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Abstract: The pasturelands areas of Brazil constitute an important asset for the country, as the
main food source for the world’s largest commercial herd, representing the largest stock of open
land in the country, occupying ~21% of the national territory. Understanding the spatio-temporal
dynamics of these areas is of fundamental importance for the goal of promoting improved territorial
governance, emission mitigation and productivity gains. To this effect, this study mapped, through
objective criteria and automatic classification methods (Random Forest) applied to MODIS (Moderate
Resolution Imaging Spectroradiometer) images, the totality of the Brazilian pastures between 2000
and 2016. Based on 90 spectro-temporal metrics derived from the Red, NIR and SWIR1 bands and
distinct vegetation indices, distributed between dry and wet seasons, a total of 17 pasture maps with
an approximate overall accuracy of 80% were produced with cloud-computing (Google Earth Engine).
During this period, the pasture area varied from ~152 (2000) to ~179 (2016) million hectares. This
expansion pattern was consistent with the bovine herd variation and mostly occurred in the Amazon,
which increased its total pasture area by ~15 million hectares between 2000 and 2005, while the
Cerrado, Caatinga and Pantanal biomes showed an increase of ~8 million hectares in this same period.
The Atlantic Forest was the only biome in which there was a retraction of pasture areas throughout
this series. In general, the results of this study suggest the existence of two relevant moments for
the Brazilian pasture land uses. The first, strongly supported by the opening of new grazing areas,
prevailed between 2000 and 2005 and mostly occurred in the Deforestation Arc and in the Matopiba
regions. From 2006 on, the total pasture area in Brazil showed a trend towards stabilization, indicating
a slight intensification of livestock activity in recent years.
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1. Introduction

Historically, food production was driven by population expansion, consumption and increased
per capita income, which gradually raised the global food demand [1]. In this context, Brazil has
tremendous importance for food production, as it is the largest world beef exporter [2] and is
responsible for 35% of the world soybean exportation, considering grain and derived products [3].

This increase in the Brazilian agricultural production occurred by the conversion of natural
ecosystems into planted pastures, mainly altering the Amazon [4] and Cerrado [5] biomes and through
the soybean expansion over natural ecosystems and planted pastures [6,7]. Recent works have
revealed a reduction in this extensification process, as converted areas are being intensified to produce
both commodities [8,9]. Beyond its economic importance, this production has great potential in the
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mitigation of greenhouse gas emissions [10,11], although only a small fraction of this potential can be
achieved at a viable economic cost [12].

Considering the dynamics of the Brazilian agricultural land use, the pasturelands are an important
asset for the country, occupying ~21% of its territory [13]; it can be used as both a land reserve [14] and
as food for the herds containing ~218 million cattle [15]. Despite previous works having mapped these
areas throughout the Brazilian territory [13,16], the absence of recurrent maps and the methodological
differences between these initiatives make a temporal analysis of the Brazilian pasturelands difficult;
its dynamics have important territorial, economic and environmental implications [17,18].

Faced with the challenge of systematic land cover and land use mapping on a large scale,
the images provided by the MODIS sensor (Moderate Resolution Imaging Spectroradiometer) [19],
(e.g., [20]), combined with new classification algorithms (e.g., [21]), made possible highly accurate and
recurring representations of the Earth’s surface (e.g., [22,23]). Specifically, this work uses MODIS data
and a novel approach to produce annual pasture area maps for the entire Brazil. In addition, and based
on our classification results, census data and socioeconomic statistics we conduct an analysis of the
territorial dynamics of the pasture areas in the last 17 years, taking into account different aspects and
characteristics of the Brazilian livestock.

2. Data and Methods

The pastureland mapping method, shown in Figure 1, was based on MODIS data, product
MOD13Q1 Collection-6 [24,25] and on the supervised classification of spectral-temporal metrics.
This approach, which is able to use several observations over one year to capture per-pixel seasonal
responses, processed all of the images obtained over the Brazilian territory between 2000 and 2016,
considering only the best observations (i.e., without cloud and cloud shadowing contamination),
according to the MODIS pixel reliability [26].

The classification was performed on a yearly basis, considering a feature space with 90
spectral-temporal metrics, equally distributed between the dry and wet seasons (e.g., maximum red
reflectance value in the wet season). These seasons were defined, pixel by pixel, through a percentile
analysis of all NDVI values for one year, whereas all observations of the first quartile (≤25th percentile
NDVI) were associated with the dry season and the rest of the observations (>25th percentile NDVI)
were associated with the wet season. For each season, a minimum, maximum, amplitude, median
and standard deviation were calculated considering the Red, NIR (near infrared) and SWIR2 (short
wavelength infrared) band reflectance values and the spectral indices NDVI (normalized difference
vegetation index), EVI2 (enhanced vegetation index) [27] and AFRI (aerosol free vegetation index) [28].

The classification approach used the Random Forest, an algorithm that considers several statistical
decision trees to choose, based on a majority voting, a final class [29]. The training dataset, with
the classes “pasture” and “not-pasture,” was obtained from a Brazilian pasture map with per-pixel
probability information based on Landsat 8 data obtained in 2015 [13], which was resampled to 250 m
using the mode criterion. Considering the difficulty with sampling throughout the Brazilian territory,
this training dataset was automatically produced using random points with larger (≥60%) and smaller
probabilities (≤40%), according to the classes “pasture” and “not-pasture,” respectively.

Due to the absence of reference pasture maps on other dates, the first classification was performed
with training samples from 2015, assuming a stability scenario (i.e., without major land-cover and
land-use changes). This scenario, even if hypothetical, allowed the annual production of preliminary
pasture maps, with a per-pixel probability information and consequently the use of a single and
consistent automatic sampling approach for the entire analysis period. Then, for each year and region
of interest, a second classification was performed, considering the samples derived from the initial
classification, using the same probabilities thresholds, that is, pasture (≥60%) and not-pasture (≤40%).

The training of a single classification model capable to generalize the Brazilian pastureland
identification in the temporal and spatial dimensions is quite improbable, since these areas are very
susceptible to climatic intra- and inter-annual variations [30] and present different biophysical and
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management characteristics throughout the territory [31,32]. To handle this, the current study chose a
geographical and temporal stratification approach, responsible for training models capable of capturing
the regional characteristics and variability in a specific time window. The geographical stratification,
based on the useful limits of the Landsat WRS-2 (World Reference System) tiles, avoided the use
of a model, for instance, specific for the Pantanal pasturelands, to classify a region in the Atlantic
Forest (Figure 1). Likewise, the temporal stratification considered a calendar year window, avoiding
the use of a model, trained in 2010, for instance, to classify the same region in 2000. Thus, in total,
12,920 classification models were trained (i.e., 380 WRS-2 geographical regions, analyzed over 17 years
in two classification phases), using a total of 2700 point samples for each model (comprising 500 trees),
that is, 300 points extracted from the region of interest and eight adjacent regions (Figure 1).

Figure 1. The stratified classification approach for mapping the Brazilian pasture areas, considering 16
MODIS tiles and the respective limits of 380 Landsat World Reference System (WRS)-2 regions. For each
classification region, a total of 2700 training points (from the central WRS-2 path and row and eight
neighboring regions), were randomly selected over a reference probabilistic map [13], considering both
pasture (probabilities ≥60%) and not-pasture areas (probabilities ≤40%).

All steps described above were performed on Google Earth Engine, a cloud-computing platform
capable of processing several remote-sensing analyses on a set of data and public images [33], using the
python programing language (the scripts created within the scope of this work are available at:
https://www.lapig.iesa.ufg.br/drive/index.php/s/NRP1VZ6kTyhh04i). The classification results,
with the pasture class per-pixel probability, were exported to Google Drive. These were downloaded
to a local workstation and combined to produce the annual pastureland maps for Brazil since 2000.
The final maps of the pasture areas considered only the pixels with probability greater than or equal
to 80%, used a majority rule filter to remove possible classification noises and discarded any pixels
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located in fully protected [34], urban [34] and permanent water areas [35]. All post-classification steps
were performed with the GDAL library [36].

The pasture mapping results were evaluated using 5000 random points, equally distributed into
pasture and not-pasture areas, conservatively assuming that the minimum mapping accuracy was
50% and that the accuracy assessment error was 1% within a 95% confidence interval [37]. These
points were visually inspected by five trained interpreters, who analyzed, for each point, 34 Landsat
images acquired between 2000 and 2016 (i.e., two images per year, considering the dry and wet
seasons), classifying each point according to 10 land-cover and land-use classes (i.e., pasture, crop
agriculture, planted forest, native vegetation, mixed use, water bodies, urban area, mining and others).
This assessment was conducted in the Temporal Visual Inspection Tool, which also considers the
respective MOD13Q1 NDVI time series and high-resolution Google Earth images [38]. Using these
points, the overall accuracy (which is a robust indicator for assessing the quality of binary classifications,
that is, pasture and not-pasture) and the omission and commission errors were estimated for the pasture
class, for each one of the 17 maps produced for Brazil.

The flowchart in Figure 2 depicts the main datasets and strategies used for the annual mapping of
the Brazilian pasturelands, between 2000 and 2016.

Figure 2. Methodological approaches used for mapping the Brazilian pasturelands between 2000 and
2016 based on MODIS data. The geographic stratification was based on the useful limits of the Landsat
WRS-2 tiles, while the temporal stratification considered a calendar year window.

3. Results

The set of 17 Brazilian pasture maps (from 2000 to 2016), produced from the automated
classification of MODIS images (Figure 3c), presented a relative convergence with existing mappings,
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for the years 2002 (Figure 3a) [16] and 2015 (Figure 3b) [13], based on Landsat images. In this study,
the pasture area mapped in 2002 and 2015 was ~169 and ~176 million hectares, respectively, while the
Landsat-based mappings show, for the same years, ~149 and ~179 million hectares of pastures. In
addition to these relatively close area values, the mapped areas have a very similar distribution pattern,
which indicates that the proposed method is producing, in general, coherent and spatially consistent
results, even though it is based on moderate spatial resolution data.

Figure 3. (a) The Brazilian pasture area as mapped by the segmentation and visual inspection of Landsat
7 images, with reference in 2002 [16]; (b) The Brazilian pasture area as mapped by the automated
classification of Landsat 8 Images, with reference in 2015 [13]; (c) The Brazilian pasturelands time series,
according to the automated classification of MODIS images obtained between 2000 and 2016.

In fact, for the entire time series, the pasture maps showed an overall accuracy of ~80% (Figure 4).
In all years, the pasture class had a user accuracy (related to the commission error) greater than the
producer accuracy, indicating that most of the mapping errors are related to pastures areas which have
been omitted. According to this analysis, 2000 was the year with the largest mapping errors, while the
highest time series accuracies were observed in 2010.
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Figure 4. The accuracy assessment of the Brazilian pastureland mapping, considering 5000 random
points, was inspected by five interpreters who considered 34 Landsat overpasses (two images per year),
the NDVI-MOD13Q1 time series and high-resolution Google Earth images.

Our mapping revealed an increase of ~25 million hectares in the country’s pasture area between
2000 and 2016; overall, ~80% of this increase occurred in the first six years of the analyzed period
(Figures 3c and 5a). Most of this expansion occurred in the Amazon, increasing the biome pasture
area by ~15 million hectares between 2000 and 2005, while in the Cerrado, Caatinga and Pantanal, the
combined increased area, for the same period, was 8 million hectares (Figure 5b). The Atlantic Forest
was the only biome that showed a retraction in pasture area throughout the analyzed time period,
while the Pampa, a biome with a predominance of native grasslands, presented a relative stability over
the years.

A temporal analysis of the Brazilian bovine herd, in animal units (AUs), also reveals an expressive
increase in the first six years of the same period, starting at 125 million AU in 2000 and reaching
152 million AU in 2005 (Figure 5a). The animal unit calculation—1 AU is equivalent to 450 kg of live
animal weight—considered the cattle herd composition, produced by the Agricultural Census for the
year of 2006 only [39]—and which was assumed constant for other years—and the absolute number of
cattle heads, estimated on a yearly basis by the Municipal Livestock Research [15]. The ratio between
the AU and the pasture area showed a variation of 0.1 AU/hec in the Brazilian bovine stocking rate
(over the last 17 years), which reached its lowest value in 2001 with 0.8 AU/hec and its peak in 2016,
with 0.9 AU/hec. These results suggest the prevalence of an extensification process in the first years of
the series, followed by a slight intensification of pasture areas in recent years (Figure 6).

Figure 5. (a) Pasture area in Brazil, bovine animal unit (considering the composition and size of the herd)
and Brazilian stocking rate time series; (b) Time series of the pasture areas in the six Brazilian biomes.
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According to these mapping results, Pará was the state with the greatest pasture area expansion,
equivalent to 8.2 million hectares (i.e., 6.61% of its territory), followed by Mato Grosso, Bahia,
Maranhão and Rondônia states, with 4.6, 2.7, 2.4 and 2.2 million hectares of new areas, respectively
(Figure 6). Considering these states, the municipalities that are responsible for this process are located
in agriculture frontiers, such as the Deforestation Arc in the Cerrado and Amazon borders [4] and the
Matopiba, in the Cerrado biome [40]; moreover, most of this extensification process occurred until 2005.

Figure 6. Geographic distribution of the mapped pasture and bovine animal unit, at the municipal
basis, depicting the increase of both until the year 2005 and a subsequent intensification process,
with stabilization of the pasture area and an increase in the number of cattle.

Within the same period, the only states in which there was a decrease in the absolute values of
pasture areas were São Paulo, Paraná, Paraíba and the Federal District, being numerically inexpressive
in the last two states. The São Paulo state reduced pasture areas by almost 2.4 million hectares
(i.e., 9.62% of its territory), while a contraction of 0.4 million hectares was observed in Paraná. This
analysis, at the municipal basis, reveals that none of the five municipalities with the greatest pasture
area reduction—Rosário do Oeste (MT), Três Lagoas (MS), Rio Verde (GO), Sorriso (MT) and Nobres
(MT)—are located in the São Paulo and Paraná states. This result suggests the existence of a spatial
dynamic for the Brazilian pasture, intra- and inter-state, which displaces the land use of these areas to
other municipalities according to the production needs and agricultural activity of the country.

4. Discussion

The relative stability of the accuracy values (Figure 4), in particular the overall accuracy, indicates
that the proposed method is capable of producing comparable maps, which are spatially and temporally
consistent. Nevertheless, these maps are subject to commission and omission errors. In part,
the commission errors were minimized by the use of filters and masks, such as the water mask,
which was used to remove pixels with high sediment concentration, wrongly classified as pasture (and
mostly located in rivers of the Amazon biome). On the other hand, the more significant omission errors
are related to the spatial resolution of the MODIS pixels (~6.25 hectares), which is not very compatible
with the detection of small pasture fragments, usually on slope regions, especially located in east of
the Serra do Espinhaço (Minas Gerais) and in the Serra Gaúcha (Rio Grande do Sul).
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Despite these spatial resolution limitations, the MODIS MOD13Q1 data presented a high
availability of observations free of clouds and cloud shadows (Figure 7), which provided denser time
series for the generation of spectral-temporal metrics, enabling the appropriate capture of seasonal
variations in pasture areas in the classification models. Considering the entire Brazilian territory,
between 2000 and 2016, there was an average of ~18 MODIS good observations per pixel, a value
which is relatively close to its full temporal resolution (i.e., 23 observations).

Figure 7. Annual average of MODIS observations considering only the best quality pixels (i.e., values 0
and 1, according to the pixel reliability image) in the period of 2000 and 2016. The blue line represents
the average value of MODIS observations for the entire Brazilian territory during the same period.

In general, the results produced by this study suggest the existence of two relevant moments
regarding the occupation of the Brazilian pasture areas. The first, strongly supported by the opening
of new grazing areas, prevailed between 2000 and 2005 and mostly occurred in the regions of the
Deforestation Arc and Matopiba. From 2006 on, the total pasture area in Brazil tended to stabilize and
a correlation with bovine herd data suggested a mild intensification process, which enabled production
increases, in animal units, on the same portion of land which was already opened. This hypothesis is
reinforced by the ability of the pasture areas to model, on a municipal basis, the bovine animal unit
values (Figure 8). Despite the good correlations between very distinct datasets (i.e., remote sensing
and census data) and complementary periods, this analysis disregards the spatial dynamics of pasture
areas. The process of converting older pastures to crop areas may have occurred, for instance,
in the Matopiba municipalities, forcing the opening of new grazing areas for livestock, without
any substantial changes in the region’s pasture area balance. The spatial distribution of areas can vary
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at the intra- and inter-municipal level, according to market demand [41], infrastructure aspects [42]
and land competition among the various productive sectors of society [43].

Figure 8. Linear regressions between pasture areas (based on MODIS data classification) and bovine
animal units for all municipalities in Brazil, in two complementary periods (2000 to 2005 and 2006 to 2016).

Looking for a better understanding of these spatial dynamics, a linear regression was adjusted
between the (MODIS based) pasture area and the cattle herd (considering the last 17 years) for each
Brazilian municipality, which allowed a correlation spatialization between these variables, through the
resulting goodness-of-fit (R2). This approach also considered the slope of both variables, calculated by
their linear regressions against time. The combination of these several linear models revealed a set of
municipalities relevant to the livestock activity, in which the expansion and retraction of pasturelands
is historically related to the municipality’s bovine animal unit (Figure 9). This analysis exposed
a strong migration trend of the Brazilian livestock from center-south to the north, in a relatively
short period—less than two decades—although the infrastructure—federal roads network [44] and
slaughtering houses [45]—has remained in the center-south portion of the country. A probable
consequence of this migration was the increase in beef production cost due to the transportation of the
animals to slaughterhouses in the termination phase, possibly offset by the lower land’s price in the
identified livestock expansion zone [46,47].

All of the “top-5” pastureland increasing municipalities—São Félix do Xingu (PA), Altamira (PA),
Novo Repartimento (PA), Porto Velho (RO) and Novo Progresso (PA)—are in the expansion zone,
mostly concentrated in the Deforestation Arc and in the Matopiba, which indicates a pasture expansion
over native vegetation areas of the Cerrado and Amazon in the last 17 years. Several studies have
analyzed the environmental impacts and socioeconomic benefits resulting from the conversion of native
areas to agricultural areas [48–50]. However, in the context of recent Brazilian livestock dynamics,
the benefits appear to be less expressive than the impacts, since in 2010, several municipalities located
in the expansion zone presented HDI (human development Index—[51]) levels smaller than, or close
to, the general levels of the retraction zone in 2000 (Figure 10). Even with HDI increases of these
municipalities in the same period, the livestock migration to the north shifted the cattle ranchers away
from consumer markets, both internal and external, consolidating them in a portion of the territory
with a lack of infrastructure and inducing various environmental impacts [52,53].
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Figure 9. The expansion (green colors) and retraction (red colors) zones of the Brazilian livestock
activity, produced through several linear regression models between the MODIS based pasture areas
and the cattle animal unit at the municipality level (available at: http://maps.lapig.iesa.ufg.br/?layers=
pa_br_correlacao_pastagem_ua_250_na_lapig).

Figure 10. 2000 and 2001 Human Development Index (HDI) values of the municipalities located in the
expansion and retraction zones of the Brazilian livestock activity.

http://maps.lapig.iesa.ufg.br/?layers=pa_br_correlacao_pastagem_ua_250_na_lapig
http://maps.lapig.iesa.ufg.br/?layers=pa_br_correlacao_pastagem_ua_250_na_lapig


Remote Sens. 2018, 10, 606 11 of 14

One of the probable causes of this process was the pressure for already opened lands in the central
south of Brazil, due to the production demand of other commodities, such as soybeans, sugarcane
and wood. The replacement of livestock activity in this region increased the HDI from medium to
high. In the north of Paraná and in the west of São Paulo, the main driver of this process was the rapid
expansion of sugarcane cultivation [54], as well as in part of southeastern Goiás [55]. The decrease
in livestock activity and the increase in the HDI of Três Lagoas-MS—the Brazilian municipality that
lost the second most pasture area in the analyzed period—is justified by its consolidation as a relevant
silviculture pole and by the installation of two large cellulose plants [56]. In the southeastern of
Goiás, livestock activity was also replaced by grain cultivation [57], which justifies the presence of Rio
Verde-GO—the Brazilian municipality that lost the third most pasture area in the analyzed period—in
the identified retraction zone.

The retraction of pastures in the rest of the “top-5” pastureland decreasing municipalities,
located in Mato Grosso, is driven by the grain cultivation expansion in the state, mostly soybean [58].
Interestingly, only Sorriso-MT had a decrease, even from 2010, of the bovine herd. The increasing
trend of animal units, observed in Rosário do Oeste-MT and Nobres-MT, may indicate a livestock
intensification close to these municipalities. The reduction of pastures and the availability of machinery
and agricultural products, consolidated by the cultivation of grains, may have forced an intensification
of the beef production in the region, through more efficient [59] or rotating [60] productive systems.

5. Concluding Remarks

This study used a unique automated methodological approach to produce, based on the Random
Forest classification of MODIS images, a temporal series of 17 pasture maps for the entire Brazil
(2000–2016). With an overall accuracy of ~80% and consistent spatial-temporal trends, the mapped
area varied from ~152 million hectares in 2000, to ~178 million hectares in 2016, a pattern that is
consistent with the cattle herd increase and prevalence of production growth through the conversion
of new areas.

Specifically, the analysis of these maps revealed that there was a strong expansion of pasture
areas in the first five years of the series, mostly in the Cerrado and in the Amazon. From 2005 on,
the area balance stabilized and the livestock activity showed a slight intensification process, increasing
its bovine stocking rate by 0.1 AU/hec in the entire analysis period. The high correlation of the cattle
herd with the pasture areas, on a municipal basis, revealed a migration trend of livestock activity
from the center-south to the north of the country, probably caused by the production needs of other
Brazilian commodities, which demand greater infrastructure and are more economically attractive.

Despite the recent growth of the Brazilian livestock—currently, the country is the largest beef
exporter in the world—the dynamic revealed by this study shows a displacement of the cattle ranchers
from consumer markets, both internal and external and their consolidation in municipalities with a
lack of infrastructure, at a high environmental cost. In this respect, the country demands public policies
capable of improving the infrastructure and mitigate new environmental impacts in the north region.
Public policies such as the ABC Plan (low carbon agriculture) can encourage sustainable management
practices in regions with extensification history, like the Pará state, avoiding the opening of new pasture
areas to meet the future beef production demand. On the other hand, productive intensification policies
can focus on regions which already have an agricultural production infrastructure, such as the center
of Mato Grosso, thereby reducing its implementation time. The effectiveness of these and other related
public policies has great potential to meet the climate commitments signed by Brazil in the COP 21
and to promote the better utilization of the Brazilian territory.

Acknowledgments: This work, part of the MapBiomas initiative (http://mapbiomas.org), was supported by the
Gordon and Betty Moore Foundation, The Nature Conservancy (TNC), the State of Goiás Research Foundation
(FAPEG) and the Brazilian Research Council (CNPq).

Author Contributions: L.P. and L.F. conceived the idea of the study; L.P. processed the data and, together with
L.F., analyzed the results; L.P. and L.F. contributed to the discussions, writing, and revision of the manuscript.

http://mapbiomas.org


Remote Sens. 2018, 10, 606 12 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Godfray, H.C.J.; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F.; Pretty, J.; Robinson, S.;
Thomas, S.M.; Toulmin, C. Food security: The challenge of feeding 9 billion people. Science 2010, 327, 812–818.
[CrossRef] [PubMed]

2. CNA Brasil Pode Se Tornar o Maior Produtor de Carne Bovina do Mundo. Available online: http://www.
cnabrasil.org.br/noticias/brasil-pode-se-tornar-o-maior-produtor-de-carne-bovina-do-mundo (accessed
on 15 January 2018).

3. Westcott, P.; Contact, E. USDA Agricultural Projections to 2025 Interagency Agricultural Projections Committee;
USDA Long-term Projections; US Department of Agriculture: Washington, DC, USA, 2016.

4. Tyukavina, A.; Hansen, M.C.; Potapov, P.V.; Stehman, S.V.; Smith-Rodriguez, K.; Okpa, C.; Aguilar, R. Types
and rates of forest disturbance in Brazilian Legal Amazon, 2000–2013. Sci. Adv. 2017, 3, e1601047. [CrossRef]
[PubMed]

5. Rocha, G.; Ferreira, L.; Ferreira, N.; Ferreira, M. Detecção de desmatamentos no bioma cerrado entre 2002
e 2009: Padrões, tendências e impactos. Rev. Bras. Cartogr. 2011, 63, 341–349.

6. Macedo, M.N.; DeFries, R.S.; Morton, D.C.; Stickler, C.M.; Galford, G.L.; Shimabukuro, Y.E. Decoupling of
deforestation and soy production in the southern Amazon during the late 2000s. Proc. Natl. Acad. Sci. USA
2012, 109, 1341–1346. [CrossRef] [PubMed]

7. Barretto, A.G.O.P.; Berndes, G.; Sparovek, G.; Wirsenius, S. Agricultural intensification in Brazil and its
effects on land-use patterns: An analysis of the 1975–2006 period. Glob. Chang. Biol. 2013, 19, 1804–1815.
[CrossRef] [PubMed]

8. Dias, L.C.P.; Pimenta, F.M.; Santos, A.B.; Costa, M.H.; Ladle, R.J. Patterns of land use, extensification, and
intensification of Brazilian agriculture. Glob. Chang. Biol. 2016, 22, 2887–2903. [CrossRef] [PubMed]

9. De Oliveira, J.C.; Trabaquini, K.; Epiphanio, J.C.N.; Formaggio, A.R.; Galvão, L.S.; Adami, M. Analysis of
agricultural intensification in a basin with remote sensing data. GIScience Remote Sens. 2014, 51, 253–268.
[CrossRef]

10. Bustamante, M.M.C.; Nobre, C.A.; Smeraldi, R.; Aguiar, A.P.D.; Barioni, L.G.; Ferreira, L.G.; Longo, K.;
May, P.; Pinto, A.S.; Ometto, J.P.H.B. Estimating greenhouse gas emissions from cattle raising in Brazil.
Clim. Chang. 2012, 115, 559–577. [CrossRef]

11. Castanheira, É.G.; Freire, F. Greenhouse gas assessment of soybean production: Implications of land use
change and different cultivation systems. J. Clean. Prod. 2013, 54, 49–60. [CrossRef]

12. Herrero, M.; Henderson, B.; Havlík, P.; Thornton, P.K.; Conant, R.T.; Smith, P.; Wirsenius, S.; Hristov, A.N.;
Gerber, P.; Gill, M.; et al. Greenhouse gas mitigation potentials in the livestock sector. Nat. Clim. Chang. 2016,
6, 452–461. [CrossRef]

13. Parente, L.; Ferreira, L.; Faria, A.; Nogueira, S.; Araújo, F.; Teixeira, L.; Hagen, S. Monitoring the brazilian
pasturelands: A new mapping approach based on the landsat 8 spectral and temporal domains. Int. J. Appl.
Earth Obs. Geoinform. 2017. [CrossRef]

14. Lambin, E.F.; Gibbs, H.K.; Ferreira, L.; Grau, R.; Mayaux, P.; Meyfroidt, P.; Morton, D.C.; Rudel, T.K.;
Gasparri, I.; Munger, J. Estimating the world’s potentially available cropland using a bottom-up approach.
Glob. Environ. Chang. 2013, 23, 892–901. [CrossRef]

15. IBGE Pesquisa Pecuária Municipal. Available online: https://sidra.ibge.gov.br/pesquisa/ppm/quadros/
brasil/2016 (accessed on 10 February 2018).

16. MMA. Projeto de Conservação e Utilização Sustentável da Diversidade Biológica Brasileira: Relatório de Atividades;
Ministério do Meio Ambiente: Brasília, Brazil, 2002.

17. Lapola, D.M.; Martinelli, L.A.; Peres, C.A.; Ometto, J.P.H.B.; Ferreira, M.E.; Nobre, C.A.; Aguiar, A.P.D.;
Bustamante, M.M.C.; Cardoso, M.F.; Costa, M.H.; et al. Pervasive transition of the Brazilian land-use system.
Nat. Clim. Chang. 2014, 4, 27–35. [CrossRef]

18. Phalan, B.; Green, R.E.; Dicks, L.V.; Dotta, G.; Feniuk, C.; Lamb, A.; Strassburg, B.B.N.; Williams, D.R.;
zu Ermgassen, E.K.H.J.; Balmford, A. CONSERVATION ECOLOGY. How can higher-yield farming help to
spare nature? Science 2016, 351, 450–451. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1185383
http://www.ncbi.nlm.nih.gov/pubmed/20110467
http://www.cnabrasil.org.br/noticias/brasil-pode-se-tornar-o-maior-produtor-de-carne-bovina-do-mundo
http://www.cnabrasil.org.br/noticias/brasil-pode-se-tornar-o-maior-produtor-de-carne-bovina-do-mundo
http://dx.doi.org/10.1126/sciadv.1601047
http://www.ncbi.nlm.nih.gov/pubmed/28439536
http://dx.doi.org/10.1073/pnas.1111374109
http://www.ncbi.nlm.nih.gov/pubmed/22232692
http://dx.doi.org/10.1111/gcb.12174
http://www.ncbi.nlm.nih.gov/pubmed/23505132
http://dx.doi.org/10.1111/gcb.13314
http://www.ncbi.nlm.nih.gov/pubmed/27170520
http://dx.doi.org/10.1080/15481603.2014.909108
http://dx.doi.org/10.1007/s10584-012-0443-3
http://dx.doi.org/10.1016/j.jclepro.2013.05.026
http://dx.doi.org/10.1038/nclimate2925
http://dx.doi.org/10.1016/j.jag.2017.06.003
http://dx.doi.org/10.1016/j.gloenvcha.2013.05.005
https://sidra.ibge.gov.br/pesquisa/ppm/quadros/brasil/2016
https://sidra.ibge.gov.br/pesquisa/ppm/quadros/brasil/2016
http://dx.doi.org/10.1038/nclimate2056
http://dx.doi.org/10.1126/science.aad0055
http://www.ncbi.nlm.nih.gov/pubmed/26823413


Remote Sens. 2018, 10, 606 13 of 14

19. Justice, C.O.; Vermote, E.; Townshend, J.R.G.; Defries, R.; Roy, D.P.; Hall, D.K.; Salomonson, V.V.; Privette, J.L.;
Riggs, G.; Strahler, A.; et al. The Moderate Resolution Imaging Spectroradiometer (MODIS): Land remote
sensing for global change research. IEEE Trans. Geosci. Remote Sens. 1998, 36, 1228–1249. [CrossRef]

20. Friedl, M.; McIver, D.; Hodges, J.C.; Zhang, X.; Muchoney, D.; Strahler, A.; Woodcock, C.; Gopal, S.;
Schneider, A.; Cooper, A.; et al. Global land cover mapping from MODIS: Algorithms and early results.
Remote Sens. Environ. 2002, 83, 287–302. [CrossRef]

21. Maus, V.; Câmara, G.; Cartaxo, R.; Sanchez, A.; Ramos, F.M.; Ribeiro, G.Q. A Time-Weighted Dynamic Time
Warping method for land use and land cover mapping. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2015,
20, 1–10. [CrossRef]

22. Townshend, J.R.; Justice, C.O. Towards operational monitoring of terrestrial systems by moderate-resolution
remote sensing. Remote Sens. Environ. 2002, 83, 351–359. [CrossRef]

23. Friedl, M.A.; Sulla-Menashe, D.; Tan, B.; Schneider, A.; Ramankutty, N.; Sibley, A.; Huang, X.
MODIS Collection 5 global land cover: Algorithm refinements and characterization of new datasets.
Remote Sens. Environ. 2010, 114, 168–182. [CrossRef]

24. Huete, A.; Didan, K.; Miura, T.; Rodriguez, E.; Gao, X.; Ferreira, L. Overview of the radiometric and
biophysical performance of the MODIS vegetation indices. Remote Sens. Environ. 2002, 83, 195–213.
[CrossRef]

25. Peng, D.; Zhang, X.; Zhang, B.; Liu, L.; Liu, X.; Huete, A.R.; Huang, W.; Wang, S.; Luo, S.; Zhang, X.; et al.
Scaling effects on spring phenology detections from MODIS data at multiple spatial resolutions over the
contiguous United States. ISPRS J. Photogramm. Remote Sens. 2017, 132, 185–198. [CrossRef]

26. Didan, K.; Munoz, A.B.; Solano, R.; Huete, A. MODIS Vegetation Index User’s Guide (MOD13 Series); Vegetation
Index and Phenology Lab, The University of Arizona: Tucson City, AZ, USA, 2015.

27. Jiang, Z.; Huete, A.R.; Didan, K.; Miura, T. Development of a two-band enhanced vegetation index without a
blue band. Remote Sens. Environ. 2008, 112, 3833–3845. [CrossRef]

28. Karnieli, A.; Kaufman, Y.J.; Remer, L.; Wald, A. AFRI—Aerosol free vegetation index. Remote Sens. Environ.
2001, 77, 10–21. [CrossRef]

29. Breiman, L. Random forests. Mach. Learn. 2001, 45, 5–32. [CrossRef]
30. Ferreira, L.G.; Sano, E.E.; Fernandez, L.E.; Araújo, F.M. Biophysical characteristics and fire occurrence of

cultivated pastures in the Brazilian savanna observed by moderate resolution satellite data. Int. J. Remote Sens.
2013, 34, 154–167. [CrossRef]

31. Ferreira, L.; Fernandez, L.; Sano, E.; Field, C.; Sousa, S.; Arantes, A.; Araújo, F. Biophysical Properties of
Cultivated Pastures in the Brazilian Savanna Biome: An Analysis in the Spatial-Temporal Domains Based on
Ground and Satellite Data. Remote Sens. 2013, 5, 307–326. [CrossRef]

32. Aguiar, D.; Mello, M.; Nogueira, S.; Gonçalves, F.; Adami, M.; Rudorff, B. MODIS Time Series to Detect
Anthropogenic Interventions and Degradation Processes in Tropical Pasture. Remote Sens. 2017, 9, 73.
[CrossRef]

33. Gorelick, N.; Hancher, M.; Dixon, M.; Ilyushchenko, S.; Thau, D.; Moore, R. Google Earth Engine:
Planetary-scale geospatial analysis for everyone. Remote Sens. Environ. 2017, 202, 18–27. [CrossRef]

34. IBGE. Base Cartográfica Contínua do Brasil, ao Milionésimo—BCIM; Instituto Brasileiro de Geografia e Estatística:
Rio de Janeiro, Brazil, 2016.

35. Pekel, J.-F.; Cottam, A.; Gorelick, N.; Belward, A.S. High-resolution mapping of global surface water and its
long-term changes. Nature 2016, 540, 418–422. [CrossRef] [PubMed]

36. Jiang, Y.; Sun, M.; Yang, C. A Generic Framework for Using Multi-Dimensional Earth Observation Data in
GIS. Remote Sens. 2016, 8, 382. [CrossRef]

37. Lohr, S. Sampling: Design and Analysis. J. Chem. Inf. Model. 2000, 596. [CrossRef]
38. Nogueira, S.; Parente, L.; Ferreira, L. Temporal Visual Inspection: Uma ferramenta destinada à inspeção

visual de pontos em séries históricas de imagens de sensoriamento remoto. In XXVII Congresso Brasileiro de
Cartografia; Instituto Brasileiro de Geografia e Estatística: Rio de Janeiro, Brazil, 2017.

39. IBGE. Censo Agropecuário; Instituto Brasileiro de Geografia e Estatística: Rio de Janeiro, Brazil, 2006.
40. Noojipady, P.; Morton, C.D.; Macedo, N.M.; Victoria, C.D.; Huang, C.; Gibbs, K.H.; Bolfe, L.E. Forest carbon

emissions from cropland expansion in the Brazilian Cerrado biome. Environ. Res. Lett. 2017, 12, 25004.
[CrossRef]

http://dx.doi.org/10.1109/36.701075
http://dx.doi.org/10.1016/S0034-4257(02)00078-0
http://dx.doi.org/10.1109/JSTARS.2016.2517118
http://dx.doi.org/10.1016/S0034-4257(02)00082-2
http://dx.doi.org/10.1016/j.rse.2009.08.016
http://dx.doi.org/10.1016/S0034-4257(02)00096-2
http://dx.doi.org/10.1016/j.isprsjprs.2017.09.002
http://dx.doi.org/10.1016/j.rse.2008.06.006
http://dx.doi.org/10.1016/S0034-4257(01)00190-0
http://dx.doi.org/10.1023/A:1010933404324
http://dx.doi.org/10.1080/01431161.2012.712223
http://dx.doi.org/10.3390/rs5010307
http://dx.doi.org/10.3390/rs9010073
http://dx.doi.org/10.1016/j.rse.2017.06.031
http://dx.doi.org/10.1038/nature20584
http://www.ncbi.nlm.nih.gov/pubmed/27926733
http://dx.doi.org/10.3390/rs8050382
http://dx.doi.org/10.1017/CBO9781107415324.004
http://dx.doi.org/10.1088/1748-9326/aa5986


Remote Sens. 2018, 10, 606 14 of 14

41. Barr, K.J.; Babcock, B.A.; Carriquiry, M.A.; Nassar, A.M.; Harfuch, L. Agricultural Land Elasticities in the
United States and Brazil. Appl. Econ. Perspect. Policy 2011, 33, 449–462. [CrossRef]

42. Alkimim, A.; Sparovek, G.; Clarke, K.C. Converting Brazil’s pastures to cropland: An alternative way to
meet sugarcane demand and to spare forestlands. Appl. Geogr. 2015, 62, 75–84. [CrossRef]

43. Smith, P.; Gregory, P.J.; van Vuuren, D.; Obersteiner, M.; Havlík, P.; Rounsevell, M.; Woods, J.; Stehfest, E.;
Bellarby, J. Competition for land. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2010, 365, 2941–2957. [CrossRef]
[PubMed]

44. DNIT Atlas e Mapas. Available online: http://www.dnit.gov.br/mapas-multimodais/shapefiles (accessed
on 17 February 2018).

45. LAPIG Matadouros e Frigoríficos do Brasil. Available online: http://maps.lapig.iesa.ufg.br/?layers=pa_br_
matadouros_e_frigorificos_na_2017_lapig (accessed on 11 March 2018).

46. Bowman, M.S.; Soares-Filho, B.S.; Merry, F.D.; Nepstad, D.C.; Rodrigues, H.; Almeida, O.T. Persistence
of cattle ranching in the Brazilian Amazon: A spatial analysis of the rationale for beef production.
Land Use Policy 2012, 29, 558–568. [CrossRef]

47. Ferro, A.B.; Castro, E.R. De Determinantes dos preços de terras no Brasil: Uma análise de região de fronteira
agrícola e áreas tradicionais. Rev. Econ. Sociol. Rural 2013, 51, 591–609. [CrossRef]

48. Fearnside, P.M. Brazil’s Cuiabá-Santarém (BR-163) Highway: The Environmental Cost of Paving a Soybean
Corridor through the Amazon. Environ. Manag. 2007, 39, 601–614. [CrossRef] [PubMed]

49. Pokorny, B.; de Jong, W.; Godar, J.; Pacheco, P.; Johnson, J. From large to small: Reorienting rural development
policies in response to climate change, food security and poverty. For. Policy Econ. 2013, 36, 52–59. [CrossRef]

50. Mullan, K.; Sills, E.; Pattanayak, S.K.; Caviglia-Harris, J. Converting Forests to Farms: The Economic Benefits
of Clearing Forests in Agricultural Settlements in the Amazon. Environ. Resour. Econ. 2017, 1–29. [CrossRef]

51. UNDP. Human Development Report 2016: Human Development for Everyone; United Nations Development
Programme: New York, NY, USA, 2016.

52. Salame, C.W.; Queiroz, J.C.B.; de Miranda Rocha, G.; Amin, M.M.; da Rocha, E.P. Use of spatial regression
models in the analysis of burnings and deforestation occurrences in forest region, Amazon, Brazil.
Environ. Earth Sci. 2016, 75, 274. [CrossRef]

53. De Castro Solar, R.R.; Barlow, J.; Andersen, A.N.; Schoereder, J.H.; Berenguer, E.; Ferreira, J.N.; Gardner, T.A.
Biodiversity consequences of land-use change and forest disturbance in the Amazon: A multi-scale
assessment using ant communities. Biol. Conserv. 2016, 197, 98–107. [CrossRef]

54. Rudorff, B.F.T.; Aguiar, D.A.; Silva, W.F.; Sugawara, L.M.; Adami, M.; Moreira, M.A. Studies on the Rapid
Expansion of Sugarcane for Ethanol Production in São Paulo State (Brazil) Using Landsat Data. Remote Sens.
2010, 2, 1057–1076. [CrossRef]

55. Silva, A.A.; Miziara, F. Avanço do Setor Sucroalcooleiro e Expansão da Fronteira Agrícola em Goiás.
Pesqui. Agropecu. Trop. 2011, 41, 399–407. [CrossRef]

56. Perpetua, G.M.; Thomaz Junior, A. Dinâmica Geográfica da Mobilidade do Capital na Produção de Celulose
e Papel em Três Lagoas (MS). Rev. Anpege 2013, 9, 55–69. [CrossRef]

57. Pedrosa, B.C.; de Souza, T.C.L.; Turetta, A.P.D.; da Costa Coutinho, H.L. Feasibility Assessment of Sugarcane
Expansion in Southwest Goiás, Brazil Based on the GIS Technology. J. Geogr. Inf. Syst. 2016, 8, 149–162.
[CrossRef]

58. Richards, P.; Pellegrina, H.; Van Wey, L.; Spera, S. Soybean Development: The Impact of a Decade of
Agricultural Change on Urban and Economic Growth in Mato Grosso, Brazil. PLoS ONE 2015, 10, e0122510.
[CrossRef] [PubMed]

59. Latawiec, A.E.; Strassburg, B.B.N.; Valentim, J.F.; Ramos, F.; Alves-Pinto, H.N. Intensification of cattle
ranching production systems: Socioeconomic and environmental synergies and risks in Brazil. Animal 2014,
8, 1255–1263. [CrossRef] [PubMed]

60. Gil, J.; Siebold, M.; Berger, T. Adoption and development of integrated crop–livestock–forestry systems in
Mato Grosso, Brazil. Agric. Ecosyst. Environ. 2015, 199, 394–406. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/aepp/ppr011
http://dx.doi.org/10.1016/j.apgeog.2015.04.008
http://dx.doi.org/10.1098/rstb.2010.0127
http://www.ncbi.nlm.nih.gov/pubmed/20713395
http://www.dnit.gov.br/mapas-multimodais/shapefiles
http://maps.lapig.iesa.ufg.br/?layers=pa_br_matadouros_e_frigorificos_na_2017_lapig
http://maps.lapig.iesa.ufg.br/?layers=pa_br_matadouros_e_frigorificos_na_2017_lapig
http://dx.doi.org/10.1016/j.landusepol.2011.09.009
http://dx.doi.org/10.1590/S0103-20032013000300010
http://dx.doi.org/10.1007/s00267-006-0149-2
http://www.ncbi.nlm.nih.gov/pubmed/17377730
http://dx.doi.org/10.1016/j.forpol.2013.02.009
http://dx.doi.org/10.1007/s10640-017-0164-1
http://dx.doi.org/10.1007/s12665-015-4865-x
http://dx.doi.org/10.1016/j.biocon.2016.03.005
http://dx.doi.org/10.3390/rs2041057
http://dx.doi.org/10.5216/pat.v41i3.11054
http://dx.doi.org/10.5418/RA2013.0912.0004
http://dx.doi.org/10.4236/jgis.2016.82014
http://dx.doi.org/10.1371/journal.pone.0122510
http://www.ncbi.nlm.nih.gov/pubmed/25919305
http://dx.doi.org/10.1017/S1751731114001566
http://www.ncbi.nlm.nih.gov/pubmed/26263189
http://dx.doi.org/10.1016/j.agee.2014.10.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Data and Methods 
	Results 
	Discussion 
	Concluding Remarks 
	References

