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ABSTRACT:

A virtual globe to visualize time series of pixétem the MODIS sensor over the South American cumit is available in the
Internet and was developed at the Brazilian Ingtifot Space Research. The MODIS images acquireg sire year 2000 were
transformed to a vegetation index (EVI2, two-bamth&hced Vegetation Index) with pixel size of 250 his study aims to use
these time series to identify land use changes (LhiSed on the temporal profile of EVI2 values efodested polygons between
2007 and 2011 within the context of the Soy Moiator Deforested polygons were divided in two stratgh and without soy in
crop year 2010/11. From the MODIS/EVI2 time setles following classes were identified: forest, agapd forest, total clearing of
the area, regrowth of forest, regrowth with pastpasture, agriculture, and soy. For stratum 1 dibminant LUC trajectory was:
forest — degradation — regrowth / regrowth withtpas In the second stratum it was observed twm hbiC trajectories: 1) forest —
degraded forest — total clearing of the area — ahenop (rice) — soy; and 2) forest — total clegrof the area — annual crop (rice) —
soy. For most samples of stratum 2 the LUC trajgotaas agriculture (e.g., rice) between total clegquand soy cultivation. These
patterns occurred on average over two harvestghwhay be considered the necessary time for soiéction and total removal of
above ground stumps and roots to enable mechas@etarvesting. The fast evaluation of one hungagigons during 11 years
was only possible due to the virtual globe to vigathe MODIS time series that proved to be andrtgmt tool to improve the
understanding of LUC dynamics in the Amazon region.

1. INTRODUCTION cultivated crop area increased rapidly, and soytivation

became one of the main economic activities, pdeibuin the
The majority of the net carbon emissions in Braziestimated — state of Mato Grosso. Beginning in the 1990s, #paesion of
to come from land use change (LUC), in particulae do the  the agricultural frontier in the Amazon startedb driven by
conversion of forest to agricultural land (BRASIL, 0B).  market forces. For example, the demand for metitérMiddle
During the past few decades the main hotspots @ th East and Russia, and for soy in China (Fearnsidel,;208cedo
conversion have been concentrated in the southemh aetal., 2012; Nepstad et al., 2006; Morton et2Q6).
southeastern Amazon regions where most of the skparof
the agricultural frontier takes place (Alves, 20@&arnside, With the increase in global demand for food, whighs not
2005; Skole and Tucker, 1993). entirely met by increases in agricultural produitiv the

conversion of forest to agriculture became a masdadtition
Large scale agricultural activity in the Amazon &egn the and, at the same time, a major environmental probl€his
1970s. During this period and throughout the follmywdecades insight is reason of the increase on environmeatereness
several governmental programs such as Nationaghatien  since the conservation of forest land became atitit order to
Program (PIN), Program for Land Redistribution and minimize the effects of global climate change. histway,
Stimulation of Agribusiness in the North and Noebe deforestation in the Amazon that was initially forred by
(PROTERRA and Advance Brazil and were promoted topublic policies started to be severely combatedydyernment
incentivize colonization, development and integnatiof the  and Non-Governmental Organizations (NGOs). Evenriagket
Amazon into the national economy. In addition tcesth has adopted some measures to contain deforest&ione of
programs the easy credit, the construction of\wayts, and the these actions are: 1) the establishment in 2008@fAction
vast offering of land at irresistible prices attemtmany farmers plan for the Prevention and Control of Deforestationthe
from southern Brazil (Laurance et al., 2001; Nepstadhl., | egal Amazon Rlano de Agdo para Prevencdo e Controle do
2002). The opportunity to guarantee ownership tholand  Desmatamento na Amazonia Legal - PPCDABRASIL,
tenure or by proof of productive use of the lansbadttracted 2008); 2) the Soy Moratorium in 2006 (Rudorff et £011)
farmers and speculators to the Amazon (Hecht et1888,  and; 3) the Beef Moratorium in 2009 (Boucher et2011).
Alston et al., 2000).

Slowing down the advance of soy production in récen
Among the government investments for the viability the  deforested land in the Amazon has also been theo§saveral
agricultural production in this region, programs fgenetic  NGOs since the beginning of the 2000s. Greenpeacel ®ut
improvement and adaptation of soy to low latitueigions were by advertising the negative impact of soy produded
developed by EMBRAPA (Sousa, 1990). With newdeforested land in the Amazon, in front of McDorsld
technologies and seeds adapted to tropical conditidhe restaurants in Europe. In addition to the proteGt®enpeace
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published a report in 2006 entitled “Eating Up th@azon”.
This report contained evidence that soy cultivatedeforested
areas of the Amazon biome was exported to Eurogeuaed to
feed chicken to produce the “McNuggets” (Greenpga006).

Given the impact of these actions on public opinam the
questions of European clients about the origin @zBian soy,
the topic of deforestation began to be part of sbg traders’
agenda. In this way, NGOs and Brazilian soy tradetsted a
dialogue with the aim of defining a common agenda f
stopping the advance of soy into the Amazon raesor
resulting in the Soy Moratorium that was signedJoty 24",
2006. This agreement requires that all soy cukigatn
deforested areas (legal or illegal) after this datlk not be
commercialized by any company linked to the Braailia
Association of Vegetable Oil Industrie8dsociacdo Brasileira
das Industrias de Oleo Vegetal - ABIQVANd the National
Association of Cereal ExportersAgsociacdo Nacional dos
Exportadores de Cereais - ANECThe Soy Moratorium has
been renewed annually and, since 2009, satelli@gés are
being used for monitoring soy cultivation in defete areas
mapped by the Program for the Calculation of Defatem in
the Amazon Programa de Calculo do Desflorestamento da
Amazbnia - PRODBSRudorff et al., 2011).

The monitoring method is based on the EVI2 timéesefrom
the MODIS sensor and the Crop Enhancement Index (CE
approach (Rizzi et al., 2009). At the same time,g@sawith
improved spatial resolution from the AWIFS, LISS3yi and
ETM+ sensors are used to better identify and datn¢he soy
plantations within the deforested polygons (Rudaff al.,
2012). In some instances the deforestation daterigested by
the farmer and the visualization tool for EVI2 tinseries
developed by INPE (Freitas et al., 2011) is usegether with
TM images, to ensure the correct deforestation ddwenever
there is a conflict between PRODES data and the eflarm
argument. The visualization tool has been usedetermine
the exact period in which deforestation occurredaddition, it
allows the identification of various LUC patternsahgh the
seasonal analyses of terrestrial targets (Adanal.e2012). In
this sense, the objective of this work is to usNMODIS/EVI2
time series to identify the LUC patterns and trajges of
deforested areas within the Soy Moratorium context.

2. STUDY AREA

The study area is comprised by the Soy Moratoriwtygons

selected during the fourth year of monitoring (crgpar

2010/11). The selected polygons are from the PROEaSs of
2007 to 2010 within municipalities that producedrendhan

5,000 ha of soy each in the previous crop year vétidan area
higher than 25 ha (Rudorff et al., 2011). Figurendidates the
location of the Amazon biome and the states andicipalities

monitored in crop year 2010/11.

In crop year 2010/11, 3,571 polygons with a totedaaof
375,500 ha were monitored. Of this total, soy @tahs were
found in 146 polygons corresponding to an areal¢gdd8 ha.

3. MATERIAL AND METHODS
The 3,571 deforested polygons were pre-evaluatéd regards

to size and compactness criteria to exclude thosgpns that
are too narrow or irregular. The compactness ind@dxis the
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ratio between the perimeter and the square rothefarea of
the polygon. Higher IC values indicate more irregula
geometries, while lower IC values indicate more fagu
geometries. A polygons to be selected should h@veds than
9 for area greater than 40 ha, or IC less than @rfea smaller
than 40 ha. This procedure selected 1,971 polygdtheut soy
and 91 polygons with soy. A subsample of 50 pohgwas
selected from each stratum: with and without soy.
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Figure 1. Location of the study area. Adapted fRadorff et
al. (2011).

In the next step, the subsampled polygons weraiated with
respect to LUC homogeneity. Very heterogeneous polyg
represented an additional difficulty in the chaesigation of
LUC patterns and transitions after deforestationr Eoe
polygons without soy (first stratum), the evaluatiavas
conducted based on variations in the EVI2 tempprafile of
several MODIS pixels within the polygon. Each pagg
rejected in this evaluation phase was replaced mythar
polygon. For the polygons with soy (second stratuhe
homogeneity was evaluated based on land use infiorma
acquired from the aerial survey and available at:
<http://www.abiove.com.br/ss_relatoriouso10_brzasp

After the final selection of the 50 polygons fromch stratum a
central pixel of each polygon was selected to perfdhe
MODIS/EVI2 time series profile analyses using th©OMS
Time Series Visualization for Land Use and Cover Ipsia
(<https://www.dsr.inpe.br/laf/serieg/ of the Remote Sensing
Time Series Virtual Laboratory developed to intégra large
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amount of information from the MODIS image time iesr
(Freitas et al., 2011).

Historical monthly precipitation data from the Trogl Rainfall
Measuring Mission (TRMM) and information from the @gpe
Maps API digital elevation model over two concenteircles
with adjustable radii around the pixel are alsoilataée for each
MODIS pixel of the time series (Freitas et al., 201To locate
the selected polygon of interest in the Google M¥sual

Globe it is sufficient to indicate the coordinafgetitude and
longitude).

3.1 Classification of the EVI2 temporal profile

The LUC classification using the EVI2 profiles isnclucted
based on the previous knowledge of the temporaéiet of the
main targets within the deforested polygons. Figingresents
some typical EVI2 profiles for the region, whichloals

identifying some of the LUC patterns and transitions

1
0.75

(a) — without filter

——wavelet filter
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» 0.25
0

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
(b) — without filter

——wavelet filter
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Figure 2. EVI2 temporal profile for two deforestgolygons:
(a) Forest from 2000 to 2006, transition from fotespasture
in 2007 and 2008, and pasture after 2009; anddgskt from
2000 to 2007, transition from forest to bare soi2D08 and
2009 followed by agriculture use in 2010 and so204.1.
Abbreviations: for. (forest); degrad. (degradatjaéar. (total
clearing of the area); past. (pasture); agric.i¢agure).

Previous works such as Galford et al. (2008), &seitt al.
(2011), and Adami et al. (2012) presented some phemof
typical temporal behavior of MODIS vegetation ineBcfor
pasture and agriculture land. A common characteridtthese
targets is the pronounced seasonality. The ampliisdmore
evident for annual crops, while the duration of thele is
longer for pasture. These characteristics allow
differentiation of forest, which has low seasonariation
throughout the year (Figure 2).

In the off-season the dominant spectral responsagiculture
is bare soil/dry straw with low EVI2 values. Duritige crop
growth period a rapid increase of green vegetatiamses the
EVI2 to peak reaching values as high as 0.9 at Mmaxi
canopy development, especially on soy crops . Eurtbre, the
agricultural areas tend to have a rapid increadeMI2 values
during the crop development period, followed bytrarsy drop,
creating a more narrow profile, aiding in its idéoation. In
this work, areas with high seasonal variation, marprofiles
and EVI2 peaks lower than 0.7 were classified agcaigure.
This class tends to include rice (predominanthgrnc(more
common in Para), and in some instances less dealspy

th
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fields. Profiles with EVI2>0.7 will be classified as soy. The
threshold of 0.7 was established after a detaileduation of
the 194 polygons with soy in crop year 2010/11.e8aivof the
aerial surveyed polygons presented corn and raddsfi which
were used to define the threshold.

For pasture land, there is less increase in EVldegbecause
the canopy tends to be less homogeneous and theoser, in
the majority of cases, is not complete. This isHer enhanced
by the low investments in pasture renewal, typioalextensive
cattle production zones. The presence of cattlel,hehich
consumes green biomass before the maximum pasture
vegetative peak, also contributes to the heterateé the
spectral response. In addition, the predominancgrags with
erect leaf geometry lowers the EVI2 values. Themfo
agriculture and pasture land are easily identifirethe temporal
EVI2 profiles, as can be seen in Figure 2.

In some isolated cases of rice cultivation amigsibf trunks
and above ground roots, during one to three crapsyafter the
clearing of a former forested land, the temporalfife of the
EVI2 can be similar to pasture.

The degraded forest pattern is observed undertseldogging
and/or fire occurrence. This pattern is observednduthe
deforestation process before the area has bedly toiared.
When the clearing of the area is not completed raensive
vegetation regrowth can be observed in the ragagen (Lima
et al., 2012). In this work, these areas will bassified as
regrowth. Although they are less common, some areasified
by PRODES as deforested may present regrowth aftetotal
clearing of the area.

Eventually, the LUC trajectories will be traced atid most
frequent patterns of transition after the defortemtaprocess
will be indicated for the polygons with and withogby
plantations. For the soy polygons the average tirasveen
deforestation and soy plantation will also be estd to
characterizing the most common trajectories of thay
polygons that are not in agreement with the Soydaium.

4. RESULTSAND DISCUSSION

Areaswithout soy in crop year 2010/11

The 50 selected polygons without soy in crop ye@i(0211
were classified according to the year of deforestatietected
by PRODES. Twelve polygons (24%) were from defotasta
detected in 2007; 32 polygons (64%) from 2008; #ygmns
9(8%) from 2009; and 2 polygons (4%) from 2010. Mofthe
polygons (68%) were from Mato Grosso, followed bgr&®
(26%) and Ronddnia (6%). Forty polygons (80%) presén
significant degradation prior to the deforestatocess. This
finding agrees with Uhl et al. (1991), Nepstadle{1999) and
Sorrensen (2004), which report that the forestatdafion in the
Amazon region is a common practice prior to theorkftation
process, either by selective logging or fire.

Figure 3 shows that 38 polygons (76%) presenteidatidns of
regrowth in 2011. For 19 of these polygons therimfation
from the temporal profiles was not enough to dgtish
regrowth from pasture. Despite the evidence ofawtr, the
identification of small seasonal cycles could bgoagmted with
fire occurrence in the dry season, a common pmradticthe
region for pasture renewal (Lima et al., 2012)véitheless, if
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they are exploited with cattle, these represent poaductivity
pasture areas. This occurs due to the elevatedcsedr with
natural regrowth (excessive shading) and the diffies of
intensive management practices that imply the miyesf
mechanization (Numata et al., 2007). Thus, thetroosimon
LUC trajectory was from forest to degraded forestd d@o
deforestation with typical regrowth and regrowthhapasture.

Pasture/Rice
4%

Figure 3. Distribution of the LUC classes in 201 aforested
polygons without soy.

According to data from the TerraClass project, whlassified

the land use cover in 2008 for the total deforefRRE&DDES

presented in 2007, 46.7% of the deforestations witreclean

pasture. The natural regrowth class covered 21%thef

deforested areas and regrowth with pasture cové&@éo.

Taking into account that annual crop occupied @n®p6 of the

deforested area, there was a significant discrgpaetween
these results and those originating from TerraCkassthe

classes of pasture and regrowth. It is likely thase differences
are due to the fact that in this work, only thstfiew years after
deforestation were evaluated, while TerraClass densd the
historical deforestation since 1988. Therefore,t pafr the

recently deforested areas currently in regrowthcese or
covered with pasture with regrowth could still kmeerted to
clear pasture during the coming years.

Another observation for the polygons without soyhiat, in 12
polygons (24.5%) did not occurred the total clegudfi the area
after the shallow cut pointed by PRODES. In all &heases, it
was observed that subsequent pattern was cleaurpadthis
result is coherent because the deforestation psdsea costly
one and the investment made by the producer is jostified

when the goal is to use the area more intensieglgither cattle
raise or agriculture.

It is also interesting to observe that only 2 polyg were
directly converted to agriculture in 2011. In thest that the
conversion actually occurred, the low EVI2 peakesbed in
this crop year is likely to be associated with thetivation of
rice, since legumes such as soy tend to have ekkvayI2
peaks at maximum crop development.

Areaswith soy in crop year 2010/11

Out of the 50 selected polygons with soy in cropry2010/11,
39 (78%) were from Mato Grosso, 11 (22%) from Pand
none from Rondénia. The soy selected polygons wése a
classified according to the year of deforestati@tedted by
PRODES. Thirty-two polygons (64%) were from defoatish
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detected in 2007; 13 polygons (26%) from 2008; $/guns
(10%) from 2009; and none from 2010 indicating tltfae
entrance of soy soon after deforestation is notomneon
practice adopted by the farmers in the region. Hewnethe 5
polygons from 2009 were directly converted to soy.

Rivero et al. (2009) and Brown et al. (2005) relateat even
though the areas had been deforested with the tolgenf soy
cultivation, this transition generally did not ocammediately
after deforestation. There is a transition prodeswhich the
cultivation of rice is a common practice duringexipd which

can vary from 1 to 3 crop years after deforestat@ur results
showed that for more than 70% of the analyzed moiggthe
soy crop was likely to be preceded by rice cropwoTmain

factors contribute to this commonly used transitidhe first is
the lower demands for soil fertility and pH foreicultivation,
which is corrected by the addition of chemical ifieers and
limestone. The second is related to the difficsltief

mechanized harvesting of the crops, since it iseeently
deforested area, where generally many irregulariidst in the
terrain, caused by the pulling of stumps or theuommnce of
protruding roots. This hampers the operation of ltioe
harvester, especially for soy, since this is cotellicwith

platforms close to the ground. On the other harmd, rice

cultivation, the harvesting platform remains highabove
ground (20 to 30 cm), avoiding possible damaggnéocutting
bar of the platform due to contact with roots amgps that can
damage the combine harvester. During the ricevatitin new
stump and protruding root suppression operatioeg@nducted
in a way to permit the entrance of soy in followiyegars.

Nearly half of the soy polygons showed some inébcatbof
forest degradation prior to the deforestation pseaghich was
much lower than the 80% of degradation observed tlier
polygons without soy. This might be motivated bg tocation
of the agricultural areas. In other words, the entrrcenters of
agricultural production are concentrated in theestdegions of
colonization of the Amazon region, where timbenjeating by
means of selective logging could have occurredrbeetive year
2000. In addition, when the farmer makes a decigidncrease
his cultivated area over forest land, this tendsacur in a more
direct way. The phase of induced fires, for examplgring
several years before the deforestation could neturod the
decision to increase the agricultural area is astamt with an
instantly attractive agricultural commodity marketce. It was
also possible to identify the year in which theatatlearing of
the area was made in almost all cases, exceptviopolygons.
In approximately 20% of the cases, there were sighthe
beginning of the regrowth process after the clgadhthe area,
which in none of the cases exceeded two years.d{¢here is a
transitional pattern which can occur in some casken the
farmer does not finalize the preparation of thel dor
cultivation, immediately after the total clearing the area,
concluding the preparation of the soil throughd following
years.

Thus, in the polygons with soy in crop year 2010itlwas
possible to identify and trace two main LUC trajeids: 1)
forest — forest degradation — total clearing of thea —
agricultural cultivation (predominantly rice) — sa3) forest —
total clearing of the area - agricultural cultioati
(predominantly rice) — soy. The average duration tioé¢
transitional cultivation of an annual crop suchriae was two
crop years from total clearing to soy cultivatidhshould be
noted that in contrast to the polygons without solye
occurrence of soy basically defines the end of théC
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trajectory under the current economy, since it stable land
use and less reversible (Lambin et al., 2003).

5. CONCLUSIONS

The analysis of the spectral-temporal profiles &fIZE from

MODIS permitted the identification of the principalUC

patterns and transitions of the Soy Moratorium gohs. The
evalution of a hundred different areas during 1argavas only
possible thanks to the information and functiomegitavailable
in the MODIS Time Series Visualization for Land Uaed
Cover (Freitas et al., 2011).

For the first stratum, i.e., the polygons not cotee to soy
until 2011, characteristic features of forest ddgt®n before
the deforestation process were identified in 80% tloé

polygons. However, in the majority of them, tot&aring of

the area for more intensive use was not confirmadthis

group, occurrences of the regrowth process predatetnin

2011, in which part of these areas could also lpogrd with

extensive cattle raising during the regrowth prec8he LUC
trajectory with the highest occurrence in thiststnaas: forest —
degradation — regrowth/regrowth with pasture.

Those converted to soy in 2011, pertaining to stna®, it was
possible the identification of the moment of tatldaring of the
forest in nearly all of the cases as a marked cheriatic. In
addition, the presence of the agricultural class a&snsitional
LUC pattern between the total clearing of the ared the
definitive planting of soy occurred in the vast ordy of cases.
This pattern had an average duration of two hasyest
considered by the farmer to be a sufficient perfod the
correction and preparation of the soil for the amte of soy.
Finally, the two predominant LUC trajectories insthdtratum
were: 1) forest — forest degradation — total cleaof the area —
agricultural cultivation (predominantly rice) — sa) forest —
total clearing of the area agricultural  cultioati
(predominantly rice) — soy.
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