between 2000 and 2002,
equivalent to the average annual deforestation rate during
this period of 18,000 + 2900 km [/NPE, 2007]. Logging and
deforestation are not mutually exclusive; an average of 16%
of logged forests are clear-cut in the first year following log-
ging operations, with 33% deforested within 4 years of log-
ging [Asner et al., 2006]. Canopy damage and slash from
logging operations increase the likelihood of fire damage in
logged forests [Nepstad et al., 1999], although the extent of
logged and burned forest has not been estimated for the en-
tire Amazon region.

3.3. Forest Conversion to Pasture

According to census data, pasture has been the most com-
mon land use in Amazonia (Table 1). Typical processes of
pasture establishment in Amazonia include the direct con-
version of forest to pasture or a longer conversion trajec-
tory beginning with an initial phase of annual crops before
pasture establishment after a number of years [e.g., Millikan,
1992]. After establishment, pasture productivity typically
remains high for 5 to 7 years before declining due to changes
in soil fertility and pH, resulting in a progressive decrease in
forage quality and increased weed invasion [Buschbacher,
1986; Serrao and Toledo, 1990].

As pasture quality degrades, pastures can either be re-
invigorated through repeated cycles of burning, reformed via
fertilizer application and reseeding, or abandoned to second-
ary succession. The length of time a pasture remains produc-
tive is highly dependent on pasture management practices,
local climate, and soil quality [Serrdo and Toledo, 1990;
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Moran, 1993; Dias Filho et al., 2000; Numata et al., 2007].
For example, pastures established on Alfisols or Ultisols in
Ronddnia that receive moderate levels of precipitation can
remain productive for well over 20 years, whereas pastures
established on Oxisols or in more humid or arid conditions
show earlier evidence of degradation and higher rates of
abandonment [Numata et al., 2007].

Cattle ranching remains the dominant land use in Amazo-
nia (Table 1), following important changes during the last
decades. Faminow [1998] argues that a fundamental cause
for the growth of the cattle herd was the considerable ex-
pansion of regional demand associated with urban growth.
Andersen et al. [2002] and Margulis [2004] reviewed the
many motivations for cattle ranching and intensification of
pasture use, concluding that ranching became profitable in-
dependent of subsidies due to the growth of urban demand
and increased productivity. Veiga et al. [2004] observed a
variety of market chains stimulated by local demands and
markets outside Amazonia. Higher stocking rates are more
commonly found in the most deforested areas, suggesting
a transition to pasture use intensification [A/ves, 2007a].
Taken together, these factors help to explain the continued
predominance of pastures in land use trajectories in Amazo-
nian landscapes.

3.4. Forest Conversion to Cropland

_ In the context of LCLUC, we classify forest conversion to
cropland according to the most common land use trajectories
in recent decades. Cropland may directly follow deforesta-
tion or arise as part of a rotation cycle with secondary forest
or pasture. Direct conversion of forest to cropland occurs
for both small-scale [e.g., Moran and Brondizio, 1998] and
large-scale crop production [Morton et al., 2006]. In addi-
tion to subsistence crops, small farmers may also invest in
other crops for local or national markets [Moran and Bron-
dizio, 1998; Costa, 2007]. Forest conversion for soybean,
maize, or other grain production follows the recent develop-
ment of crop varieties specifically adapted to the soils and
climate of some Amazon regions [Warnken, 1999; Jepson,
2006]. The dynamics of forest conversion for mechanized
crop production in Mato Grosso is discussed in more detail
in section 4.1.

The nature of rotation systems between cropland and forest
or pasture depend on both farm size and market conditions.
For small farms, crop areas may be used until soil nutrients
are depleted and then abandoned for several years to allow
forest vegetation to accumulate nutrients. The length of fal-
low rotations in a “‘slash-and-burn™ or “chop-and-mulch™
system depends on the rate of forest recovery and farm size
[Denich et al., 2004]. On larger farms, market conditions

for beef or grains may determine the interannual patterns of
pasture and cropland use or the frequency of fallow cycles.

Cropland can be both a precursor to land consolidation
for cattle ranching or an endpoint itself, independent of farm
size. Census data suggest that in Amazonia, croplands es-
tablished in the original phases of colonization were largely
replaced by cattle ranching as more forest was converted
[Alves, 2007a]. However, recent expansion of mechanized
crop production was generated through new deforestation,
savanna clearing, and transitions from pasture to cropland
[Morton et al., 2006]. The diversity of transition pathways,
crop types, and farm sizes in Amazonia highlights the spatial
and temporal variability of cropland on the landscape.

Deforestation dynamics in Mato Grosso state represents
one case of particular interest because of specific sociodemo-
graphic, economic, and bioclimatic conditions, suggesting
the establishment of a new land use system differing from
those dominating in other parts of Amazonia. Mato Grosso
had the highest deforestation rate during 1995-2005, ac-
counting for 33-—43% of the annual deforestation increment
in the Brazilian Amazon [/NPE, 2007]. High rates of forest
loss were driven by large clearing sizes [4/ves, 2002; Mor-
ton et al., 2006; Ferreira et al., 2007] (Plate 2 and Figure 3);
large landholders (>1000 ha) owned an estimated 84% and
82% of all land in private property statewide according to
the 1985 and 1996 agricultural censuses, respectively [/BGE,
1996]. Although deforestation is associated with a variety of
influences, economic factors have been largely linked with
credit and economic opportunities for extensive cattle ranch-
ing operations and crop production such as soybeans, and
with inter-regional differences in land prices [Fearnside,
2001; Andersen et al., 2002; Margulis, 2004; Morton et al.,
2006].

Deforestation in Mato Grosso is highly mechanized in
comparison with other states. Two tractors, linked by a
strong chain, are used to pull down trees in the transitional
forests. Even in taller-stature forests, heavy machinery is
used to manage manually felled trees. Piling and re-burn-
ing forest vegetation can reduce standing forest to bare soil
in a matter of months. Unlike previous estimates of carbon
losses from deforestation, where 20% of biomass is com-
busted, and the remainder decomposes over 10-30 years
[Fearnside et al., 1993; Houghton et al., 2000], mechanized
forest clearing practices may result in near-complete com-
bustion of aboveground woody biomass and woody roots
[Morton et al., 2008]. Mechanization has thereby increased
the potential size of forest clearings and decreased the dura-
tion of the deforestation process.

Combined advances in deforestation mapping and track-
ing the fate of cleared land provide spatial and temporal de-
tails regarding land cover transitions statewide. Vegetation



phenology, derived from time series of MODIS data, has
proven useful for separating land cover types and following
changes in land management over time [Ratana et al.. 2005;
Morton et al.. 2006: Brown et al., 2007]. Figure 2b high-
lights the dynamics of 2000-2005 transitions among major
cover types in Mato Grosso state, showing the proportion of
new deforestation, woodland savanna, and secondary forest
conversions >25 ha as a function of postclearing land use.
The main driver of forest loss in Mato Grosso is large-scale
cattle production, yet direct conversion of forest to cropland
contributed substantially to the number of large deforestation
events and to woodland and secondary forest losses during
this period [Morton et al.. 2006, 2007a, 2007b]. Secondary
forest is not a large component of the landscape in Mato
Grosso compared with estimates for other regions, compris-
ing only 11-14% of historic deforestation [Carreiras et al.,
2006; Morton et al., 2007a]. Detailed analysis of the source
of secondary and degraded forests in Mato Grosso from aban-
donment, logging, and burning remains a research challenge.

Expansion of soybeans and other mechanized crop vari-
eties in Amazonia has renewed the debate over extensive
versus intensive land uses, and about the social and envi-
ronmental outcomes of agricultural expansion. Climate,
soils. and topography are suitable for soybean cultivation in
forested regions of northern Mato Grosso and surrounding
areas [Jasinski et al., 2005], and some authors have argued
that soybean cultivation can be a competitive, intensive agri-
culture alternative over extensive and low-productive cattle
ranching [e.g., Andersen et al., 2002; Margulis, 2004]. How-
ever. soybean production can contribute to pushing cattle
ranching into new deforestation frontiers, as seen following
its introduction in southern and west-central Brazil [4nder-
sen et al., 2002], even if a detailed assessment of the role of
soybeans in concentration of land tenure and income, rural
outmigration, and loss of biodiversity has not yet been com-
pleted [Fearnside, 2001].

3.5. Land Abandonment and Secondary Vegetation Growth

Considerable research has focused on mapping second-
ary forest at local and regional scales [Lucas et al., 1993;
Moran et al., 1994; Roberts et al., 2002; Alves et al., 2003;
Carreiras et al., 2006]. Secondary forests are a potential
carbon sink and can help recover hydrological and biogeo-
chemical functioning after forest clearing [e.g., Brown and
Lugo. 1990; Moran et al.. 1994]. Secondary succession can
develop following different pathways, including land rota-
tion during shifting cultivation and land abandonment after
pasture degradation or immediately following forest clear-
ing: species composition, vegetation structure, and rates of
carbon uptake in secondary forests are highly dependent
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upon soil type and prior land use [Alves et al., 1997; Moran
et al., 2000; Lucas et al., 2002; Zarin et al., 2005].

Census data and remote sensing analyses raise important
questions about the long-term dynamics of secondary veg-
etation in Amazonia. The proportion of cleared land that was
unused for more than 4 years as a percentage of farm area
declined steadily, from 15.5% to 5.7%, during 1970-1995
(Table 1). This evidence is consistent with findings that
rates of land abandonment were higher in newly established
frontiers, while secondary vegetation tended to be re-cleared
concurrently with the elimination of mature forest remnants
in older settlement areas [4/ves et al., 2003; Alves, 2007a].
Time series of satellite data show that secondary forest is a
dynamic component of the landscape in the Ariquemes and
Ji-Parana regions of Rondodnia (Figure 4). In both regions.
steady increases in pasture area resulted from more rapid
re-clearing of secondary forest than pasture abandonment.
Overall, the contribution of secondary forest remained sta-
ble or declined during 1986-2003, never exceeding 10% of
the landscape. Declining rates of land abandonment in more
intensively deforested areas indicate that over the long term,
secondary forests may offset only a small fraction of the ini-
tial carbon emissions from deforestation [4/ves et al.. 1997,
Alves, 2007a].

4. CONCLUSIONS AND OUTLOOK

Brazilian Amazonia is one of most active regions of ag-
ricultural expansion in the world. Clearing tropical forest is
the primary means to increase the area of cattle pasture and
crops, while related processes such as logging, fire for land
clearing and management, land abandonment, and land use
intensification are also key elements of the LCLUC dynam-
ics. The conceptual model of transitions between multiple
land cover and use states illustrates the heterogeneity of
LCLUC trajectories and their expression in landscape pat-
terns across Amazonia. Characterizing the spatial patterns
created by such processes represents an important methodo-
logical success in Amazonia, based on multiple data sources
and a variety of analysis techniques, from which to investi-
gate the role of LCLUC on the biophysical system.

Agriculture in the region is becoming increasingly in-
tensive, conducted by large-scale operators with sufficient
access to capital. These shifts in the spatial and temporal
dynamics of LCLUC are present in both census data and
satellite remote sensing as a decrease in secondary forests,
increase in pasture stocking rates, and rapid expansion of
the area under mechanized agriculture. The rise of intensive
production and the influence of both national and interna-
tional market forces on land use have led to the development
of new ecologically oriented certification schemes for beef
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Figure 4. Transitions among pasture (gray), secondary forest (dashed), and primary forest (black) for the Ji-Parana and
Ariquemes regions of Rondénia state during 1986-2003. Dynamics for pasture in (a) Ji-Parana and (b) Ariquemes. Val-
ues above the x axis represent a gain of a specific class as a percentage of the landscape, and values below the axis repre-
sent a loss. Changes in secondary forest over time in a similar manner for (c) Ji-Parana and (d) Ariquemes. In Ji-Parana,
pasture shows a general increase over time, with most pasture originating from areas that were previously pasture. Pasture
loss is primarily to secondary forest. Secondary forest shows no significant increase over time in Ji-Parana, leading to a
declining ratio of secondary forest to cleared lands. Large fluctuations between pasture and secondary forest in Ji-Parana
during 1997-1999 are most likely due to early dry season imagery in these years leading to overestimating secondary
forest. Rates of pasture abandonment to secondary forest were more stable in Ariquemes than in Ji-Parana. Both pasture
and secondary forest show a general increase over time, resulting in a ratio of secondary forest to pasture of over 30%
in Ariquemes.

and grain production in Amazonia. At the same time, high and “new” frontiers presenting a challenge for delineating
deforestation rates in older settlement areas, expansion of plausible future scenarios of LCLUC in Amazonia.

agricultural frontiers into new areas, and prevailingly low Advances in satellite remote sensing of deforestation and
productivity of land show the recurrence of historical trends.  postclearing land use have led to high-quality data for both
Thus, a diversity of actors remain influential in both “old” science and policy applications. Deforestation mapping



in Brazilian Amazonia provides detailed estimates of for-
est loss on an annual basis. Advancement in near real-time
monitoring of deforestation in cerrado and closed forest and
mapping selective logging has generated essential data for
environmental monitoring. Successes in remote sensing of
deforestation in Amazonia serve as an important example of
technical progress for other nations considering programs to
reduce deforestation.

Future research will continue to focus on the economic,
social, and environmental elements of each forest loss tra-
jectory, highlighting spatial and temporal heterogeneity in
the causes and consequences of Amazon deforestation. Re-
cent advances in remote sensing pave the way for additional
efforts to quantify the basin-wide impacts of forest degrada-
tion from fire, forest fragmentation, and land abandonment
to secondary forest. Findings from LBA also lay the ground-
work for related research on the influence of specific land
use transitions and spatial patterns of land cover for climate,
biogeochemistry, and long-term agricultural productivity, as
reported in the following chapters of this book.
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