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Intensive mechanized agriculture in the Brazilian Amazon grew by 
>3.6 million hectares (ha) during 2001-2004. Whether this cropland 
expansion resulted from intensified use of land previously cleared 
for cattle ranching or new deforestation has not been quantified 
and has major implications for future deforestation dynamics, 
carbon fluxes, forest fragmentation, and other ecosystem services. 
We combine deforestation maps, field surveys, and satellite-based 
information on vegetation phenology to characterize the fate of 
large (>25-ha) clearings as cropland, cattle pasture, or regrowing 
forest in the years after initial clearing in Mato Grosso, the Brazilian 
state with the highest deforestation rate and soybean production 
since 2001. Statewide, direct conversion of forest to cropland 
totaled >540,000 ha during 2001-2004, peaking at 23% of 2003 
annual deforestation. Cropland deforestation averaged twice the 
size of clearings for pasture (mean sizes, 333 and 143 ha, respec- 
tively), and conversion occurred rapidly; >90% of clearings for 
cropland were planted in the first year after deforestation. Area 
deforested for cropland and mean annual soybean price in the year 
of forest clearing were directly correlated (R2 = 0.72), suggesting 
that deforestation rates could return to higher levels seen in 
2003-2004 with a rebound of crop prices in international markets. 
Pasture remains the dominant land use after forest clearing in 
Mato Grosso, but the growing importance of larger and faster 
conversion of forest to cropland defines a new paradigm of forest 
loss in Amazonia and refutes the claim that agricultural intensifi- 
cation does not lead to new deforestation. 
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The "arc 
of deforestation" along the southern and eastern 

extent of the Brazilian Amazon is the most active land-use 
frontier in the world in terms of total forest loss (1) and intensity 
of fire activity (2). Historically, the dominant pattern of forest 
conversion has begun with small-scale exploration for timber or 
subsistence agriculture, followed by consolidation into large- 
scale cattle ranching operations or abandonment to secondary 
forest (3-5). Recent expansion of large-scale mechanized agri- 
culture at the forest frontier has introduced a potential new 
pathway for forest loss, generating debate over the contribution 
of cropland expansion to current deforestation dynamics (5-9). 
In the nine states of the Brazilian Legal Amazon, mechanized 
agriculture increased by 36,000 km2,tt and deforestation totaled 
93,700 km2#* during 2001-2004. Recent gains in the area under 
cultivation and the productivity of locally adapted crop varieties 
have made Brazil a leading worldwide producer of grains such as 
soybeans; the agribusiness sector now accounts for more than 
one-third of Brazil's gross national product (10). 

The state of Mato Grosso alone accounted for 87% of the 
increase in cropland area and 40% of new deforestation during 
this period. Whether cropland expansion contributes directly to 
deforestation activity or occurs only through the intensified use 
of previously deforested areas has important consequences for 

ecosystem services (11), such as carbon storage, and future 
deforestation dynamics. 

Amazon deforestation is Brazil's largest source of CO2 emis- 
sions (12, 13). Carbon fluxes from deforestation are a function 
of the area of forest loss (14-16) and related forest disturbances, 
such as fire (17, 18) and logging (17, 19), variations in forest 
biomass across the basin (20), and land use or abandonment after 
forest clearing (3, 21). Land use after forest clearing remains a 
major source of uncertainty in the calculation of deforestation 
carbon fluxes because methods to assess deforestation trends in 
Amazonia have not followed individual clearings over time (4, 5, 
22-28). The relative contributions of smallholder agriculture and 
large-scale cattle ranching to annual forest loss have been 
inferred from the size of deforestation events (5, 28), but no 
direct measurements have been available. Rapid growth of 
large-scale agriculture in Amazonia challenges the historic re- 
lationship between land use and clearing size. 

We determine the fate of large deforestation events (>25 ha) 
during 2001-2004 in Mato Grosso State to provide satellite- 
based evidence for the relative contributions of cropland and 
pasture to increasing forest loss during this period (Fig. 1). Our 
approach combines satellite-derived deforestation data, vegeta- 
tion phenology information from the Moderate Resolution 
Imaging Spectroradiometer (MODIS; ref. 29), and 2 years of 
field observations to establish the spatial and temporal patterns 
of land use after forest clearing. 

Direct measurement of land use after deforestation is aided by 
MODIS, which began near-daily coverage of the entire Amazon 
Basin at 250-m to 1-km resolution in February 2000. The higher 
frequency of observations at moderate resolution improves the 
problem of persistent cloud cover in high-resolution satellite 
data for Amazonia (30) without sacrificing the ability to char- 
acterize land-cover changes in a fragmented forest landscape 
(31, 32). Time series of cloud-free composite images at 16-day 
intervals provide vegetation phenology information to identify 
different land-cover types from the unique patterns of vegeta- 
tion greenness for cropland, pasture, and forest (33). 
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ttTotal area planted in soybeans, corn, cotton, rice, sugarcane, and sorghum from munic- 
ipality data on crop production (IBGE Municipal Agricultural Production, www.sidra.ibge. 
gov.br). 

S*Annual deforestation increment from INPE PRODES, www.obt.inpe.br/prodes. 
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Fig. 1. Tropical deforestation for cropland agriculture in Mato Grosso state (2001-2004) is concentrated along the existing agricultural frontier. (Inset) Location 
of the study area subset within Mato Grosso state and the Amazon Basin. 

Results 
The expansion of large-scale mechanized crop production con- 
tributed directly to 2001-2004 deforestation in Mato Grosso, 
adding to the existing pressure for forest loss from cattle 
ranching (Fig. 2 Upper). We estimate that the area of tropical 
forest converted directly to large-scale crop production during 
2001-2004 ranged from 785 to 2,150 km2 per year, peaking at 
23% of 2003 annual deforestation in large clearings (>25 ha). 
Total cropland deforestation during this period exceeded 5,400 
km2 of 33,200 km2 total deforestation in large clearings. 

A shift in clearing dynamics occurred between 2002 and 2003 
deforestation. The fraction of deforested area converted to cattle 
pasture decreased from 78% to 66%, whereas direct transitions to 
cropland increased from 13% to 23%, and the amount classified as 
not in production (9-10%) and in small clearings (15-17%) re- 
mained nearly constant. Favorable market conditions for agricul- 
tural exports, especially for soybeans, may have influenced the 
patterns in land use after deforestation. The mean annual soybean 
price during 2001-2004 was related to the amount of deforestation 
for cropland in Mato Grosso (R2 = 0.72). 

For all years, the average clearing for cropland was more than 
twice the size of that for pasture (cropland mean = 333 ha, SD = 
459 ha; pasture mean = 143 ha, SD = 267 ha; P < 0.0001). 
Deforestation for cropland accounted for 28% of the clearings 
>200 ha in 2003 compared with 6% of clearings <200 ha (Fig. 
2 Lower). Smaller-size classes showed higher proportions of 

clearings not in production and slower conversions than larger 
deforestation-size classes. 

The transition from forest to cropland occurred rapidly. 
Satellite-based vegetation phenology showed evidence of plant- 
ing on >90% of new cropland areas during the year immediately 
after forest clearing. Conversions of forest to cattle pasture 
occurred more slowly than cropland transitions, such that 72- 
86% of pasture clearings were identified in the year after 
clearing, with the remainder requiring >2 years to develop a 
clear grass phenology component over the majority of the 

deforested area. Deforested area classified as not in production 
diminished in each subsequent year after deforestation, as forest 
clearings were gradually converted to pastures or cropland. 

Cropland deforestation in Mato Grosso during 2001-2004 was 
concentrated within the Xingu river basin and near the existing 
centers of crop production (Sinop, Sorriso, Lucas do Rio Verde, 
and Nova Mutum) along the CuiabMi-Satar6m highway (BR-163) 
in the central Mato Grosso State (Fig. 1). Deforestation for 
cattle pasture predominated in the northern and western por- 
tions of the state, and deforestation that retained or regrew 
forest cover did not show a specific spatial pattern. 

The spatial distribution of large clearings during 2002-2005 
shows the gradual advance of very large deforestation events into 
municipalities in northwest Mato Grosso (Fig. 3). Large clear- 
ings near the existing mechanized agricultural frontier in central 
and eastern Mato Grosso were highest in 2003 and 2004. In 2005, 
soybean prices fell by >25%, and municipalities in eastern Mato 
Grosso showed a decrease in large deforestation events, yet the 
central agricultural zone continued to exhibit a similar degree of 

large forest-clearing activity. 

Discussion 
Deforestation for large-scale cropland accounted for 17% of forest 
loss in large clearings during 2001-2004 in Mato Grosso, signaling 
a shift from historic uses of cattle ranching and smallholder 

agriculture. Growth in the number of large deforestation events 

(>25 ha) was responsible for annual increases in deforestation 

during the study period, and the relative contribution of cropland 
to large deforestation events was directly correlated with the price 
of soybeans in the year of forest clearing. Pasture remains the 
dominant land use after deforestation in Mato Grosso, but our 
results show a general trend of increasing cropland deforestation 
during 2001-2004 and a continuation of the pattern of large forest 

clearings in the central agricultural region in 2005. The rise in 

importance of deforestation for cropland signifies a new paradigm 
of Amazon deforestation defined by larger clearing sizes and faster 
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Fig. 2. Trends in land use after 2001-2004 deforestation events >25 ha in 
Mato Grosso state, Brazil. (Upper) Summary of conversion dynamics by post- 
clearing land cover from satellite-based phenology information in the years 
after forest clearing. A preliminary estimate of 2005 deforestation is shown in 
gray (INPE PRODES). Inflation-adjusted prices per 60-kg sack of soybeans for 
the same period as the annual deforestation increment (September-August) 
are plotted on the right-hand axis in Brazilian Reais (R$).SS (Lower) Fate of 
2003 deforestation events by clearing size. 

rates of forest conversion than previous pathways of forest loss for 
pasture or smallholder agriculture. Our findings challenge previous 
assumptions about the fate of carbon after deforestation (3, 21), 
economic drivers of land-use change in Amazonia (4, 28, 34), and 
the possibility for land sparing through crop intensification (7, 35). 

Implications for Future Deforestation Dynamics. Mechanization of 
both forest clearing and crop production has encouraged simul- 
taneous expansion and intensification of land use at the forest 
frontier. Although the growth of high-yield mechanized agricul- 
ture can be a land-sparing option compared with lower-yield 
methods (35), our results suggest that intensification of crop 
production in the Brazilian Amazon to meet global demand for 
feed crops (8, 9, 36) does not necessarily lead to local land 
sparing. Growing production of soybeans and other crops in 
Amazonia is also a function of expansion into nonforest cover 
types (33) and increased yields (ref. 7; Fig. 4). Conversion of 
planted pastures and natural grasslands accounted for 36% of 
new cropland area in Mato Grosso between 2001 and 2004, and 
an additional 30% of cropland expansion statewide replaced 
Cerrado savanna/woodland vegetation (33). Improved yields led 

to higher corn, rice, cotton, and sorghum production from Mato 
Grosso during 2000-2004, but soybean yield was 10% lower in 
2004 than peak production in 2002 based on Brazilian Institute 
for Geography and Statistics (IBGE) Municipal Agricultural 
Production agricultural census data. Declining soybean yields 
may reflect expansion of cropland into less-productive sites, 
reductions in soil fertility, or lower harvests because of soybean 
rust (Phakopsora pachyrhizi; ref. 37) and other crop pathogens. 
Declining yields could be either an incentive or a disincentive to 
clear more land, but it is not possible to make this distinction 
from our analysis. 

Continued expansion of cropland production in Amazonia is 
possible. Large areas of the Amazon Basin are projected to have 
suitable soils, climate, and topography for large-scale mecha- 
nized agriculture (U.S. Department of Agriculture, www.fas. 
usda.gov/current2003.html, January 23, 2003; ref. 38), and many 
other regions of the world face a shortage of arable land for 
additional cropland expansion (39). Recent and planned future 
development of critical infrastructure, such as roadways and 
ports, is also intended to support ranching and farming opera- 
tions by reducing the cost of transporting agricultural products 
to markets (6, 24). The new paradigm of Amazon deforestation 
makes farmers and ranchers flexible to future opportunities; 
once an area is cleared to bare soil for mechanized agriculture, 
it is highly fungible in terms of future land use. The rise and fall 
of profits for different crops, beef, plantation timber, and other 
resources will therefore determine future land use on both new 
deforestation and previously cleared areas. 

Implications for Carbon Fluxes from Deforestation. Deforestation 
dynamics in Mato Grosso during 2001-2004 highlight the need 
to understand land use after deforestation, rather than just the 
total area of forest loss, to characterize the timing and magnitude 
of carbon losses from forest clearing. Carbon losses per area 
deforested for cropland are potentially greater than other types 
of forest conversion because of the rapid and complete removal 
of above-ground biomass and woody roots to permit tractor 
planting, with little or no net carbon offset from subsequent crop 
production. Unlike previous estimates of carbon losses during 
conversion of forest to pasture (3, 21, 40, 41), decomposition may 
contribute very little to the total carbon lost during the conver- 
sion of forest to cropland, because trunks, stumps, and woody 
roots are completely combusted in multiple fire events during 
the clearing process. Stratifying land use after deforestation in 
terms of clearing size, biomass removal, and duration enables 
more accurate estimates of interannual variation in deforestation 
carbon fluxes from Amazonia than previously available. 

Application to Deforestation Monitoring. Characterizing the fate of 
individual clearings over time provides input for programs to 
reduce deforestation (5), projections of future deforestation 
(42), and efforts to identify priority areas for conservation (43). 
A similar approach as presented here that integrates moderate 
and high spatial resolution satellite data was established to 
identify deforestation events in the Brazilian Amazon in near- 
real time [Brazilian National Institute for Space Research 
(INPE) Program for the Estimation of Deforestation in the 
Brazilian Amazon (PRODES) and Program for Real-Time 
Detection of Deforestation (DETER)5 programs]. Linking 
vegetation phenology data from MODIS with other types of 
change monitoring, such as logging (19), could be done to 
characterize the fate of other forest disturbances over time. 
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SSData sources: Monthly price paid to soybean producers, Fudatao Gettlio Vargas Agro- 
analysis; deflator, IBGE Extended National Consumer Price Index. Prices are shown per 
60-kg sack of soybeans to maintain consistency with the common unit of soybean 
production. 

qIINPE Detectqo de Desmatamento em Tempo Real, or Program for Real-Time Detection of 
Deforestation, was started in 2003 to provide regular updates of new deforestation >25 
ha in the Brazilian Amazon using data from MODIS sensors and CBERS-2, the Chinese- 
Brazilian Environmental Satellite. Data can be accessed at www.obt.inpe.br/deter. 
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Fig. 3. Spatial distribution of 2002-2005 deforestation events larger than 20 MODIS 250-m pixels (-125 ha) for municipalities in Mato Grosso (32). 

Our ability to fully explore the interannual variability in 
deforestation dynamics and place recent trends in the context of 
historic patterns of forest conversion is somewhat limited by the 
short duration of the MODIS time series. Results showing less 
regrowth after forest clearing than previous studies (15, 44), the 
short interval between forest clearing and production, and 
limited secondary land-use transitions after forest conversion 
(forest-pasture-cropland) merit further investigation with the 
growing MODIS data record. The approach is potentially ap- 
plicable in other areas undergoing conversion to mechanized 
agriculture but could be limited by absence of high-resolution 
deforestation maps, clearing sizes too small for isolation of 
vegetation phenology information with MODIS 250-m resolu- 
tion data, or land uses after forest clearing without distinct 
phenologies. 

In summary, our findings refute the claim that new crop 
production in Amazonia is occurring only through intensified 
use of lands previously cleared for cattle ranching rather than 
adding a new pressure for forest loss (45, 46). The large clearings 
and complete removal of above-ground biomass indicate per 
area carbon emissions to the atmosphere greater than previous 
clearing for cattle ranching and fewer forest fragments on the 
landscape as habitat and suggest rapid loss of forest as infra- 
structure develops for large-scale agriculture. Growing linkages 
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Fig.4. Relationship between cropland expansion and deforestation in Mato 
Grosso, Brazil, during 2001-2004. Estimates of forest conversion directly to 
cropland range from 4,670 (33) to 5,463 km2 (this study). Expansion of large- 
scale mechanized agriculture was estimated from annual land cover maps of 
Mato Grosso derived from MODIS-based phenology information; only tran- 
sitions from forest, Cerrado, or pasture/grasslands to double-cropping sys- 
tems are included in this estimate (33). Estimated cropland expansion from 
agricultural census data of total planted area is nearly two times the area 
derived from satellite data, because individual fields are counted separately 
for each crop rotation in the agricultural census. 

to global market demand for soybeans and other crops have 
reduced the remoteness of the forest frontier, and the potential 
exists for a return to higher deforestation in Mato Grosso as seen 
in 2003-2004 with a rebound of crop prices. Initiatives such as 
certification schemes for environmental best practices that apply 
market pressure to ranching and soybean production at the forest 
frontier (9) would augment existing efforts to reduce illegal 
deforestation through satellite-monitoring programs. Increasing 
incentives for intensified use of unproductive pastures or other 
existing cleared lands will also be essential to balance economic 
benefits from increasing crop production with ecosystem ser- 
vices from intact forest and Cerrado habitat. 

Data and Methods 
Remote-Sensing Analysis. We combine field observations with 
satellite-based data on annual deforestation and vegetation 
phenology to classify the fate of new forest clearings >25 ha in 
Mato Grosso State, Brazil. Field data on the location and 
condition of deforested areas, pastures, and cropland were 
collected during June 2004, March 2005, and July 2005, and 
scaled from Global Positioning System point observations to 
polygon training data by digitizing feature boundaries on near- 
coincident Landsat Thematic Mapper (TM) data. Landsat TM 
data were provided by INPE before each field campaign and 
georeferenced to existing Landsat Enhanced Thematic Mapper 
Plus (ETM+) data provided by the Global Land Cover Facility 
with a spatial error of less than one pixel (30 m). We used 
PRODES digital results of the annual deforestation increment 
mapped using Landsat TM data from approximately August of 
2001-2004 for the state of Mato Grosso to identify the location 
and size of new clearings and summarize total deforested area, 
limiting our analysis to new clearings >25 ha based on the 
moderate resolution (250 m) of the MODIS sensor (29, 31, 32). 
Estimates of 2005 deforestation in Mato Grosso State were 
generated from MODIS red reflectance data contained in the 
MODIS/Terra Vegetation Indices 16-day L3 Global product at 
250-m resolution (MOD13Q1, version 4; ref. 47) and forest 
information from the PRODES 2004 deforestation analysis 
following methods outlined in ref. 33. 

Before generating phenology metrics for land-cover classifi- 
cation, we implemented a two-stage method to remove cloud 
contamination in annual time series of normalized difference 
vegetation index (NDVI) and enhanced vegetation index (EVI) 
data from the MOD13Q1 product from 2000-2005 for three 100 
x 10' spatial tiles (h12v10, h12v09, and hl3v10). Clouds, cloud 
shadows, high aerosols, or other data artifacts were identified by 
using the Quality Assessment layer available with the MODIS 
data product and replaced with a predicted value by fitting the 
remaining high-quality data in each pixel's time series with a 
cubic spline function. Second, the resulting annual time series 
were fit with zero to third-order harmonic functions to identify 
and eliminate any clouds not captured by the image-quality data 
layer (48). We derived 36 metrics from the cloud-free time series: 
NDVI and EVI minimum, maximum, mean, median, amplitude, 
and standard deviation for annual (year-a: day 273-year": day 
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288), wet season (yearn-l: day 273-yearn: day 112), and dry 
season (yearn: day 113-273) time periods. Harmonic equations 
provided three additional phenology amplitude and phase met- 
rics for the classification process. 

A decision-tree classifier was developed with training data 
from field observations in July 2004 and MODIS time series 
metrics from 2003-273 to 2004-288 (Fig. 5, which is published as 
supporting information on the PNAS web site). Validation of the 
classification was done by using field data from March and July 
2005 and time series metrics from 2004-273 to 2005-288 (Table 
1, which is published as supporting information on the PNAS 
web site). Following accurate classification of 2005 validation 
data (overall accuracy, 89%), the same classification rules were 
applied to each year of MODIS metrics. We define the fate of 
deforested areas as cropland, pasture, or not yet in production 
using the majority land-cover class within each deforestation 
polygon based on the improvement in classification accuracy for 
cropland and cattle pasture with this method. Deforestation 
classified as forest and degraded forest was combined into a 
single class, not in production, encompassing damaged forests 
that were never fully cleared (e.g., logged or burned forest), edge 
effects from adjacent forest cover, and regrowth. 

Interpretation of Remote-Sensing Results. The classification was 
highly accurate in separating double-cropping systems and pasture. 
However, the annual phenological patterns of fallow agricultural 
cycles or single-crop rotations are similar to a pasture phenology 
and could be misclassified as such. To correct for these land-use 
patterns, we established a land-use trajectory from classification 

results for each year after deforestation to eliminate spurious 
pasture-cropland transitions in the first 2 years after deforestation 
(Table 2, which is published as supporting information on the PNAS 
web site). The largest contribution to estimated deforestation for 
cropland from the trajectory corrections was a single year of pasture 
classification followed by 1-3 years of cropland classification. Use 
of deforested lands as pasture for a single year is unlikely, given the 
high cost of fencing material (49). Trajectory-based modifications 
accounted for 20-27% of the total deforestation for cropland in 
2001-2003. We report statistics and trends based on the corrected 
trajectories for deforestation in 2001-2003 and unadjusted results 
for 2004, because only one postclearing MODIS classification 
(2005) was available. 

Soybean Price Data. To estimate the influence of crop prices on 
deforestation, we adjusted the Fudaqao Gettilio Vargas Agroanaly- 
sis monthly price paid to soybean producers for inflation using a 
standard consumer price index (46), IBGE Extended National 
Consumer Price Index. Average annual prices were calculated from 
monthly data for the same period as PRODES deforestation 
calculations, September through August of each year, and August 
2005 was the reference month for inflation adjustment. 

We thank Jan Dempewolf, Carlos Klink, Greg Asner, and three review- 
ers for helpful comments on a previous version of this manuscript. This 
study was supported by grants from the National Aeronautics and Space 
Administration Large Scale Biosphere-Atmosphere Experiment in the 
Amazon (Projects LC-22 and LC-23), Land Use Land Cover Change, 
and Terrestrial Ecology Programs. 
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