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Abstract

:

Many of the world’s agricultural frontiers are located in the tropics. Crop and cattle expansion in these regions has a strong environmental impact. This paper examines land use and land cover transformations in Brazil, where large swaths of natural vegetation are being removed to make way for agricultural production. In Brazil, the land use dynamics are of great interest regarding the country’s sustainable development and climate mitigation actions, leading to the formulation and implantation of public policies and supply chain interventions to reduce deforestation. This paper uses temporal trajectory analysis to discuss the patterns of agricultural practices change in the different biomes of Mato Grosso State, one of Brazil’s agricultural frontiers. Taking yearly land use and cover classified images from 2001 to 2017, we identified, quantified, and spatialized areas of stability, intensification, reduction, interchange, and expansion of single and double cropping. The LUC Calculus was used as a tool to extract information about trajectories and trajectories of change. Over two decades, the land use change trajectories uncover the interplay between forest removal, cattle raising, grain production, and secondary vegetation regrowth. We observed a direct relationship between the conversion of forest areas to pasture and of pasture to agriculture areas in the Amazon portion of the Mato Grosso State in different periods. Our results enable a better understanding of trends in agricultural practices.
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1. Introduction


Understanding land use dynamics in Brazil is essential to derive policies for sustainable development and climate mitigation. In recent years, land grabbing, illegal exploitation of natural resources, and speculation of public lands significantly increased Brazil’s deforestation [1,2]. Large areas of Amazonia and Cerrado biomes have either lost their vegetation cover completely or suffered strong degradation [3]. Sound policies that balance forest protection and agricultural production need to consider the long- and medium-term land use conversion trends in the region [4,5].



In Brazil, farmland demand is an essential driver for deforestation, with forest areas being replaced by agriculture and cattle ranching [6,7]. Depending on the area, the land can then be converted to crop production, kept as pasture for cattle, or temporarily abandoned. In a recent study, Picoli et al. [5] described an interlinkage of direct and indirect effects of deforestation in Mato Grosso State, Brazil. For instance, when farmers buy pasture areas to convert to agriculture, they might not realize the natural vegetation loss caused by the pasture expansion. For Brazil to achieve a substantial reduction of deforestation, public policies have to take into account both direct and indirect land use change [5,7,8,9,10,11,12,13,14].



Understanding the trajectories of land use and land cover change is important to provide helpful information to policymakers to understand trends and the impacts, for instance, of the agricultural production on direct and indirect land use change, and how these changes can increase risk and vulnerability at local, regional or global levels. With this motivation, this work uses trajectory analysis to discover trends in land use change from 2001 to 2017 in the state of Mato Grosso, Brazil. This region experiences a dynamic on land use based on processes that occurred in tropical zones in the last decades [13,15,16]. In this work, trajectory analysis is used to quantify and spatialize patterns of change, related to agricultural practices, in Mato Grosso State, using multi-temporal data.



Previous studies using land used trajectories in the Amazon region include McCracken et al. [17], who discussed deforestation trajectories at farm-level, in non-consecutive years, from 1970 to 1996, aimed at studying the patterns of deforestation and the length of time on the farm; Pinheiro et al. [18] studied deforestation trajectories to reveal forest degradation associated with logging frontier expansion along a major roadway, in non-consecutive years. In other regions, Nainggolan et al. [19] used land use trajectories to identify patterns of intensification, agricultural abandonment, and afforestation in the semi-arid Mediterranean agro-ecosystem of Torrealvilla catchment between 1956 and 2008, and Asenso Barnieh et al. [20], wno evaluated the historical land use land cover transitions in the three periods (1970–2000, 2000–2013, and 1975–2013) in West Africa and two sub-regions (humid and arid), to show how deforestation and degradation in West Africa are being driven by human settlements and cropland encroachment. Some other studies focused on the development of tools to work with trajectories. Chen et al. [21] proposed a representation of land use change using Allen’s temporal logic. Azeredo et al. [22] proposed a redefinition of trajectory from the moving object’s domain to the context of land cover change and applied it to reason about forest degradation.



In a previous work, Picoli et al. [5] performed a statistical analysis of the land use maps of Mato Grosso produced by Simoes et al. [23], founding significant evidence that soybean expansion was not directly linked to forest removal, but to the conversion of pasture areas into cropping areas, and pasture expansion was associated with deforestation and the removal of secondary vegetation. These results motivated the authors to investigate the possible indirect effects of soybean production using trajectory analysis. To that, this work is focused on agricultural practice trajectories considering consecutive years, to analyze patterns of changes in Mato Grosso biomes. The Land Use Change Calculus (LUC Calculus) [24], a method that consistently expresses short- and long-term trajectories based on a temporal logic of intervals, is used to extract information trajectories.



The paper is organized as follows: Section 2 presents the materials and methods used in this study; we describe the study area, data set, description about the patterns of agricultural practices change, and review of the formalism for a reason about land use change trajectories. Section 3 details the results and the discussion on land use trajectories in Mato Grosso, and the conclusions are presented in Section 4.




2. Materials and Methods


2.1. Study Area


The study area comprises the Mato Grosso State (MT) in Brazil. The state occupation started at the beginning of the 1970s with private and governmental colonization projects, with land concessions for colonists arriving from other states [25], reaching a population of 3 million inhabitants in 2010 [26]. In recent decades, Mato Grosso has become the largest producer of grains and livestock in Brazil. It concentrates the 14 municipalities that historically have been the most important crop production centers, mainly along the Cuiabá-Santarém highway (BR-163) that crosses the center part of the state [16,27,28]. With 903,202 km   2   of extension, Mato Grosso is located in three Brazilian biomes: Amazon, Cerrado (Brazilian tropical savanna), and Pantanal wetlands (see Figure 1).



The Amazonia biome encompasses almost ≈50% of the Brazilian territory; it is covered mainly by rainforests and has the world’s richest biodiversity [29]. Deforestation rates in the Amazon have experienced fluctuations over these decades, since the beginning of the Trans-Amazon highway (BR-230) construction, in 1970, mainly because of macroeconomic shifts [30]. In 2004, deforestation reached its peak (27,772 km   2  /year) since the beginning of monitoring carried out by INPE [31], and the lowest value was observed in 2012 (4571 km   2  /year). The deforestation rate is showing an increasing trend in the last two years, reaching 10,129 km   2  /year in 2019 [32].



The Cerrado biome is the second largest in Brazil, occupying almost   22 %   of the Brazilian territory. This region experiences an anthropic pressure to convert natural vegetation into agricultural land due to government incentive programs implemented since the 1970s [33]. Studies show that natural vegetation has been replaced by pasture and cropland in the Cerrado and Amazon portions of Mato Grosso [13,27,28,34,35,36].



Despite being the biome with the smallest extension in Brazil (150,355 km   2  ), Pantanal is considered one of the largest continuous wet extensions on the planet [29]. However, only 4.6% of its territory is protected by law, and until 2014, 85% of its area was preserved [37]. This shows this biome’s fragility and the urgent need for conservation policies for the Pantanal and its surroundings [38,39,40].




2.2. The Land Use Change Calculus


The Land Use Change Calculus (LUC calculus) [24] takes an interval-based approach to represent land use change trajectories. It extends and improves Allen’s interval temporal logic [41] to create a formalism for reasoning about land use changes. The building blocks of the formalism are:




	
A set of non-overlapping spatial locations   L =   l 1  ,  l 2  , … ,  l n    , part of a region of study;



	
A set of land classes   C =   c 1  ,  c 2  , … ,  c n    ;



	
A set of non-overlapping and sequential time intervals   T =   t 1  ,  t 2  , … ,  t n    ;



	
The set of temporal predicates defined by Allen [42];



	
The predicate   H O L D S   to assert properties of individual locations;



	
The predicates   R E C U R  ,   C O N V E R T   and   E V O L V E   for multi-interval comparison of land classes.   R E C U R   is used to assert that the current class in a location is the same as that of a previous time instance, but there have been other classes assigned to it in intermediate intervals.   C O N V E R T   is used to assert that current class of a location is different from that of a previous time instance, but there are no intermediate intervals with a different class. Moreover,   E V O L V E   asserts that the current class of a location is different from that of the previous time instance, and there are intermediate intervals with a different class.








The LUC calculus provides a consistent way to express both short-term and long-term trajectories. By contrast, expressing trajectories and change patterns using ad-hoc rules may lead to inconsistent deductions. As argued in Maciel et al. [24], the LUC calculus is complete, insofar as all possible transitions can be expressed by one of its predicates.



To illustrate reasoning using the LUC calculus, consider the location l that has been classified as forest in 2012, forest in 2013, pasture in 2014 and cropping in 2015. If a researcher wants to evaluate if the l was deforested for cropping, she can evaluate the LUC calculus expression:   E V O L V E ( ‘ ‘ l ” , ‘ ‘ f o r e s t ” , 2012 , ‘ ‘ c r o p p i n g ” , 2015 ) → t r u e  .




2.3. Mato Grosso’s Land Use and Land Cover Data Sets


This work used a set of yearly land use and land cover maps for Mato Grosso from 2001 to 2017 to study the patterns of change in agriculture practices over 17 years. The data set produced by Simoes et al. [23] is used as the source to extract the land use trajectories. This data set was generated by classifying data from the moderate resolution imaging spectroradiometer (MODIS). It considered the MOD13Q1 product, including the normalized difference vegetation index (NDVI) and the enhanced vegetation index (EVI), as well as the near-infrared (NIR) and mid-infrared (MIR) attributes.



Time series of multidimensional attributes for each pixel was classified using the support vector machine (SVM), a supervised classification method [43]. To train the classification model, the authors used 2115 time series ground samples of natural and human-transformed land use classes. The resulting maps have thirteen classes: Cerrado, Forest, Pasture, Soy-Corn, Soy-Cotton, Soy-Fallow, Soy-Millet, Soy-Sunflower, Fallow-Cotton, Sugarcane, Urban Area, Water, and Secondary Vegetation. The detailed maps for the state of Mato Grosso and the ground samples used as training data are available at the PANGAEA Earth Sciences Data Repository [44]. Figure 2 shows the classified maps used in this study.




2.4. Patterns of Change for Agricultural Practices


The goal of this study is to identify patterns of change in Single Cropping (SC), Double Cropping (DC), and Pasture (PT) agricultural practices and their potential relation to deforestation. To generate the trajectories of agriculture practices for a period of study, a reclassification of the data set described in Section 2.3 was performed. The Single Cropping class corresponds to the original Soy-Fallow and Fallow-Cotton classes, and Double Cropping corresponding to the Soy-Corn, Soy-Cotton, Soy-Millet, and Soy-Sunflower classes.



Table 1 describes the patterns of agricultural practices change in terms of trajectories of practices. Consider a location   l 1   whose land use and land cover trajectory from 2001 to 2010 is known. From 2001 to 2003, the location was used for pasture (PT), then from 2004 to 2005, it was used to single cropping (SC), and from 2006 to 2010, it was used to double cropping (DC). The location   l 1   will be associated with the Intensification change pattern.



To formally express and identify the patterns of change described in Table 1, we used the LUC calculus [24]. Table 2 shows how these patterns can be expressed using the LUC calculus predicates. The Stability pattern is expressed using the HOLDS predicate, which asserts that the class SC or DC is true for the time interval from 2001 to 2017. The Intensification pattern is expressed using the predicate CONVERT to assert a conversion from SC to DC class in some period of time. Its inverse, Reduction pattern, asserts a conversion from DC to SC class. The Interchange pattern uses combinations of the predicate CONVERT to assert a conversion from SC to DC and from DC to SC. Finally, the pattern Expansion can be expressed using the predicate RECUR and EVOLVE to assert the changes from SC to DC or its inverse conversion.





3. Results and Discussion


In this section, the results of the analysis of agricultural pattern changes are presented. To facilitate the understanding of the results, at times, the Single Crop and Double crop classes are referred to as Agriculture. The Figure 3 presents the amount of Natural Vegetation, Pasture, and Agriculture areas in the three biomes of the Mato Grosso State, during the analysis (2001 to 2017).



Analyzing the land use and land cover areas (Figure 3), we observed that the Natural Vegetation in the Mato Grosso State had a decrease of ≈  3 %   between 2001 and 2017. In the same period, the anthropic areas of Pasture and Agriculture increased ≈  11 %   and over 140%, respectively. These patterns of change can be identified from trajectories. The Amazon and Cerrado biomes portions showed a decrease in the Natural Vegetation area consistent with the increase of Agriculture and Pasture areas, indicating that the anthropized class has replaced Natural Vegetation regions. The Pantanal portion does not have a significant extension of Agriculture until 2017.



The Sankey diagrams presented in Figure 4 show the existing land use and land cover transitions from 2001 to 2017. The gray areas represent transitions and its proportion regarding all the conversions observed. For example, Figure 4a shows a transition from Pasture to Double Cropping, representing 24.34% of the conversions seen in the Amazon biome portion of the Mato Grosso State (see Table 3). Table 3 shows also that in the Amazon biome portion, ≈  55 %   of the Natural Vegetation converted areas were converted to Pasture, ≈3439 thousand hectares, from 2001 to 2017, and ≈  17 %   were converted to Agriculture. It can be observed that ≈  25 %   of the Pasture areas were converted to Agriculture.



In the Cerrado biome portion, the analysis shows that ≈  52 %   of the Natural Vegetation converted areas were converted to Pasture, and ≈  9 %   were converted to Agriculture. For the Pasture areas, ≈  24 %   were converted to Agriculture. Moreover, ≈  10 %   of the Single Crop areas were converted to Double Crop.



In the Pantanal biome, the conversion of the Natural Vegetation areas to Pasture represented more than   97 %  , ≈410 thousand hectares, from 2001 to 2017 (Figure 4). Moreover,   1.5 %   of the Pasture areas were converted to Agriculture.



Five patterns of agricultural practices change were considered in this study, each represented by different trajectory profiles. The results show that in the Mato Grosso State, the most frequent Agriculture pattern in the Amazon and Cerrado biomes was Expansion, which in these two biomes were 6.6 and 8.1 million ha, respectively. As observed in Figure 4a,b, the agriculture expansion occurs mainly by converting Pasture areas, followed by Forest areas, on a smaller scale, in other Agriculture areas (transition from single to double cropping, and vice versa).



Figure 5 spatializes the patterns of agricultural practices change in Mato Grosso State, from 2001 to 2017, based on the Natural Vegetation, Agriculture, and Pasture classes conversion. Table 4 shows that, for the Amazon biome portion, the agriculture expansion predominated in ≈  84 %   of its extension. In ≈  10 %   of the Amazon portion, we can observe a stabilization pattern in a single crop or double crop. In ≈  5.7 %   of the area, interchanging, reduction, or intensification in the agriculture practices were found.



In the Cerrado biome portion of the state, ≈  55 %   of the area sustained a pattern of expansion, and ≈  30 %   maintained a stability pattern in Agriculture (single crop or double crop). The interchange between single crop and double crop occurred in ≈  13 %   of the area, and intensification and reduction in ≈  2.7 %   of the area. The Pantanal biome portion presented less than   1 %   of its area for agriculture from 2001 to 2017.



Figure 6a shows the Agriculture expansion in the Amazon biome that occurred over Forest significantly decreased after 2008. This decrease reflects the effectiveness of the Soy Moratorium (The Soy Moratorium agreement was signed in 2006 by actors from industry, civil society, and the Brazilian federal government, which aim was to curtail the purchase of soybean grown on lands deforested after July 2006 in the Brazilian Amazon by exporters [10].) agreement in the direct conversion of Forest to Agriculture (soybean), corroborating with the study by Rudorff et al. [45].



However, the transition of Forest to Agriculture, despite the efforts of the Soy Moratorium, still occurs (Figure 6a). In their study, Gibbs et al. [10] observed that approximately 12% of deforestation in Mato Grosso State between 2007 and 2014 occurred on soybean properties. Silva and Lima [46] analyzing the deforestation caused by soybean in the Mato Grosso State, between 2009 and 2016, the authors observed that 59,972 ha of the forest had been converted into soy areas. The authors emphasize the Soy Moratorium’s importance in combatting deforestation in Amazonia and reinforce the need to refine this agreement. In the most recent study by Rajao et al. [7], the authors analyzed 53,000 soybean producers in the Amazon and Cerrado biomes. They observed that 20% of these properties were deforested after 2008, about half of them potentially illegally.



Pasture areas are the main driver in the Agriculture trajectory (Figure 4). As also observed by Macedo et al. [47] and Picoli et al. [5], this trajectory can generate an indirect land use and land cover effect. This effect occurs because of the indirect conversion from Agriculture to Pasture, and consequently, Forest to Pasture [1,48,49].



Figure 7 highlights, spatially, some interesting areas and its patterns of agricultural practice change trajectories. In the Cerrado biome, the Expansion pattern occurred near Agriculture consolidated areas, close to the BR-163 and BR-158 (Figure 7a), as observed by Picoli et al. [5] that previous year’s soybean areas are a positive driver in soybean expansion. And, the agriculture expansion areas in the Amazon biome occurred mainly around the Xingu Indigenous Park (Figure 7b), as observed by Arvor et al. [50].



The second most frequent pattern in the Mato Grosso State is Stability. Besides agriculture in Mato Grosso, which has had incentives from the Brazilian Government since the 1970s, the State’s climatic conditions are favorable. The physical factors of the landscape are suitable for large-scale agriculture [51]. Spera et al. [36] investigated the soybean dynamics (expansion, abandonment, and harvest frequency) in Mato Grosso from 2001 to 2011, and they observed that these dynamics were related to the slope, elevation, minimum and maximum temperature, and logistics costs of soybean. The authors still argue about the Ricardian rent theory, which says that agricultural expansion will occur first on the highest quality land and then on the lower quality land. Thus, this theory would explain why so many areas show a Stability pattern, as these areas would have high quality, and therefore agriculture is maintained.



The Interchange pattern occurred mainly in the State’s southern and western regions in the Cerrado biome and the eastern region in the Amazon Biome (Figure 7d,e). This pattern shows that in these regions, Agriculture is dynamic and there is a change between years with single crop planting, where only one crop is planted in a year, and years with double crop planting, where two crops are planted in the same area in the same year in two different periods. This rotation in plantations may be linked to economic and climatic factors [52,53,54].



The Intensification pattern occurred where there was a vertical agricultural intensification. When an area was dedicated to planting single crop and became a double crop, it increased agricultural production [55]. These results corroborate the studies by Kastens et al. [13] and Picoli et al. [5], who observed that in the early 2000s, the single crop practice was generally used in the Mato Grosso State. Still, in recent years, the most common practice adopted by farmers is a double crop. According to the Brazilian Institute of Geography and Statistics [56], the organization responsible for Brazil’s official agricultural statistics, Mato Grosso leads as the largest national grain producer, with a 28.4% share in 2020 of the national total [57]. This indicates an increase in Agriculture’s intensification due to the planting of two crops in the state. The Reduction pattern is almost nonexistent in this study region.



In the Pantanal biome, the Expansion pattern was the most significant, showing an increase of 27 thousand hectares of Agriculture, equivalent to approximately 18% of this biome. Guerra et al. [39] identified that Agriculture commodities are one of the main drivers of vegetation loss in the Pantanal biome and is associated with expanding the road network. The other patterns occur in small proportions in this biome.




4. Conclusions


In this work, the trajectories of agricultural practice in the three biomes of Mato Grosso State, Brazil, from 2001 to 2017 were analyzed using the LUC calculus. The land cover and use were divided into Agriculture (single cropping and double cropping), Pasture, and Natural Vegetation (Forest and Cerrado), and the pattern changes in these biomes were analyzed, leading to the following results:




	
During the 17 years of analysis, in the Mato Grosso State, the conversion of Natural Vegetation, including forest or cerrado, to Pasture was predominant. This indicates that Pasture has been an important driver of deforestation in these three distinct biomes of the State. However, the conversion of Pasture areas to Agriculture indicates that agriculture can be considered an indirect driver of deforestation.



	
When analyzing the patterns of change in agricultural practices, we conclude that Expansion in the three biomes is the pattern that occurs more frequently than the others (>55%). This means that in Mato Grosso, increasing agricultural production has occurred due to the conversion of other land uses to Agriculture, and the percentage of agricultural areas that have been intensified is still small.



	
The LUC calculus application was a valuable tool to analyze spatio-temporal data, formally expressing queries and reason about land use trajectories flexibly. However, this approach depends on a set of classified and validated data for the study area. The LUC calculus depends on land use trajectories, with observations in a regular time interval.








The findings presented in this work help to understand the current state and the dynamics of land use and cover in the Mato Grosso State. The expansion of crop areas occurs over areas of natural vegetation, resulting in deforestation. However, the expansion also occurs in pasture areas that have been deforested previously. In turn, pasture expansion takes place over natural forest area. The paper shows that cropland production is causing a displacement effect, and indirectly contributing to the increase in deforestation. This indirect effect of agriculture expansion needs to be taken into account for the evaluation and revision of public policies such as the Soy Moratorium.



This work shows the importance of considering indirect land use change, especially regarding economic policies aimed at promoting low-carbon agriculture and livestock. It also provides evidence that long-term policies and strategies to reduce deforestation in Brazil should not be restricted to the Amazon biome. Cropland expansion in the Cerrado biome is linked to a displacement of cattle farms to the Amazon biome and thus increasing deforestation. Additionally, the commitment with zero-deforestation could be applied to small and large rural properties, with the federal institutions being responsible for imposing fines or periodic penalty payments due to illegal deforestation.
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Figure 1. Mato Grosso State, Brazil. The Amazon biome occupies   54 %   of state, mostly in the north and some in its west part; the Cerrado covers   39.5 %   expanding from east to west through the center of the state; and the Pantanal in the southwest (  6.5 %  ). 
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Figure 2. Land use and land cover maps for the Mato Grosso State in 2001 and 2017. Source: Camara et al. [44]. 
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Figure 3. Amount of Natural Vegetation, Agriculture (single and double crop), and Pasture areas, from 2001 to 2017, in Mato Grosso State. (a) Amazon biome, (b) Cerrado biome, (c) Pantanal biome, and (d) Mato Grosso State (Amazon + Cerrado + Pantanal). 
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Figure 4. Land use and land cover conversions in the Mato Grosso State. (a) Amazon, (b) Cerrado, and (c) Pantanal biomes, from 2001 to 2017. 
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Figure 5. Patterns of agricultural practices changes from 2001 to 2017 in Mato Grosso State. 
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Figure 6. Amazon biome: (a) conversion of Forest to Agriculture (single and double crop) and Pasture and (b) conversion from Pasture to Cropping in the three studied period. 
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Figure 7. Patterns of agricultural practice trajectories in Mato Grosso State, from 2001 to 2017. (a) Traditional agricultural area, a region of the Sinop municipality (border between the Amazon and Cerrado biomes); (b) Xingu Indigenous Park region (Amazon biome); (c) agricultural expansion area, west of the Mato Grosso State (Amazon biome); (d) traditional agricultural area (Cerrado biome); (e) traditional agricultural area, south of the Mato Grosso State (Cerrado biome). 
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Table 1. Patterns of agricultural practices trajectories during entire study period.
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	Change Pattern
	Description
	Trajectory Example





	Stability
	An agricultural practice remains constant during the study period.
	…→ SC → SC → SC → SC → SC → …



	Intensification
	There is a conversion from single crop to double crop practice.
	…→ SC → SC → SC → DC → DC → …



	Reduction
	There is a conversion from double crop to single crop practice.
	…→ DC → DC → SC → SC → SC → …



	Interchange
	Two agricultural practices interchange during entire study period.
	…→ SC → DC → SC → DC → DC → …



	Expansion
	An agricultural practice is in expansion during the study period.
	…→ PT → SC → SC → PT → SC → …
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Table 2. LUC calculus predicates to express patterns of agricultural practices trajectories.
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	Change Pattern
	LUC Calculus Expression





	Stability
	   ∀  l ∈ L , ∀   t i  =  [ 2001 : 2017 ]  ∈ T , H O L D S  ( l , “ S i n g l e _ c r o p p i n g ” ,  t i  )  ∨ H O L D S  ( l , “ D o u b l e _ c r o p p i n g ” ,  t i  )    



	Intensification
	   ∀  l ∈ L , ∀   t i  =  [  t 2001  :  t 2016  ]  ,   t j  =  [  t 2002  :  t 2017  ]  ∈ T ,  C O N V E R T  ( l , “ S i n g l e _ c r o p p i n g ” ,  t i  , “ D o u b l e _ c r o p p i n g ” ,  t j  )    



	Reduction
	   ∀  l ∈ L , ∀   t i  =  [  t 2001  :  t 2016  ]  ,   t j  =  [  t 2002  :  t 2017  ]  ∈ T ,  C O N V E R T  ( l , “ D o u b l e _ c r o p p i n g ” ,  t i  , “ S i n g l e _ c r o p p i n g ” ,  t j  )    



	Interchange
	   ∀  l ∈ L , ∀   t i  =  [  t 2001  :  t 2016  ]  ,   t j  =  [  t 2002  :  t 2017  ]  ∈ T ,  C O N V E R T  ( l , “ S i n g l e _ c r o p p i n g ” ,  t i  , “ D o u b l e _ c r o p p i n g ” ,  t j  )  ∨  C O N V E R T  ( l , “ D o u b l e _ c r o p p i n g ” ,  t i  , “ S i n g l e _ c r o p p i n g ” ,  t j  )    



	Expansion
	   ∀  l ∈ L , ∀   t i  =  [  t 2001  :  t 2016  ]  ,   t j  =  [  t 2002  :  t 2017  ]  , ∈ T ,  R E C U R  ( l , “ S i n g l e _ c r o p p i n g ” ,  t i  ,  t j  )   ∨ R E C U R  ( l , “ D o u b l e _ c r o p p i n g ” ,  t i  ,  t j  )  ∨  E V O L V E  ( l , “ S i n g l e _ c r o p p i n g ” ,  t i  , “ D o u b l e _ c r o p p i n g ” ,  t j  )    
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Table 3. Percentage of land use and land cover conversions in the portions of the Mato Grosso State.






Table 3. Percentage of land use and land cover conversions in the portions of the Mato Grosso State.





	
(a) Amazon






	
Class in 2001

	
Class in 2017

	
Conversion (%)




	
Forest

	
Pasture

	
55.50




	
Pasture

	
Double cropping

	
24.34




	
Forest

	
Double cropping

	
17.28




	
Single cropping

	
Double cropping

	
1.13




	
Double cropping

	
Pasture

	
0.74




	
Pasture

	
Single cropping

	
0.56




	
Forest

	
Single cropping

	
0.28




	
Single cropping

	
Pasture

	
0.17




	
Double cropping

	
Single cropping

	
0.02




	
(b) Cerrado




	
Class in 2001

	
Class in 2017

	
Conversion (%)




	
Cerrado

	
Pasture

	
44.84




	
Pasture

	
Double cropping

	
23.71




	
Single cropping

	
Double cropping

	
9.80




	
Forest

	
Pasture

	
7.08




	
Cerrado

	
Double cropping

	
6.48




	
Double cropping

	
Pasture

	
3.73




	
Forest

	
Double cropping

	
2.88




	
Single cropping

	
Pasture

	
0.53




	
Double cropping

	
Single cropping

	
0.37




	
Cerrado

	
Single cropping

	
0.09




	
Forest

	
Single cropping

	
0.07




	
(c) Pantanal




	
Class in 2001

	
Class in 2017

	
Conversion (%)




	
Cerrado

	
Pasture

	
89.04




	
Forest

	
Pasture

	
8.45




	
Pasture

	
Double cropping

	
1.50




	
Single cropping

	
Pasture

	
0.27




	
Double cropping

	
Pasture

	
0.43




	
Forest

	
Double cropping

	
0.09




	
Cerrado

	
Single cropping

	
0.09




	
Cerrado

	
Double cropping

	
0.06




	
Pasture

	
Single cropping

	
0.04




	
Forest

	
Single cropping

	
0.02




	
Double cropping

	
Single cropping

	
0.01
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Table 4. Areas (ha) of agricultural practices trajectories in Mato Grosso State, stratified by biomes, considering the period from 2001 to 2017.
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	Amazon
	Cerrado
	Pantanal





	Expansion
	6609.01 (83.9%)
	8104.53 (54.6%)
	27.13 (99.1%)



	Stability
	816.87 (10.4%)
	4399.61 (29.7%)
	0.20 (0.7%)



	Interchange
	335.19 (4.3%)
	1940.48 (13.1%)
	0.01 (0.0%)



	Intensification
	112.52 (1.4%)
	378.62 (2.6%)
	0.04 (0.2%)



	Reduction
	1.03 (0.0%)
	7.89 (0.1%)
	0.00 (0.0%)
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