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Abstract: This study investigated the land use and land cover changes in the state of Sao Paulo,
Brazil, for the period of 2002 through 2017, to determine if forested areas were burned or converted
to other land uses, to analyze the use of fire as a catalyst and mechanism for land cover change,
and to determine if there was a relationship between land use changes and gross domestic product
(GDP). MapBiomas classifications and MODIS data were analyzed using the Google Earth Engine.
The results of the analysis found that there were minimal changes in the forested areas in Sao Paulo
during the study period; however, there was a 5% increase in natural forest and a 75% increase
in planted forest cover. On the other hand, there was a 128% increase in sugarcane, and nearly a
50% decrease in pasture land coverage, suggesting that land was converted from pasture to more
profitable agricultural land. Finally, there was a strong positive correlation (» = 0.96) between the
increase in sugarcane and the GDP, and a negative correlation between the frequency of fire events
and economic production (r = —0.62). Overall, there was a decline in fire events in Sao Paulo, with
fire events occurring in less than 2% of the total observed land area by 2017. This overall declining
trend in fire events are likely the direct result of increases in green harvest methods, which prevent
the need for pre-harvest burning.
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1. Introduction

Brazil is the world’s most forested and most biodiverse country, yet its forested
regions are constantly endangered by threats of deforestation [1-9]. While there are
intense conservation efforts focused on Brazil’s Amazon Rainforest, the Atlantic Rainforest
(i.e., Mata Atlantica), which lies along the Atlantic coast, is Brazil’s most endangered
ecosystem [10,11]. The Atlantic Rainforest lies primarily in Brazil (92% of the forest) and is
located along coastal and inland regions, and has coverage in 17 states, from Ceard to Rio
Grande do Sul [9,12], over mountains and plateaus (Figure 1). The Atlantic Rainforest has
been most affected by the development of the local population, as evidenced by a massive
reduction in the size of the forest. It is estimated that nearly 90% of the original forest
biome has been destroyed [5,13-15], and approximately 0.35% of the remaining forest is
lost annually [14].

Of the 17 states which contain fragments of the original Atlantic Rainforest, the state
of Sao Paulo has the largest forest area. Studies estimate that 80% of the state was once
covered by forest, and now only 16.6% of the territory is contains forest [15,16]. A major
contributing factor to the loss of forested areas is land conversion for agricultural purposes.
The conversion of range, pasture, and other shrubland to land used for agriculture such as
sugarcane, coffee, and eucalyptus plantations, urban sprawl, and cattle ranching all account
for major land use changes in the state of Sao Paulo and Brazil [4,17-19]. Additionally,
unauthorized logging and clear cutting also contribute to the loss of forest areas [4,20]. In
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response to these known threats, there were recent conservation efforts aimed at preventing
further loss of the natural forest and restoring the forested area through forest plantations
(e.g., pine and eucalyptus) [4,7-9,13,21-24]. Despite these efforts, another long-practiced
threat to the forested areas in this region is the slash-and-burn system [25], which is one
of the world’s oldest agricultural practices. This system is often used in poor rural areas,
as it can be a foundational practice that acts as the backbone of agriculture and economic
stability. While Sao Paulo (SP) is the richest state in Brazil, it contains rural areas where
the practice is implemented. Despite the value these practices add to the local economies,
they are not sustainable and are deeply problematic, contributing to air pollution and
respiratory health effects [26-31], deforestation [6], global warming, loss of biodiversity,
physical deterioration of the land, and other damage to the land [1-9,20,32].

Brazil

Furivina

Figure 1. Overview of the study area: (a) The span of the Atlantic Rainforest, which is located along coastal and inland

regions, and has coverage in 17 states, from Ceard to Rio Grande do Sul, including mountainous regions and plateaus;

(b) Region of Sao Paulo State, which has nearly 14% forest coverage. Image from the Landsat 8 Image Mosaic from
Mapbiomas Collection 5 for 2019 [3].

Because of the long-term presence of threats to the forest and the efforts to improve the
conditions of the Atlantic Rainforest region in Sao Paulo, it is important to evaluate the area
and determine if it is continuing to undergo loss of land cover. When considering the factors
that contribute to land use change, it is also important to understand what the catalyst is
that facilitates the change. Studies have discussed how fire is used in various ways in the
process of land use conversion [7,33,34], especially focusing on Brazil’s Amazon Rainforest
region [25,35,36]. In many cases, studies explore the relationship between fire events and
agricultural land cover change, largely related to health outcomes of local communities
which are impacted by agricultural pre-harvest burning, [26-31,37,38] to estimate the
biomass and emissions produced during the burning process [38—40]. Several studies have
used MODIS fire products to investigate the role of fire in land conversion, specifically
related to deforestation and land conversion [41-44]. However, few studies have focused
on examining the relationship between fire events and land use and land cover (LULC)
change in the Atlantic Rainforest, nor have many looked at how that relationship might
impact the economy [45].

It is important to note that in addition to being the area of Brazil with a large frag-
ment of the Atlantic Rainforest remaining, Sao Paulo state is also the most economically
productive state in Brazil [46,47]. While analyses on LULC generally reflect industries
linked purely to forestry or agriculture, crop production in SP impacts industries outside of
agriculture [48-50]. For example, sugarcane, one of the main agricultural products grown
in SP.

Studies have modeled the relationship between sugarcane expansion and per capita
gross domestic product [50-55], however they do not reflect the last five to ten years of
growth, nor do they consider how harvesting methods (e.g., use of fire) may relate to
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economic gain. In a few cases, studies determined that remotely sensed satellite images
could be used to relate to economic development and production, however they often
used the presence of nighttime light energy as a metric to represent the increased wealth of
countries, and used Landsat images to detect those lights [56-58]. Additionally, studies that
incorporate economic gain into analyses of LULC are often focused on precision agriculture,
product optimization, and yield estimations [59-61].

This study has three objectives: first, to investigate the relationship between fire events
and land use and land cover changes in the state of Sao Paulo, to understand if forested
areas were burned or converted to other land cover types; second, to determine if fire events
were related to land conversion in non-forested areas; and finally, assess the correlation
between fire events, land conversion, and economic profit. To achieve these goals, MODIS
data and data from the project collaborative MapBiomas were evaluated to determine if
specific land cover or land use types in the region were burned before being converted into
other land uses. In addition, available gross domestic product data were analyzed.

2. Materials and Methods
2.1. Study Area and Economic Data

The state of Sao Paulo (SP), located in the southeast coastal region of Brazil (23.5505° S,
46.6333° W, Figure 1) was selected as the study area. SP is the most populous state in
Brazil with over an estimated 46 million people in 2020, roughly 20 percent of Brazil’s total
population, and the seventh largest built-up urban area in the world [62,63]. SP is composed
of 645 municipalities which are divided into 63 microregions and 15 mesoregions [46,64].

Despite its high level of agricultural and urban development, SP contains the single
largest remnant of the Atlantic Rainforest in Brazil, with estimates showing that 13.9% of
the original Atlantic Rainforest exist in SP [18]. Furthermore, SP has the highest average
gross domestic product (GDP) of any state in Brazil, although it represents less than 3% of
Brazil’s total area (247,898 km?) [6,15,48,65,66].

According to the Brazilian Institute of Geography and Statistics (IBGE) and the State
Data Analysis System Foundation (SEADE), agriculture and livestock farming are two of
the most important economic activities in SP, and they contribute nearly 15% of the total
gross agricultural production value and 12% of the total gross livestock product of Brazil,
despite only representing 12% of Brazil’s total crop acreage [67,68]. Among the major
agricultural products are sugarcane, oranges, tomatoes, peanuts, bananas, and coffee.

It is estimated that SP contributes 31% of the national GDP of Brazil [20,65]. The IBGE,
in partnership with State Statistical Organizations, State Government Departments and the
Superintendence of the Manaus Free Trade Zone (SUFRAMA), created a dashboard pro-
viding the estimates for the GDP and the gross agricultural product for each municipality
in Brazil [21]. The complete breakdown of profit by industry sector and product type can
be found on the IBGE Economic Statistics portal (https://www.ibge.gov.br/en/statistics/
economic/national-accounts/19567-gross-domestic-product-of-municipalities.htm1?=&t=
o-que-e (accessed on 20 October 2020)). The most recent (2018) report summarizes the
economic activities from 2002 to 2017, breaking down the yearly GDP for each municipality,
as well as the gross value added for several industry sectors including agriculture (which
also reflects farming and pasture), industry (including mining and manufacturing), ser-
vices (including retail, communication, and transportation), and administrative (defense,
education, and social services) [65]. GDP is a monetary measure of the market value of all
the final goods and services produced in a specific period, so it is an appropriate metric to
measure the overall relationship between production and economic outcome. The gross
added value of agriculture reflects the net dollar value added to the total GDP by the
cultivation of crops and livestock production and other activities (e.g., forestry, hunting,
and fishing). Gross added value is calculated by subtracting the cost of production within
a sector from the overall production gains, so depending on the cost of labor, planting,
harvesting, processing, and refinement in the agriculture segment, the gross added value
reported may be a less accurate representation of the overall economic impact which may
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result from changes in land use. For the scope of this study, the yearly gross added value of
agriculture (GVA) data and yearly total GDP data for all of Sao Paulo State were calculated
as a sum of the values for all 645 municipalities. These data values were used as metrics to
calculate economic growth (see Supplementary Material, Table S1). The annual GDP was
inflation adjusted to reflect real annual growth.

Due to the limited availability of economic data from the IBGE Municipal Agricultural
Production statistics portal [47], the analysis period of 2002-2017 was selected for this
study.

2.2. Google Earth Engine

Google Earth Engine (GEE) was used as the primary tool for visualizing and analyzing
the spatial relationships and changes within the study area, as well as extracting values
for further statistical analysis. GEE is a valuable tool for remote sensing analysis as it
allows for large scale data intensive analysis, over large areas [69,70]. To ensure that the
boundaries for the various data layers were the same, a filter was created using the Global
Administrative Unit Layers 2015, Country Boundaries, feature collection [71]. Each dataset
was clipped to the boundary for SP so the region could be isolated for analysis.

2.2.1. MapBiomas

The Brazilian Annual Land Use and Land Cover Mapping Project (MapBiomas) was
created in 2015 [72]. The project was developed to address the lack of timely land use, land
cover data for the six biomes in Brazil. The project generated 35 annual LULC maps for
Brazil using Landsat data from 1985 to 2019 at 30 m pixel resolution, processed using the
Google Earth Engine. The project used three-level classification to collect data on land
cover, land use, and various other changes throughout Brazil [3]. The first classification
level primarily focused on distinguishing land cover vegetation types (e.g., vegetation,
farmlands, non-vegetated areas, water, etc.). The second classification level broke down
land use and land cover distinguishing between natural forest, newly planted forest,
grasslands, wetlands, urban infrastructure, plantations, ranchlands, and livestock and
agricultural farms. The third level was specifically focused on forest formation [3]. The
classifications were developed using pre-existing classification data for the Amazon biome,
which extrapolated to other areas, and the random forest classifier available in the Google
Earth Engine. The inventory is updated yearly, with MapBiomas Collection 5 data showing
the 35 years (1985 to 2019) of Brazil’s annual land cover and land use maps on a 30 m scale
with improvements in accuracy in the biomes and new classes of agriculture. The most
recent dataset, which was used in this study, was released on 28 August 2020. The overall
accuracy of the entire project, based on a stratified random sample of 75,000 pixel locations,
was 89%, with an accuracy range of 85.8-90.6% for the region of SP (CI 95%), across the
three levels of classification data [3].

The collection of land use classification images, which are available in GEE (project
identifier: ee.Image (“projects/mapbiomas-workspace/public/collection5/mapbiomas_co
llection50_integration_v1’ (accessed on 3 October 2020)), was used to extract the total count
of pixels per land cover type. The GEE built-in frequency histogram reducer was used
to bin the frequency of pixels for each classification type. The calculated values were
then used to determine the percentage of land represented by each classification type and
the rate of change over the study period. This extraction process followed the simplified
version of the methodological flow described in Section 2.2.2. The full code is provided
(see Supplementary Material, Figure S1).

2.2.2. Fire Count Data

The NASA Moderate Resolution Imaging Spectrometer (MODIS) collection 6, ver-
sion 6, burned area monthly global 500 m product (MCD64A1) provides a monthly, global
product containing per-pixel burned area and quality information at a 500 m spatial resolu-
tion [73]. MODIS can detect both flaming and smoldering fires that are 50 m? to 1000 m?
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in size, depending on observing conditions [74]. The overall accuracy of the global col-
lection 6 MODIS burned area product was assessed using confusion matrix-derived and
regression-based metrics and was reported to be 99.7% and in each biome the overall
accuracy is greater than 90% [75]. Also, previous studies have shown that MODIS can
be used as a tool for monitoring agricultural fire practices [59-61]. As one of the major
objectives of the study was to assess the impact of fire events on land use changes and
domestic profit, the MODIS MCD64A1 product data were used to create a fire mask over
the region of SP using GEE. A mask of daily burned pixels (1 January-31 December) was
created for each study year, 2002-2017 (Figure 2). The masks were then used to observe
the location of the fire events for each classification year and to calculate the total burned
pixels per year. Using GEE, the mask layers were applied to each of the corresponding 16
study year MapBiomas classification layers, with the goal of isolating the pixels in each
classification category that were burned. The data were extracted and exported as CSV
files to be statistically analyzed. The individual mask creation was a necessary step, as the
MODIS data and the MapBiomas layers have different spatial resolutions (500 m and 30 m,
respectively), and without this step one of the features would need to be recalculated to a
different resolution so they could be analyzed together. The MODIS collection was used in
lieu of other higher resolution satellite products (e.g., Sentinel), because there are available
data for the full study period (2002-2017).
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Figure 2. Moderate Resolution Imaging Spectrometer (MODIS) collection 6, version 6 burned area
monthly global 500 m product for 20022017 filtered by the borders of Sao Paulo State (black border).
The red symbols indicate where fires were detected by the MODIS sensors. Throughout the course
of the study period, 1,263,635,500 m pixels were burned, which were used to view corresponding
MapBiomas land use types.

Figure 3 illustrates the complete methodological flow used to input and process the
variables, create and apply the fire mask, and export data values. The full code used
to calculate the number of burned pixels per classification category and to create the
visualizations is available (see Supplementary Material, Figure S2).
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Visualize annual
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Figure 3. Methodological flow chart used for calculating and extracting the count of pixels representing each type of land

use and land cover classified in the study area.

2.3. Statistical Analysis

The CSV files from previous steps, reflecting the GEE derived yearly land cover type
pixel counts for the total study area and for burned areas were exported to an IBM SPSS
statistics package. The SPSS Correlation tool was used to create a Pearson correlation matrix
showing in-group relationships between the land cover types and the correlation between
select coverage types and GDP/GVA. Additionally, the Pearson correlation statistic was
used to test the correlation between burned areas and GDP/GVA.
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The SPSS correlation matrix returns the Pearson correlation statistic for each variable
as well as the two-tailed significance. The correlation matrix was used to explore the
strength and direction of the possible relationships between various LULC types and
between LULC types and economic outcomes.

Additionally, the Agricultural Economics Institute (IEA) of the State of Sao Paulo Secre-
tariat of Agriculture reports the annual area planted with sugarcane (1000 ha)
(Table 1) [49,76-78]. Linear regression was used to investigate the strength of the rela-
tionship between the reported amount of sugarcane planted and the sugarcane coverage
within the Mapbiomas classification.

Table 1. Reported area harvested to sugarcane (1000 ha), 2002 and 2017. Data from the Agricultural Economics Institute
(IEA) of the State of Sao Paulo Secretariat of Agriculture; Area Harvested to Sugarcane (1000 ha). Data from the 2005 (a),
2010 (b), 2016 (c), and 2019 (d) reports [49,76-78].

2002 2003 2004
(a) (a) (b)

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
(b) (b) (b) (b) (© © (c,d) (c,d) (c,d) (c,d) (d) (d)

3117.6 3312.8 34142 3673.3 42584 48354 5411.3 55389 5135.3 5269.4 5355.7 5501.9 5539.7 5605.7 5569.2 5601.2

To determine the overall trend of growth or loss for the full study period, the annual
percent change and 16-year percent change were calculated for both the total land cover
data and the burned area data. The overall trend was calculated by subtracting the starting
year (2002) value from final year (2017) value, then dividing by the starting year value to
generate the overall percent change. The product was then multiplied by 100 to reflect
percent change. Negative values indicated an overall decline in the presence of LULC
types, and positive values indicated an overall increase in the presence of LULC types.

3. Results
3.1. Land Use Changes

There have been major changes to land use in the state of Sdo Paulo over the study
period, 2002 and 2017. Despite initial concerns that the land use changes would have major
impacts on the forested areas, the analysis of the classification images over the 16-year
period shows that there was not a significant observable change to the forested region
(Figure 4).

The MapBiomas classification indicates that there are 21 primary land cover types, in-
cluding a small percentage of land cover was not observed for the classification (<0.00001%).
Examining the land cover classification image from 2002, it is clear that pasture was the
overwhelming coverage type (Figure 4). By 2002, the classification shows that there are
some regions where the land was converted to agricultural land, with sugarcane being the
primary crop type. Following this trend, the 2017 image shows that there is an overwhelm-
ing presence of agriculture, mostly in the dark pink pixels that represent sugarcane.

Analysis of the pixel values allowed for a more thorough review of the changes to
land use in the area. Overall, despite the 22 different land use types identified in the
classification, approximately 99% of the land use coverage types fall into nine classification
categories: pasture, sugarcane, mosaic of agriculture and pasture (i.e., mixed use land),
soybean, temporary crops, river, lake and ocean, forest formation, savanna formation,
forest plantation and urban infrastructure (Table 2). The complete data table including raw
values is included in the supplementary materials (see Supplementary Material, Table S2).
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Mapbiomas2002-2017 Classification
:l Non-Observed
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- Mangrove
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Figure 4. Land use classification in Sao Paulo, Brazil, in 2002: (top), at the start of the study period, 2010 (middle), at the
midpoint of the study period, and 2017 (bottom), at the end of the study period. Classes and palette are from the original
MapBiomas data product.

As the visual analysis suggests, the pixel analysis showed that both natural forest
formation and forest plantation were not overly impacted by land transition. In fact, there
was a very slight increase in coverage for both forest types over the study period. A much
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more dramatic change was observed in the transition of land use between pasture and
sugarcane, which has an inverse relationship (Figure 5).

Pasture

Sugar Cane
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Figure 5. Line chart of pixel counts for each land use type and each year. Shows that natural forest formation and mosaic of

agriculture and pasture have been largely unchanged over the study period. Demonstrates the inverse relationship between

pasture and sugarcane.

The relative and absolute change was calculated for each land cover type
(see Supplementary Material, Table S3). Consistent with the literature [79,80], the most
significant change within the 16-year study period of LULC was the rapid increase in
sugarcane production, which corresponded to a net 128% increase in the percent of land
used for sugarcane cultivation. The data evaluation showed that throughout more than
half of the study period, from 2002 to 2014, pasture was the most represented land cover
type in SP, although there was a steady yearly decline (net 43% decrease) over that period
that coincided with the increase in sugarcane.

3.2. Fire Event Impact

Using the MODIS data fire mask (Figure 6), the analysis showed that there was a total
of over 426,000,500 m burned pixels representing fire events in SP between 2002 and 2017,
corresponding to approximately 126,393,030 m burned pixels on the classification layers.
Despite the numbers of fire events, the total percentage of burned land per year, based
on pixel count, is low. The count of burned pixels represented 5% or less of all the pixels
in SP. There appeared to be a steady upward trend in the number of fire events observed
from 2002 to 2008 (3—4%), followed by a brief dip in 2009. The next year, 2010, showed
the highest number of burned pixels across all years of the study period (5%). Each of the
years since 2010 showed a decline in the number of burned pixels, although there was a
small spike in the 2017 (Figure 7). Throughout the entire study period, on average 2.6% of
the total land cover was burned, and after 2011, the burned area was consistently less than
2% of the total area of SP.



Remote Sens. 2021, 13, 2853

@ Belo H¢

i °
Dwmgpolls Betim

6]

Paranavai
)

Londrina
Maringd °
O Apucarana
°
ma
@
@)
® @
153
o
Ponlaoclossa
277
C Guarapuava Curitiba

Mao data £2020 Goook

Mapbiomas 2002-2017 Classification
:I Non-Observed

- Forest Formation

- Savanna Formation

- Mangrove

- Forest Plantation

- Wetland

|| Grassland Formation

Other non Forest Formations

[:] Mosaic of Agriculture and Pasture

D Pasture

- Sugar Cane

E Perennial Crop

|:| Soybean

D Other Temporary Crops

- Beach and Dune

I:] Other non Vegetated Areas
- Rocky Outcrop

B salt Flat

- Mining

- Aquaculture

- River, Lake and Ocean
- Urban Infrastructure

Source: Mapbiomas

Figure 6. Example of the fire mask layer of the burned pixels derived from the MODIS Burned Area Monthly Global 500 m
product. A mask was created for each year of the study period, to compare the areas impacted by fire events during each
year. The mask applied MODIS burned area pixels to Mapbiomas classifications, and pixel colors correspond land cover
classification types. The above image reflects all areas which have had a fire event at any time between 2002 and 2017.
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Figure 7. Yearly count of burned pixels in Sao Paulo, from 2002 to 2017.
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The majority of the pixels burned across all years were agricultural (~90%), although
there were some small fire events in the urban and forested areas (~8%, Table 3). The
complete data table including raw values is included in the supplementary materials (see
Supplementary Material, Table S4). Supporting the findings of the land cover analysis,
there is an inverse relationship between the burned pixel counts for pasture and sugarcane,
where pasture lands were burned and repurposed into sugarcane plantations. This is
supported by the results of the correlation analysis (Section 3.3).

While sugarcane was found to be the most commonly burned land type during the
study period, there was an overall trend of decline in the frequency of fires in SP (Figure 8),
amounting to a 49% decrease in burned area in 2017 (see Supplementary Material, Table S5),
compared to the start of the study period (2002). Moreover, while the fire events were most
closely related to sugarcane, most sugarcane harvesting did not appear to involve fire. Over
the course of the study period, while the presence of sugarcane more than doubled, there
was a 41% decrease in the count of burned sugarcane between the beginning and end of
the study period. Moreover, a comparison of the yearly total number of pixels representing
sugarcane and the number of burned sugarcane showed that less than 20% of the area with
sugarcane was burned at any point in the study period. During the study period, there was
a 74% decrease in the burning of sugarcane crops, with the fewest fires observed in 2015.
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Figure 8. Stacked bar chart

of burned pixel counts for each land use type and each year, which highlights the decline in fire

events during the study period.

Another result of the analysis was the emergence of the pattern of seasonality (see
Supplementary Material, Table S6). The analysis of the total count of annual MODIS burned
pixels showed that there was generally a trend in which the frequency of fires tended to
sharply increase in April, peak in August, and abruptly drop in October (Figure 9). This
observed trend mirrors the documented sugarcane harvesting season in the Sao Paulo
State [6,49,64,81]. The seasonal burn trend also demonstrates the general decline of fire
events, excluding the spike in 2010.
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Table 2. Land use in Sao Paulo, by classification type between 2002 and 2017.

Land Use Classification Type 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Pasture 41% 40% 39% 37% 35% 33% 31% 30% 28% 27% 25% 24% 23% 23% 23% 22%
Sugar Cane 11% 12% 13% 13% 14% 16% 19% 21% 22% 22% 23% 24% 25% 25% 25% 26%
Mosaic of Agriculture and Pasture 16% 16% 16% 17% 17% 17% 16% 16% 16% 17% 17% 17% 17% 16% 16% 16%
Soybean 10/0 20/0 20/0 2% 20/0 20/0 1% 10/0 20/0 20/0 20/0 20/0 20/0 3% 30/0 30/0
Other Temporary CI'OPS 3% 3% 3% 2% 3% 3% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2%
River, Lake and Ocean 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2% 2%
Forest Formation 19% 19% 19% 19% 20% 20% 20% 20% 20% 20% 20% 20% 20% 20% 20% 20%
Forest Plantation 2% 2% 2% 3% 3% 3% 3% 3% 3% 4% 4% 4% 4% 4% 4% 4%
Savanna Formation 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
Values were calculated using the total pixel count for each year. Colors added to reflect land cover type (i.e., tan = agriculture; blue = water; green = natural vegetation).
Table 3. Most commonly burned pixels by classification type between 2002 and 2017.
Land Use Classification Type 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Pasture 120/0 120/0 90/0 100/0 100/0 11 0/0 11% 90/0 1 10/0 90/0 70/0 7% 60/0 70/0 70/0 50/0
Sugar Cane 63% 64% 68% 68% 66% 66% 68% 73% 69% 71% 75% 73% 72% 76% 74% 73%
Mosaic of Agriculture & Pasture 13% 12% 11% 13% 14% 13% 12% 10% 11% 11% 9% 12% 9% 8% 9% 9%
Soybean 1% 1% 1% 1% 1% 1% 1% 1% 1% 2% 1% 1% 1% 1% 1% 2%
Other Temporary Crops 4% 3% 3% 3% 3% 3% 2% 1% 1% 1% 2% 2% 1% 1% 1% 2%
Forest Formation 6% 6% 5% 4% 5% 5% 5% 4% 5% 4% 4% 5% 7% 5% 4% 6%
Forest Plantation 10/0 00/0 00/0 0% 00/0 00/0 0% 00/0 00/0 0% 10/0 10/0 10/0 1% 10/0 10/0
Savanna Formation 1% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 0%
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Figure 9. Bar chart representing annual fire regime for SP, based on frequency of monthly fire events. It also demonstrates

general decline in fire events in SP.

3.3. Statistical Analysis

As the land use change and fire event analyses show, the most critical changes occurred
with sugarcane and pasture. As a result, these land cover types were prioritized in the
statistical analysis. The correlation analysis of the yearly total land cover pixel counts
showed a statistically significant, negative relationship between the presence of pasture
and sugarcane in SP throughout the entire 16-year study period (r = —0.99, p < 0.01;
Table 4), an inverse relationship in which the growth of sugarcane is related to a near
equivalent decline in the presence of pasture. During this same period, the correlation
between sugarcane and both natural forest (i.e., forest formation) and forest plantations
is positive, suggesting that areas with both sugarcane and forest increased. Likewise, the
relationship between the increase in sugarcane coverage strongly correlated with both
the GVA of agriculture (r = 0.88, p < 0.01) and the total GDP (r = 0.96, p < 0.01). The full
correlation matrix included land cover types. The comparatively weaker relationship with
the GVA may be caused by the difference in production costs.

The regression analysis yields an adjusted R? of 0.89 (p < 0.01), indicating a strong
relationship between the reported values of sugarcane planted and the sugarcane classified
as sugarcane in the Mapbiomas yearly classification during the study period.

The analysis of the burned area impact (Section 3.2) showed three distinct periods
where fire events in the area varied throughout the entire study period, so the statistical
analysis was performed for the complete study period as well as each of the three periods
observed in the fire analysis (Table 5). The analysis shows that for the entire 16-year study
period there is a consistent positive relationship between fire events on land with sugarcane
and land with pasture (r = 0.97, p < 0.01) and a mosaic of agriculture and pasture (r =
0.96, p < 0.01), indicating that these various land cover types shared the same relationship
during fire events. Moreover, throughout the various periods there was very little variation
in the strength of the relationships observed.
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Table 4. Sugarcane correlation results for select variables. Correlation analysis between sugarcane
land cover and select land cover types (i.e., pasture, forest), economic indicators for the study period,
2002-2017, and reported acreage of planted sugarcane quantities.

Sugarcane
n=16

Pasture —0.993 **
Forest Formation 0.984 **
Forest Plantation 0.985 **
Gross Added Value (GVA) Agriculture 0.877 **
Gross Domestic Product (GDP) 0.963 **
Total Planted 0.946 **

** Correlation is significant at the 0.01 level (2-tailed).

Table 5. Most commonly burned pixels by classification type between 2002 and 2017. Correlation
analysis highlighting the relationship between the frequency of burned sugarcane and other agricul-
tural land (i.e., pasture and mosaic of pasture and agriculture), as well as economic indicators for the
study period, 2002-2017.

2002-2017 2002-2008 2009-2011 2012-2017
Burn_Sugar Burn_Sugar Burn_Sugar Burn_Sugar
n=16 n=7 n=3 n=6
Pasture Burned 0.966 ** 0.880 ** 0.994 0.946 **
Mosaic Burned 0.963 ** 0.968 ** 1.00 ** 0.937 **
Total Burned 0.996 ** 0.991 ** 1.00 ** 0.999 **
GVA Agriculture —0.546 * 0.989 ** —0.999 * —0.282
GDP —0.617* 0.851 * 0.319 —0.517

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

Related to economic production, the data shows throughout the study period, there
is some fluctuation in agricultural product of SP, however the yearly trend is towards
increased profit. Visual analysis of the GDP and yearly count of sugarcane pixels show
a near identical trend line (Figure 10), while the analysis between GVA and the count
of sugarcane pixels shows slightly more variation (Figure 11). The two major notes of
irregularity can be seen in the decline in GVA for 2008 (15.1%) and 2015 (3.8%), which were
not reflected in the burned pixel count. These drops were due to a decline in market pricing
and periods of economic recession in Brazil [48,82-84], not a decline in crop production.

As the above correlation matrix shows, unlike the similar relationships between the
burning of various vegetation types, the relationship between burned sugarcane and
economic product is mainly weak and fluctuated over the study period. For the 16-year
period, the relationship between burned sugar area and both GVA of agriculture (r = —0.546,
p < 0.05) and the total GDP (r = —0.617, p < 0.05) was negative. A more granular analysis
of the three economic periods observed in the previous Section 3.2 shows more variation in
the relationship between sugarcane related fire events and economic production. As Table 5
shows, the period between 2002 and 2008 was the only time during the study period that a
positive relationship was observed between burned sugarcane and the GVA of agriculture
(r=0.989, p <0.01) or the total GDP (r = 0.851, p < 0.05). After this period, between 2009
and 2011, the relationship between burned sugarcane and the GVA of agriculture shifts to
strongly negative (r = —0.999, p < 0.05), while the relationship between burned sugarcane
and total GDP becomes weaker. Finally, in the 2012-2017 period, the relationships became
weak and negative.
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Figure 10. Yearly growth trends for GDP (inflation adjusted) and sugarcane: (a) yearly GDP for Sao Paulo in Brazilian Real
(R); (b) count of sugarcane pixels detected by year.
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Figure 11. Yearly growth trends for GVA of agriculture and sugarcane: (a) cumulative yearly gross value added (GVA) of

agriculture for Sao Paulo in Brazilian Real (R); (b) count of sugarcane pixels detected by year.

4. Discussion

The present study had three main objectives: to investigate if forested areas in SP were
being burned or converted for other land uses, to analyze the use of fire as a catalyst and
mechanism for land cover change, and to determine if there was a relationship between
land use changes and GDP. The data showed that, despite initial concerns, there has been
some increase in the forested areas in SP between 2002 and 2017, based on the increased
presence of pixels representing natural forest regrowth (5% increase) and forest plantations
(75% increase). At the same time, there is a 120% increase in land used for sugarcane, and
nearly a 50% decrease in pasture land coverage.

As the results demonstrated, the primary land use change involved a decline in pasture
and growth in agriculture. The practice of fluctuating between pasture and agricultural
land use in Brazil is an established and documented technique, which is used by farmers to
maintain the greatest gains from the land [45,85]. Newer and more sustainable techniques
for cultivation, which result in less land degradation [86,87], and the increased profitability
of agriculture compared to pasture lands [45,79,80,88] likely contributed to these land use
changes. Additionally, of all the agricultural crops identified in the classification, sugarcane
and soybeans are the most profitable [47].

The results of the burned pixel analysis showed that there were three distinct epochs
in the uses of fire in SP. In the first period, 2002-2008, fire was used largely to convert land.
This is evidenced by how rapidly the percentage of pixels representing pasture decreases
during that period (41% to 31%), as well as decline in the rate of fires, based on the percent
of burned pasture pixels (33% to 17%) during this period. The literature supports this
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finding, as cattle farming on pasture lands was main economic product in Brazil in the
1980s [85], and by the 1990s there was movement towards converting pasture land to
agricultural land in some parts of Brazil [17,89]. IBGE reports also support this trend,
indicating that between 1996 and 2006 pasture lands decreased by more than 40%, while
sugarcane crops saw substantial increases [19,53]. During this same study period, each of
the various agricultural crops showed an increase in coverage percentage, with sugarcane
showing the largest annual increase. The highest frequency of burning for soybean and
other types of agriculture could also be seen during the 2002-2008 period, although the
land use percentages had very small changes. This suggests that land transition was not the
only use of fire during this period. Slash-and-burn agriculture is often used for beans [32],
which may suggest that the burning of soybean, temporary crops, and perhaps mosaics of
agriculture and pasture are the result of slash-and-burn farming techniques.

The analysis of the burned pixel data shows that the highest number of fire events
occurred in the period of 2009-2011 (Figure 6). In that time, there was a comparatively
moderate decrease in the pasture land coverage, although there was a steady, demonstrated
trend of decline. Likewise, pasture lands were burned at a much lower rate during this
period than was observed in the previous period. Similarly, the land use percentage for
sugarcane began to stabilize during this period, with sugarcane representing around 21%
of the land use in SP. Despite the stabilization of land use, the number of burned pixels
continued to increase, hitting its peak in 2010. This suggests that land transition began
to taper off during this time, and fire was no longer used as a mechanism for land use
transition. Instead, the focus of the burning was on sugarcane, which is the most profitable
agricultural product grown in SP. Supporting this theory, there was a decrease in the
percentage of non-sugarcane burned pixels during this four-year period, indicating that
the possible slash-and-burn agriculture may have also displayed a decrease in this time.

The burning of sugarcane is a commonly used cultivation technique, used to strip
off the tops and outer leaves from the stalk of the plant, as they have no profit potential
and slows the harvesting process, and to begin the sugar crystallization process, reducing
the amount of factory processing required [17,30]. Additionally, the fires are used as a
safety measure as burning can protect manual harvesters from animals, such as poisonous
snakes and other sources of injury [28]. In Brazil, sugarcane is an important agricultural
product as a food product and a major source of ethanol alcohol, which has increasingly
more uses including as a sustainable alternative fuel source. It is reported that conversion
of cattle pasture and other land to cropland in Brazil is due not only to rising domestic
and international food demand but also to rising ethanol production for fuel, food, and
fibers, expanding demand for sugarcane [68,90], and was influenced by several government
driven initiatives to increase engagement in sugarcane cultivation [64,79,88,91].

The final period, 2011 to 2017, showed a huge reduction in the number of fire events
in SP, with a 65-85% decline in burned pixels, compared to the 2010 peak. During this
period, the land use values were steady, and the burned pixels were mainly in areas
where sugarcane was planted. The fire pixel values observed in this period indicate a
discontinuation of the use of fire to catalyze change in land use and a decline in cultivation
practices that use fire. This is likely due to conservation efforts and laws in SP that are
aimed at protecting the environment and improving the health of those who harvest crops
or live in areas where sugarcane and other crops are burned [26-30].

It was previously documented that pre-harvest sugarcane burning contributes to more
asthma related hospital visits and produces air pollution levels similar to the burning of
fossil fuels [25-32,37,38]. Since 2008, there have been efforts to mechanize the cultivation
process for sugarcane, minimizing the use of fire for cultivation. State Law 11,241 /2002
was approved in the state of Sao Paulo and signed into law in 2007. The law gradually
bans the burning of sugarcane, seeking to end the practice by 2031 [20,90,91].

Many of the recent initiatives put in place were in support of the alternative cultivation
method known as green harvesting [37,64,89,92]. This method is performed using a
machine that separates the sugarcane leaves from the stems, so the remaining leaves and
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the unused tops of stalks are left in the soil, enriching it. This is considered preferable to
the burning method, as it results in much less damage to the soil and the environment;
it is less harmful to surrounding communities, and allows for the unused product to be
returned to the soil, ideally improving the health and moisture levels of the land [40,41].
Due to the high cost of the machinery, adoption to this technique was not immediate.
However, there were increased attempts to train and compensate landowners for using
green harvesting methods in SP, resulting in increased adoption and the observed decrease
in harvesting related fire events. Ambitiously, Sdo Paulo state set a goal to end the burning
of sugarcane by 2017 [20,64], and data showed that in 2008 and 2009, more than half
(51%) of the sugarcane harvested in Sao Paulo state was harvested without burning [79,93].
Based on the results of the analysis, in 2017, approximately 98% of the sugarcane in SP
was unburned. As of 2021, UNICA, the Brazilian Sugarcane Industry Association reported
that the harvesting of sugarcane is almost fully mechanized (99%) and burning has been
eliminated (98%) [94].

Throughout the study period there was a general trend of decline in the occurrence
of MODIS detected fire events in Sao Paulo state. This is a positive change for the overall
health of the environment, manual harvesters, and local communities living in areas where
sugarcane is harvested. Additionally, as research suggests, the expansion of the sugarcane
industry did not directly contribute to deforestation in SP [53]. As mentioned above,
there were a number of conservation efforts aimed at restoring the native vegetation and
increasing the overall forest area with forest plantations. This analysis shows that over the
16-year study period, there was growth in both native and planted forest vegetation.

While the analysis showed that the forested region is not being burned or lost in large
quantities, there is a need to monitor the forested areas in SP. Although the analysis shows
that agricultural growth is not coming at the cost of forest cover, the literature does show
that forest fragments that are surrounded by sugarcane can be less biodiverse than those
surrounded by pasture [4,6,7,22,66,95]. With this reality in mind, it is important that the
maintenance and growth of the forested areas in SP are not superficial efforts that mask
negative outcomes in the health of the forest ecosystem.

5. Conclusions

While there was continuous growth in the presence of sugarcane in SP [96], there was
great success in the reduction in agriculture related fire events in the state, as evidenced
by this study. Analysis of land use and land cover change is beneficial in understanding
when and how deforestation and agricultural production change the landscape of an area.
It is often important to monitor land cover and land use changes in areas where there is
a documented history of destruction. This analysis ultimately shows that economically
driven land use change can be identified and traced through the use and comparison of
both economic and land use data.

Limitations and Future Work

Limitations of this study are inherently based on the fact that the data were extracted
from datasets with varied accuracies, ranging from 30 m to 500 m. This means that it
is possible and likely that some pixels were misclassified during one or both stages of
the analysis. As the classification data are drawn from the MapBiomas initiative, there
may be inaccuracies in the data, as well as known limitations in the vegetation types
which were classified. Likewise, if there are errors in the MODIS data, this can impact the
resulting analyses. To improve the accuracy of the analysis, it may be necessary to perform
an independent analysis using ground truth data or by collecting harvesting data from
farmers in the area.

Another limitation is the lack of availability of state level GDP data for Brazil. The
IBGE derived data are only available for the period of 2002-2017, preventing an extension
of this study’s scope beyond this 16-year period. Future work can benefit from more data
relating to the GDP and agricultural product for SP over a longer period, which would
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allow for a more thorough analysis of the impact changes in land cover types and fire
events on GDP.

Finally, as this study shows that there was a minor increase in fire events in 2017,
compared to prior years, it would be beneficial to extend the scope of the study to the
present and continue to monitor the area to see if that trend continues. This is meaningful
as a way of measuring compliance with recent laws and local response to conservation
efforts.

Future work can also involve analyzing the monthly land cover changes for the period
of 2011 forward, to see how fire-related harvesting and green cultivation methods may
impact the land differently. Expanding the timeline of the analysis may also be beneficial
in gaining a more complete picture of the land use changes in SP. Additionally, future
studies incorporating IBGE Municipal Agricultural Production (PAM) data, which report
on annual production amounts, can be used to gauge the reliability of the Mapbiomas data
and further analyze the impact of LULC change on GDP.
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Table S2: Yearly total number of by land use/land cover type, Table S3: Overall relative change and
absolute change for land use/land cover types between 2002 and 2017, Table S4: Yearly total number
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number of MODIS detected burned area pixels.
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