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TEMPORAL VARIABILITY OF ATMOSPHERIC CO2 AND CONTROL
FACTORS OVER LARGE MANAGED AND DEGRADED PASTURE AREAS IN
THE BRAZILIAN CERRADO

Abstract: Anthropogenic changes in land use have contributed to an increase in
the concentration of greenhouse gases (GHGS) in the atmosphere. Changing this
scenario requires actions able to minimize emissions and remove carbon from
the atmosphere. The stock of soil organic matter can be used as a carbon sink,
in addition to reducing emissions, it also improves physical, chemical and
biological aspects of the soil. Sequestering carbon in the soil represents 25% of
the planet's natural potential to solve climate problems, whereas 60% refer to the
recovery of previously lost stocks, and 40% to the protection of carbon already
stored. Based on the hypothesis that degraded (DP) and managed (MP) pasture
systems show contrasting vegetative indices and carbon levels stored in the soil,
this study aimed to understand the temporal dynamics of atmospheric CO:2
concentration and other control factors on DP and MP in the Brazilian Cerrado
biome. Using remote sensing tools and a 6-year historical series, was
characterized under the areas atmospheric concentrations of CO2 (xCO2), soil
carbon stock (SCS t/ha—mean 0 a 0.30 m), vegetative characteristics (SIF — solar-
induced chlorophyll fluorescence, NDVI — normalized difference vegetation index
and LAl — leaf area index) and climatic aspects (LST Amplitude — land surface
temperature amplitude and precipitation). Pearson's correlation showed that
vegetative variables and precipitation are negatively related, and LST Amplitude
and SCS are positively related to xCOZ2. It was also observed that LST Amplitude
stood out as a potential new variable of direct impact on soil CO2 emissions, as
well as an auxiliary tool for distinguishing degraded and managed pastures.
Except for xCO2, the hypothesis tests (Student t-test p<0.05) demonstrated that
the MP were significantly different from the DP. Thus, MP showed to receive
higher vegetative indices and precipitation volumes, however, lower LST
Amplitude values. Linear regression analyzes (p<0.001) showed that SCS values
impacted atmospheric CO2 concentration only on DP. This result highlights the
importance of pasture management as a way to protect and stabilize the carbon
on this agricultural activity. Thus, it was possible to conclude that DP with carbon
stored in the soil are the main sources of CO: for the atmosphere, when
compared to MP. Therefore, degraded pastures with organic carbon stock in the
soil will gradually lose their compartments, if not managed, due to carbon
exposure to microbiological metabolism and the vegetative inability of plants to
replenish soil compartments.

Keywords: Climate changes, Nature-based Solutions, Remote sensing, OCO-2,
SoilGrids, Land Surface Temperature.



Resumo: As mudancas antropicas no uso da terra tém contribuido para o
aumento da concentracao dos gases de efeito estufa (GEES) na atmosfera. Mudar
esse cenario requer acdes capazes de minimizar emissdes e retirar carbono da
atmosfera. O estoque de matéria organica do solo pode ser usado como
sumidouro de carbono, além de reduzir as emissfes melhora também aspectos
fisicos, quimicos e biolégicos do solo. Sequestrar carbono no solo representa 25%
do potencial natural do planeta em solucionar as questfes climaticas, dos quais,
60% referem-se a recuperacéo dos estoques anteriormente perdidos, e 40% pela
protecdo do carbono ja armazenado. Partindo da hipotese de que, sistemas de
pastagens degradadas (DP) e manejadas (MP) demonstram indices vegetativos
e niveis carbono estocado no solo contrastantes, este estudo objetivou
compreender a dindmica temporal da concentracdo de CO2 atmosféricos e outros
fatores de controle sobre DP e MP no bioma do Cerrado brasileiro. Utilizando
ferramentas de sensoriamento remoto e série historica de 6 anos, foi
caracterizado sob as areas concentracdes atmosféricas de CO2 (xCO2), estoque
de carbono no solo (SCS (t/ha — médio 0 a 0.30 m), caracteristicas vegetativas
(SIF - fluorescéncia da clorofila induzida pelo sol, NDVI — indice de vegetacéo por
diferenca normalizada e LAl — indice de &rea foliar) e aspectos climéticos (LST
Amplitude — temperatura da superficie terrestre amplitude e precipitacdo). A
correlacdo de Pearson demonstrou que variaveis vegetativas e precipitacao se
relacionam negativamente, e LST Amplitude e SCS se relacionam positivamente
com o XCO2. Foi observado também que LST Amplitude se destacou como
potencial nova variavel de impacto direto nas missées de CO2 do solo, bem como,
ferramenta auxiliar para distingdo de pastagens degradadas e manejadas. Exceto
para o xCO2, os testes de hipbtese (Teste t de Student p<0.05) demonstraram
que os MP foram significativamente diferentes dos DP. Assim, MP demonstrou
receber maiores indices vegetativos e volumes de precipitacdo, entretanto,
menores valores de LST Amplitude. As analises de regressao linear (p<0.001)
exibiram que os valores de SCS impactaram a concentracdo atmosférica de CO2
apenas sobre DP. Este resultado destaca a importancia do manejo das pastagens
como forma de proteger e estabilizar o carbono sobre esta atividade agricola.
Assim, foi possivel concluir que DP com carbono estocado no solo sdo as
principais fontes de CO:2 para atmosfera, quando comparados aos MP. Portanto,
pastagens degradadas com estoque carbono organico no solo irdo
gradativamente esvaziar seus compartimentos, se ndao manejados, devido a
exposicdo do carbono a metabolizacdo microbiolégica e a incapacidade
vegetativa das plantas em reabastecer os compartimentos do solo.

Palavras-chave: Mudancas Climaticas, Solu¢cdes Baseadas na Natureza,
Sensoriamento remoto, OCO-2, SoilGrids, Temperatura da superficie do solo.



CHAPTER 1 - GENERAL CONSIDERATIONS

1.1. Introduction and Justification

Atmospheric concentrations of greenhouse gases (GHGs) have increased
to alarming levels in recent decades (IPCC, 2021). The levels of carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N20) reached 144%, 256% and 121%
compared to pre-industrial levels, respectively (IPCC, 2021). Such atmospheric
concentrations of GHGs raise the average temperature of the planet, intensifying
global climate problems that more severely impact poor countries and social
classes (DANGAL et al., 2017; PARRA et al., 2019).

Agriculture is an important source of CO2, CH4 and N20 to the atmosphere.
Worldwide, according to IPCC (2021), agriculture accounts for 11%, 47% and
58% of the planet's total anthropogenic emissions, respectively. The increase in
CO2 is mainly attributed to the large-scale use of fossil fuels (SCHIMEL;
STEPHENS; FISHER, 2015). However, the planet has other important sources
of COz2, such as deforestation and changes in land use, contributing around 20%
of the total (SCHIMEL; STEPHENS; FISHER, 2015).

In contrast to the high potential for emission, the agriculture is also
considered an important tool for sequestering CO2 (BANWART et al., 2014;
WOOD; BAUDRON, 2018). Soil organic carbon (SOC) is by nature a stock of
atmospheric CO2, capable of becoming a carbon sink when managed for this
purpose (BOSSIO et al., 2020). Protecting and restoring soil organic matter
produces fundamental benefits for agricultural crops, as well as the ecosystem
as a whole (BOSSIO et al., 2020; CONCEICAO et al., 2017).

Occupying 20% of the national territory, pastures are the main responsible
for feeding the cattle herd in Brazil, both for beef and for milk (BERNARDINO
DIAS-FILHO, 2017; PARENTE et al.,, 2019). Brazilian beef production has a
commercial herd close to 217 million animals in 2020, making the country the
largest exporter of these commodities in the world (EMBRAPA, 2021).
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According to MapBiomas (2022), of the total pastures in the national territory
in 2020, about 14% are characterized as severely degraded pastures, 38% are
moderately degraded and 48% are not degraded. It is estimated that in the
Brazilian Cerrado, about 30 million hectares of pasture show some stage of
degradation (SOARES et al., 2020).

In addition to low animal productivity, inadequate pasture management also
increases GHG emissions per kilogram of milk and/or meat produced
(BERNARDINO DIAS-FILHO, 2017). Thus, it is worth noting that degraded
pastures contribute to increased soil carbon losses, due to the reduction in the
quantity and quality of added organic matter, compromised by the low
development of plants on their surface (IPCC, 2021; BOSSIO et al.,, 2020;
MOITINHO et al., 2015).

Due to the vast Brazilian territory and the expressive volume of pastures,
tools capable of capturing vegetative and climatic attributes over time of large
territorial extensions are of great importance (PACHECO; CHAVES; NICOLI,
2013). Thus, the use of technologies such as remote sensing from satellites, can
help the characterization of great areas and facilitate decision-making processes
of the public authorities and the application of public policies, such as the ABC
Program (Agricultura de Baixo Carbono) (OBERVATORIO DO PLANO ABC.,
2016; PAN; XU; MA, 2021).

Thus, having demonstrated the importance of pastures for mitigating climate
change and its significant presence in the national territory, studies capable of
understanding the GHG emission of these areas are important. Therefore, this
study sought to answer the following question: do the contrasting vegetative
attributes of degraded and managed pastures impact the temporal variability of
COg, soil carbon stock and climatic aspects, in large areas in the Cerrado biome,

Brazil?



1.2. Literature Review
2.1.1. Climate Change

Agriculture is not only an emitter and potential store of atmospheric carbon,
it is also a victim of global climate change processes (IPCC, 2021). According to
the Intergovernmental Panel on Climate Change (IPCC), the agricultural sector
will be strongly affected by global climate change (IPCC, 2019; 2021). In addition
to dealing with climate impacts on production, it will also be necessary to ensure
food security for a growing global population, often socially and economically
vulnerable to climate change (IPCC, 2019; 2021).

For Bossio et al. (2020), Soil carbon has 25% of the global natural potential
to solve climate problems. Of this amount, 40% comes from protecting carbon
that has already been stored, and 60% through reincorporation into depleted soils
(BOSSIO et al., 2020). This dual role of soil carbon in the global emissions budget
demonstrates that climate benefits will be achieved when strategies that
conserve stored carbon and restore stocks in depleted soils are adopted (SMITH
et al., 2008).

Estimates reveal that the inappropriate use of natural resources developed
agriculture throughout history has contributed about 55 to 90 billion tons (Pg) of
carbon (ROBERTS; HESTER, 1972). In the Brazilian scenario, the sector of
changes in land use and forests, has even greater relevance for the country's
emissions, exceeding the mark of 70% of the total CO:2 equivalent (SEEG, 2021).
On the other hand, worldwide agriculture and pastures are considered as
potential sequesters of CO2 from the atmosphere, with about 50% of the
sequestering potential (BOSSIO et al., 2020; VALADAO et al., 2015; ABDALLA
et al., 2018).

Such considerations make it necessary to sustainably align paradigms of
an agriculture that historically disfavors the positive balance of the physical,
chemical, biological properties of the soil (BOSSIO et al., 2020; CONCEICAO et
al., 2017; DE AZEVEDO et al., 2018). Thus, storing carbon in the soil does not
respond only to climatic benefits, but also to productive, economic, social and
ecological benefits (IPCC, 2019; 2021; ABDALLA et al., 2018; CONCEICAO et

al., 2017). Protecting and increasing soil carbon storage also helps: (1) increase
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or maintain soll fertility, (2) promote resilience to climate change, (3) reduce soil
erosion, (4) and delay or halt desertification processes (BOSSIO et al., 2020;
ABDALLA et al.,, 2018; TAVANTI et al., 2020; BERNARDINO DIAS-FILHO,
2017).

In addition to food production, it is worth highlighting the due alignment of
these practices with global and national agreements and policies involving the
theme. As in the case of the United Nations Convention to Combat Desertification
(UNCCD), United Nations Framework Convention on Climate Change
(UNFCCC), and the United Nations Sustainable Development Goals (SDGS),
especially for the 13th objective: “Action Against Global Climate Change” (SMITH
et al., 2019; LAL, 2004).

There are many directions of the Sustainable Development Goals that fit the
theme. For the environmental dimension, it can highlight Responsible
Consumption and Production (12) and Action Against Global Climate Change
(13). In the social dimension, Zero Hunger and Sustainable Agriculture (2) stand
out, and for the economic dimension Decent Work and Economic Growth (8)
(ONU, 2022).

2.1.2. Brazilian pastures: dimensions and sequester carbon opportunities

Agriculture and combating climate change need to align their goals (SMITH
et al., 2019; LAL, 2004). Due to the high agricultural export of food commodities
and the way in which some of them are produced, Brazil had to adopt measures
to minimize their interference with the climate (BERNARDINO DIAS-FILHO,
2017). The last few years have shown significant demands from global trade for
more effective actions around deforestation, support for traditional communities
and more sustainable agriculture (LEITE-FILHO et al., 2021).

In 2009, at the UNFCCC COP 15 (15th Conference of the Parties to the
United Nations Framework Convention on Climate Change) in Copenhagen,
Brazil has committed to reducing gas emissions, mitigating between 975 million
and 1 billion tons of CO2 by 2020 (CONCEICAO et al., 2017). In 2015, through
the commitment to the NDC (Nationally Determined Contributions) signed in Paris
(UNFCCC COP21), it was assumed that by 2030 it would recover more than 15
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million hectares of degraded pastures, using among other technologies the Crop
Livestock Forest Integration Systems (ILPF) (CONCEICAO et al., 2017; LEITE-
FILHO et al., 2021).

To enforce this agreement, the Brazilian government has prepared some
adaptation and mitigation plans for some sectors of the economy
(OBERVATORIO DO PLANO ABC., 2016; CONCEICAQ et al., 2017). Of the
seven programs proposed, six of them are related to agricultural management
tools for mitigation: No-tillage System (SPD); Biological Nitrogen Fixation (FBN);
Recovery of Degraded Pastures (RPD); Agroforestry Systems (SAF); Crop
Livestock Forest Integration Systems (ILPF); Planted Forests (FP); e Treatment
of Animal Waste (TDA) (CONCEICAO et al., 2017).

In this context, as demonstrated by Abdalla et al. (2018); Figueiredo et al.
(2017), the recovery of degraded pastures is a strategic point. Low carbon stocks
in soil surface horizons, low fertility, high acidity, and surface compaction are
characteristic of degraded pastures (BERNARDINO DIAS-FILHO, 2017).
However, in practice, even with scientific consensus on its potential, the
expressive volume of degraded pastures in Brazilian territory limits the storage of
carbon for climate mitigation (VALADAO et al., 2015).

Overall, the last two decades have seen the emergence of a variety of
robust methodological approaches to calculate mitigation benefits in agricultural
areas, grasslands, savannas, peatlands and coastal wetlands (PARENTE et al.,
2019; SOMKUTI et al., 2021; VICENTINI et al., 2019; ZHANG et al., 2014).
Seeking to assist research involving the role of carbon in the soil in its various
benefits, the SoilGrids250m 2.0 platform can be highlighted (SOILGRIDS, 2022).
This tool provides several aspects of the soil, such as carbon stock, nitrogen
stock, texture and others, as well as maps from data collected in fields, of 75
covariates related to soil formation factors (HENGL et al., 2014, 2017; POGGIO
et al., 2017).

Figure 1 shows a spatial clipping of Brazil and its biomes, based on the
average soil organic carbon stock (t/ha), for a depth of 0 — 0.30 m (SOILGRIDS,

2021). The estimate of accuracy attributed to SoilGrids can vary from 1 to 23 km,



depending on the concentration of information collected “in loco”, close to the
location published by surveyors from all over the globe (HENGL et al., 2014,
2017; POGGIO et al., 2017).
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In the soil environment, CO2 is moved through two mechanisms: (1)
displacement by diffusion, going from the most concentrated to the least
concentrated region; and (2) displacement by convection, which moves from the
air flow distributed by the pressure gradient (BALL et al., 1997). These factors
can vary according to the texture, water content, structuring, temperature and
humidity of the soil environment (BALL et al., 1997).

Such dynamics occur respecting the biological aspects of thousands of
living organisms that coexist in the soil environment. The respiration of these
organisms, comprised of bacteria, fungi, arthropods, micro and macrofauna,
roots, and others, emit COz2 into the atmosphere (CHAPLOT; COOPER, 2015).
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Especially soil bacteria and fungi, release CO2 when they metabolize carbon
stored as organic material from plant and animal waste, deposited in the soil by
the environment (CHAPLOT; COOPER, 2015; LAL, 2009).

Thus, differences in soil type, temperature, humidity, population density of
microorganisms in the rhizosphere and changes made by management interfere
in the spatio-temporal dynamics of soil CO2 flux. Therefore, it is important to
understand the carbon stock potential of the contrasts observed between
degraded and managed pastures, studying them from the perspective of
temporal variability (DILUSTRO et al., 2005).

2.1.3. Remote sensing and carbon cycle

Working to improve and facilitate access to information in recent years,
some satellites were sent into space with the mission of helping to quantify
several variables, mainly those related to global climate change issues (KASUYA
et al., 2009; BOVENSMANN et al., 1999; O'DELL et al., 2012). Examples are the
GOSAT, SCIAMACHY and OCO-2 satellites, important for the quantification of
the average concentrations of the atmospheric column of CO2 and methane
(CHas) (KASUYA et al., 2009; BOVENSMANN et al., 1999; O’'DELL et al., 2012).

Satellites such as OCO-2 and TERRA/AQUA provide data on important
vegetative and climatic variables, making it possible to build relationships
between these and atmospheric GHGs (AppEEARS, 2021, NASA OCO-2, 2022).
For example, the solar-induced chlorophyll fluorescence (SIF), which aims to
quantify the solar radiation reflected by the object studied, that is, the
photosynthetic capacity of pastures (MOHAMMED et al., 2019; NASA OCO-2,
2022). As well as the Normalized Difference Vegetation Index (NDVI), which aims
to determine the vegetation cover of the crop, therefore, vegetative aspects of
pastures (DA SILVA QUINAIA et al.,, 2021; PARENTE et al., 2019; VALLE
JUNIOR et al., 2019).

Services such as those provided by Atlas Digital das Pastagens Brasileiras
(LAPIG - Laboratério de Processamento de Imagens e Geoprocessamento)
made possible by using remote sensing, help studies related to pastures in Brazil,

especially in a scenario of rapid changes and large territorial dimensions (LAPIG,



2022). This platform provides a historical series of pasture maps, organized into
33 maps containing records from 1985 to 2017 (PARENTE et al., 2019). This tool
has data related to total pasture areas in the country, as well as pasture areas at
different levels of degradation (LAPIG, 2022).

In order to better visualize their contributions, Figure 2 shows the spatial
distribution at the Brazilian level: (A) the set of pasture classes provided by the
LAPIG platform in 2019; and (B) polygons developed to group pixels of degraded
(DP) and managed (MP) pastures (LAPIG, 2022).

60.0°W 50.0°W 40.0'W
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Blomes Brazil
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Figure 2. Classes of Pastures in Brazil: (A) Image Processing and Geoprocessing
Laboratory (LAPIG); e (B) discontinued initial characterization of polygons related to
degraded and non-degraded pasture clusters, for Atlantic Forest and Cerrado.

More than producing food of great biological value, agricultural production
systems such as well-managed pastures can benefit environmental and
economic aspects, reducing the national emission GHG (PACHECO; CHAVES;
NICOLI, 2013). In addition, contribute to reducing the carbon footprint of meat
production, Brazil's main commodity in the international food market (PACHECO,;
CHAVES; NICOLI, 2013).



1.3. General goals

Therefore, demonstrating the importance of the theme for the world and
national scenario, as well as the tools involved in the scientific production of this
area of knowledge, the present study was based on the hypothesis that degraded
(DP) and managed (MP) pasture systems show contrasting vegetative indices
and carbon levels stored in the solil, this study aimed to understand the temporal
dynamics of atmospheric CO2 concentration and other control factors on DP and
MP in the Brazilian Cerrado biome. Thus, was aimed to: (i) understand the space-
time dynamics of atmospheric COz2 in contrast between pastures degraded and
managed in central Brazil; and (ii) understand the impact of pasture management
on CO:2 control factors, such as climatic aspects, vegetative characteristics and

soil carbon stock.
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CHAPTER 2 - ATMOSPHERIC CO2, VEGETATION, SOIL CARBON STOCK
AND CLIMATIC FACTORS OVER-MANAGED AND DEGRADED PASTURES
IN CERRADO BRAZIL

Abstract: Brazil has 167.7 million hectares of pastures, 71% (119 million
hectares) of which is in some degree of degradation. Besides the low animal
support capacity and vegetative yield, degraded pastures also contribute
significantly to soil and vegetation carbon losses, through CO2 emission. This
study sampled important aspects in contrasting degraded (DP) and managed
(MP) pastures in central Brazil: the column-average concentration of carbon
dioxide in the atmosphere (xCO2), Soil Carbon Stock (SCS), as well as Solar-
induced Chlorophyll Fluorescence (SIF), Normalized Difference Vegetation Index
(NDVI) and Leaf Area Index (LAI) as vegetative characteristics, and Land Surface
Temperature Amplitude (LST Amplitude) and Precipitation as climatic aspects.
Except for xCO2, MP was significantly different (Student t-test p < 0.05) from DP
with higher SIF, NDVI, LAI, Precipitation, and SCS, but smaller LST Amplitude.
Our results indicate higher Precipitation and SCS in MP when compared to DP
due to its positive effect of higher vegetative values. Linear regression analyses
(p < 0.001) indicate xCO2 negatively relates with the precipitation and vegetative
variables (NDVI, LAI, and SIF), but positively with LST Amplitude and SCS. Soil
carbon stored related positively with xCO2 in DP pastures only, suggesting soil
carbon losses could be playing as a source of atmospheric CO: in those plots.
Therefore, this study concludes that DP with carbon stored in the soil is the main
source of CO2 for the atmosphere when compared to MP. These areas, if not
managers correctly, will lose the stocks organic carbon to the atmosphere as CO:2
and contribute directly to global warming. These findings may favor nature-based
solutions indicating that proper pasture management is an important aspect to
mitigate emissions and to improve soil carbon content helping to mitigate
atmospheric COs.

Keywords: OCO-2, SoilGrids, LST, Remote sensing, Climate changes, Nature-
based Solutions.

2.2. Introduction

The atmospheric levels of greenhouse gases (GHG) have increased in the
last decades at worrying rates. According to the World Meteorological
Organization (WMO) the levels of carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N20) reached 144%, 256%, and 121% above pre-industrial levels,
respectively (IPCC, 2021). Nowadays, agriculture is responsible for 11%, 47%,
and 58% of the global total of CO2, CH4, and N20, respectively (IPCC, 2021).
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According to the Greenhouse Gas Emissions and Removal Estimates
System (SEEG), the land and forest use change sector is the largest emitter in
the country, surpassing the 70% mark of total CO2 equivalent emissions in some
years (DE AZEVEDO et al., 2018). Occupying 166 million hectares, Brazilian
pasture areas are considered strategic for this balance, especially considering
CO2 emission or sequestration, depending on the management adoption and
productive scenario (ABDALLA et al., 2018; TAVANTI et al., 2020).

For instance, considering soil carbon management is critical to dealing with
climate change as 25% of the planet's natural potential for climate solutions (total
potential, 23.8 Gt CO2 equivalent per year) is linked to soil carbon stocks (SCS)
(BOSSIO et al.,, 2020). However, according to the Image Processing and
Geoprocessing Laboratory (LAPIG) of the total pastures in Brazil, around 58.8%
(97.7 million hectares) are in some degree of degradation and only 41.2% (68.7
million hectares) are not classified as degraded (PARENTE et al., 2019).

The degradation process of pasture is delimited as the decrease of vegetal
capacity of the animal support, impacting directly the soil exposition and vigor
plants (BERNARDINO DIAS-FILHO, 2017). In addition to the low animal support
capacity and plant productivity, degraded pastures contribute to soil and
vegetation carbon losses throughout CO2 emission (ABDALLA et al., 2018;
MENDES et al., 2021). Therefore, the agricultural management of pastures
becomes essential to revert the current scenario. It is well known that pasture
management could boost animal and plant productivity and be a strategic tool to
increase and protect soil organic carbon (ABDALLA et al., 2018; BOSSIO et al.,
2020; TAVANTI et al., 2020).

Recently some authors have demonstrated that the column-averages
concentration of CO: in the atmosphere (xCO2) under different crops is impacted
by vegetative factors, aspects directly modified by crops management (DA
COSTA et al., 2021; MORAIS FILHO et al., 2021; SOMKUTI et al., 2021; YANG
et al., 2021). In addition, Abdalla et al., 2018 and Tavanti et al., 2020 indicate the
beneficial effect of agricultural management in pastures by reducing soil CO:2
emissions. Thus, understanding and contrasting the effects of pasture

management on the CO2 atmospheric dynamics becomes of great importance
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(ABDALLA et al., 2018; MENDES et al., 2021; PARENTE et al., 2019; VALLE
JUNIOR et al., 2019).

Already are well known the aspects involved to degradation pasture,
however, the new challenger has been recognized them on large scale (VALLE
JUNIOR et al., 2019). Due to the large territorial extension of Brazil and the area
of pastures in its territory, research involving remote sensing to characterize
pastures has gained relevance, mainly by applying NDVI to determine levels of
degradation pastures (DA SILVA QUINAIA et al., 2021; PARENTE et al., 2019;
VALLE JUNIOR et al., 2019).

Thus, satellite monitoring of atmospheric concentrations of CO2 can
facilitate international climate treaties and policies, enabling emissions control
and compliance with agreements, mainly from food production, meat footprint
carbon, and earth use (PAN; XU; MA, 2021). The hypothesis of the work was:
Pasture management affects the spatiotemporal dynamics of xCO2 and is related
to vegetative and environmental factors of control. Therefore, the present study
aimed to understand the temporal dynamics of contrast between degraded and

managed pastures in center Brazil.

2.3. Material and Methods
2.3.1. Study area

Based on the quality pasture classification of Parente et al. (2019) 05
adjacent areas of pastures located in the Brazilian Cerrado biome were delimited
(Fig. 3), Degraded Pasture 1 (DP1); Degraded Pasture 2 (DP2); Managed
Pasture 1 (MP1); Managed Pasture 2 (MP2); and Managed Pasture 3 (MP3).
Two of these areas concentrate mostly pixels (red) related to pastures classified
as degraded (DP1 74.0% and DP2 77.1%), while 03 areas have pixel
concentrations (green) mostly from pastures classified as managed (MP1 76.5%,
MP2 74.8%, and MP3 63.0%).

Figure 3 presents the location of the studied areas North (longitude -
56°28'23" and latitude -14°22'44"); northeast (longitude -49°15'36 and latitude -
11°51'36""); south (longitude -53°30'4" and latitude -22°19'43"); and southwest
(longitude -57°2'19" latitude -19°47'51"). The studied region has a climate
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defined as tropical, with two clear seasons, rainy summers and dry winters,
predominantly Aw (tropical with dry winters) and Am (tropical with monsoons)
(ALVARES et al., 2013).

This work was based on pasture classification developed by Parente et al.
(2019). The author made the classification through Landsat image processing

from machine learning methods (https://pastagem.org/map). From the Google

Earth Engine, the totality of Brazilian pastures between the years 1985 to 2017
was analyzed and classified by the degradation status and management classes.
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Figure 3. Brazil and part of the Cerrado biome, with emphasis on degraded pasture
areas (DP1 dark red and DP2 light red), managed pasture (MP1 green, MP2 dark blue
and MP3 light blue), and data collection points for each variable (+).

The degradation pasture can be delimited as the continued decrease of
vegetal capacity of the animal support, impacting directly the soil exposition, plant
vigor, and recuperation after grazing (BERNARDINO DIAS-FILHO, 2017). Thus,
Parente et al. (2019) make use of the PVI (Pasture Vigor Index) as an indicator
of the vigor of pastures. This factor varies between 0 and 1, where values close
to O indicate pastures with lower plant vigor, while values close to 1 indicate
pastures with greater vigor (PARENTE et al., 2019). This tool characterizes

mainly the degradation vegetative of the pastures because the index used is


https://pastagem.org/map
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relative to the vegetal vigor of the areas, but bring also aspects such as soill
exposition and vegetal cover, fundamental features to understand the
concentration CO2 behavior under these areas (BERNARDINO DIAS-FILHO,
2017; PARENTE et al., 2019; VALLE JUNIOR et al., 2019).

According to Parente et al. (2019), the initial PVI of pastures (intercept) was
determined, evaluating and accounting for its trend (slope) along with the
delimited historical determination, in order to determine the level of pasture vigor.
The index was generated using 392 NDVI images. Linear interpolations were also
applied to fill in missing data in the time series, as well as outlier removal and
function STL (Seasonal Trend and Decomposition by Loess) to remove the

seasonality vigor from pastures.

For the determination of data collection points (Collection points n°) the
common geo-referenced locations were utilized (Table 1). Therefore, points of
common longitudes and latitudes were used for all studied years. From these, the
number of data acquisition points was obtained, relating to column average
concentration of carbon dioxide (CO2) in the atmosphere (xCOZ2), Solar-Induced
chlorophyll Fluorescence (SIF), Normalized Difference Vegetation Index (NDVI),
Leaf Area Index (LAI), Land Surface Temperature Amplitude (LST Amplitude).

Table 1
Characterization of the study area; degraded pasture 1 (DP1), degraded pasture 2

(DP2), managed pasture 1 (MP1), managed pasture 2 (MP2), and managed pasture 3
(MP3). Area (km?) of the polygon, the concentration of pastures in percentage (Pasture
%), and area (Pasture km?), pastures by class (Degraded e Managed %), total collection
points (Collection Points n°) and the average distance between collection points
(Spacing Points km).

Polygon Area Pasture Pasture  Pasture Pasture Collection Spacing
(Polygons) Degraded Managed Points Points
(km?) (%) (km?) (%) (%) n° (km)
DP1 132347.5 67.2 88992.8 74.8 25.2 155 23.96
DP2 96179.0 55.3 53230.6 77.0 23.0 113 21.70
MP1 44349.8 65.7 29146.2 23.4 76.6 54 23.23
MP2 17210.8 61.4 10573.2 25.2 74.8 21 22.43
MP3 33271.0 50.0 16395.5 37.0 63.0 39 20.50
Sum Mean Sum Mean Mean Sum Mean
DP 228526.5 61.2 142223.4 75.9 24.1 268 22.8

MP 94831.6 59.0 56114.9 28.5 71.5 114 22.0
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The mean distance of the data (spacing points) was created by dividing the
polygon area (Polygon Area km?) and the number of collection points for the
variables (Collection points n°). Thus, it was possible to develop common values
to demonstrate the average distance between collection points (Spacing Points
km) (Table 1).

2.3.2. Determination of xCO2, vegetative (SIF, NDVI, and LAI), and environmental
(LST Amplitude and Precipitation) variables

For the temporal variability study, the historical series of 6 complete years
was characterized from October 2014 to October 2020. The variables studied in
the time series were the column-averages of COz2 in the atmosphere (xCO2)
(O'DELL et al, 2012) Solar-Induced chlorophyll Fluorescence (SIF)
(FRANKENBERG et al., 2014), Normalized Difference Vegetation Index (NDVI)
(VALLE JUNIOR et al., 2019), Leaf Area Index (LAI), Land Surface Temperature
Amplitude (LST Amplitude) (WAN, Z., S. HOOK, 2015; SIABI; FALAHATKAR;
ALAVI, 2019) e Precipitation (STEINKE; MELO; STEINKE, 2017; DA COSTA et
al., 2021; YU et al., 2019).

The xCO2 and SIF have a temporal resolution of 16 days, spaced 1 km
apart, and may have failures of up to 2 km (Table 2). Both were collected from

the OCO-2 platform (https://co2.jpl.nasa.gov/?mission=0co-2). For the SIF (W m"

2 sr! um?) negative values were removed from the database, as they are
considered as sensor capture errors, and later applied the correction for SIF 771
and SIF 757 (W m? sr! um1) proposed by Yu et al. (2019), Equation 1 (Eq. 2).

_ SIF;5; + 1.5 SIF7; (Eq.1)
- 2

SIF

Where: SIF (W m~ srt um?) represents the adjusted of Solar-Induced chlorophyll
Fluorescence; SIF 757 is Solar-Induced chlorophyll Fluorescence at 757 nm; and
SIF 771 is Solar-Induced chlorophyll Fluorescence at 771 nm.

The NDVI (0-1) e LAI (m?/m?) have a temporal resolution of 16 and 8 days,
respectively, with spatialization of 0.5 x 0.5 (Table 2). Both were collected from
the MODerate Resolution Imaging Spectroradiometer (MODIS-TERRA)
(AppEEARS, 2021).


https://co2.jpl.nasa.gov/?mission=oco-2
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Table 2
Group of variables, sensors, platform and their respective temporal and spatial
resolution.

Variable Data Source Spatial Temporal
resolution resolution
(km) (Days)

GHG xCO2 (ppm) 0CO-2 1.0x2.25 16
Vegetation SIF (Wm™2sr'uym™) OCO-2 1.0x2.25 16
NDVI MOD13.A1.006 0.5x0.5 16
LAI (m?%/m?) MCD15.A2H.006 0.5x0.5 8
Climate LST Amplitude (°C) MOD11.A2.006 1.0x1.0 8
Precipitation (mm) ANA 0.25x1.0 1

The LST Amplitude (°C) is calculated from measurements of Infrared
Spectral Thermals (IST) (MUTIIBWA; STRACHAN; ALBRIGHT, 2015),
performed by MODIS-EARTH (APPEEARS, 2022). This variable can be
calculated daily, but temporal resolutions of 8 days and spatialization of 1 km x 1
km were used for this study. For this calculation, day (LST Day) and night (LST
night) Land Surface Temperatures were surveyed (ZHANG et al., 2014).
Through the difference between these variables, monthly averages called Land
Surface Temperature Amplitude (LST Amplitude) were elaborated, as shown in
Equation 1 (Eq.2).

3 LST pgy — LST nighe (Eq.2)

n

LST amplitude (°.c) =

Where: LST pay is the ground surface temperature of the day; LST night is the
ground temperature of the ground at night; and n is the number of monthly
collections.

Land Surface Temperature and Emissivity (LST&E) are retrieved in 1 km
pixels by the split-window algorithm (Table 2) (APPEEARS, 2022). The
MOD211A2 product provides a temperature and emissivity of the land surface

(https://Ipdaac.usgs.gov/products/mod11a2v006/). Each pixel value is an

average of all corresponding pixels in MOD11A1 LST collected within that period.
In this algorithm, the surface emissivity in bands 31 and 32 is estimated through
the types of land cover, air temperature, and column of water vapor (APPEEARS,
2022). In the day and night LSTs and emissivity are recovered from observations
in seven TIR bands (APPEEARS, 2022).


https://lpdaac.usgs.gov/products/mod11a2v006/
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Land surface temperature (LST) is a mixture of vegetation and bare ground
temperatures. LST is the radiative temperature of the earth's surface, measured
in the direction of the remote sensor. Its estimate also depends on the soil
moisture, vegetation cover, and albedo (COPERNICUS GLOBAL LAND
SERVICE, 2022; FREITAS et al., 2013; WAN, Z., S. HOOK, 2015). Authors as
Acero and Gonzalez-Asensio (2018) and Zhang et al. (2014) used the thermal
amplitude of the soil surface to compare different seasons. However, for this
study it was proposed to use the thermal amplitude in monthly averages from
common georeferenced sampling points for day and night, seeking to minimize
the influence of terrain slope on infrared radiation (ACERO; GONZALEZ-
ASENSIO, 2018; MUTIIBWA; STRACHAN; ALBRIGHT, 2015; ZHANG et al.,
2014).

Regarding precipitation (mm), those were collected from the National Water
and Basic Sanitation Agency (ANA) “Data Acquisition v1.0 (QGIS3)” (PETRY;
JARDIM; FAN, 2021). Precipitation data have spatial resolution between 0.25 x
1.0 km and collections have a temporal resolution of 1 day

(https://www.gov.br/ana/pt-br). Data collections are carried out through rainfall

stations, with the acquisition process being completed from the platform “ANA
Data Acquisition”, linked to the Geographic Information System (GIS) software
QGIS 3.10.14.

2.3.3. Soil organic carbon stock (SCS)

Estimates of soil organic carbon stock (SCS t/ha — mean 0 - 0.30 m) were

obtained from the SoilGrids250m 2.0 platform (https://soilgrids.org/) provides the

mapping of different soil attributes around the globe. The values have a
spatialization of 0.25 x 1 km, with the composition of planetary images of the
ground with about 1.4 billion pixels (POGGIO et al., 2017). SCS values were
estimated using machine learning models (random forest, gradient boosting, and
multinomial logistic regression) (HENGL et al.,, 2017), using national and
international databases, containing 110,000 soil information collected in the field
(COOPER et al., 2005; HENGL et al., 2014; POGGIO et al., 2017).

The accuracy of SoilGrids250m 2.0 estimates ranges from 23 to 51%,
depending on the distance between the collection points of information used in


https://www.gov.br/ana/pt-br
https://soilgrids.org/
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regional modeling (HENGL et al., 2014). Therefore, the spatial resolution and its
respective reliability vary according to distances from the on-site collection points

over the area.

The collection points used by the SoilGrids250m 2.0 platform do not have a
uniform distribution. The platform uses published soil property data independent
of a systematic ordering of collection points. Thus, the values presented around
the spatialization for the present study were collected from the estimated values
for SCS t/ha (mean 0 - 0.30 m) (COOPER et al., 2005; HENGL et al., 2014;
POGGIO et al., 2017).

2.3.4. Data manipulation and treatment: temporal and descriptive statistics
variability

For the spatiotemporal data analysis, descriptive statistical analyzes were
used, Pearson (p <0.05), Student t-test (p <0.05), and Linear regression (p
<0.001), through Software R version 3.6.2. Graphics were also created using
Power Bl software. To improve understanding was organed a flowchart to

illustrate the methods used until the elaboration of the results (Fig. 4).

[ Determination of the Survey of the studied data: Spatialization and
studied area from the xCO2; SIF; NDVI; SCS; ; data clipping using
Atlas of Pastures LAI; LST Amplitude e software QGIS
(LAPIG) Precipitation. 3.10.14.
=

= | Descriptive statistics |

Graphic , A| Manipulation and
representation _ ——— analysis of data
and display gl Spatial and temporal variability Q@ (., Software R
of results > « I
kL i Pearson, Tukey Test and Regressio - )

Figure 4. Data treatment and manipulation approach.

Some procedures were necessary to enable the proposed statistical
analyses. Data were separated into two groups: the first represents data capable
of varying in time and space, as in the case of xCO2, SIF, NDVI, LAI, LST

Amplitude, Precipitation. This set of variables is measurable throughout the
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historical series and specialized in pasture areas, thus characterizing space-time

variables.

The second group has the addition of SCS t/ha (mean 0 - 0.30 m), for having
only spatial resolution. This is because the data provided by the SoilGrids250m
2.0 platform has no temporal distribution, only spatial. Thus, to enable the desired
comparisons between the SCS and the spatiotemporal dataset, unique averages
were created for each georeferenced collection point, standardizing them
spatially and allowing for comparisons and statistical analysis between them.

The xCO2 was corrected removing its trend linear growth trend along years
(ARTURSSON et al, 2000). For all variables studied normality tests,
homoscedasticity, and distribution probability were applied. Outliers were also
removed using the method of interquartile range (IGR) identification (WANG;
CAJA; GOMEZ, 2018).

2.4. Results

2.4.1. Comparing degraded and managed pastures: xCO2, SCS, vegetative and
climatic variables

Figure 5 presents the linear correlation matrix of the studied variables. This
was developed from the total dataset, therefore, without distinguishing pasture
classes. This approach sought to highlight the correlation between all variables
together, in order to demonstrate the strength and behavior interaction of the

dataset.
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Figure 5. Pearson linear correlation matrix (p < 0.05). xCO2 (ppm); LST Amplitude (LST
AT); LAl m?/m? (LAI); NDVI; SIF (W m2 sr um); and Precipitation (mm).

Thus, xCO2 was negatively related to Precipitation (- 0.57), SIF (- 0.67),
NDVI (- 0.76), and LAI (- 0.79) (p<0.05), as also observed by other authors (DA
COSTA et al., 2021; MORAIS FILHO et al., 2021; SIABI; FALAHATKAR; ALAVI,
2019). Differently, xCO2 related positively with LST Amplitude (0.65), which also
presented a strong negative correlation with NDVI (— 0.93) and LAI (- 0.87)
(p<0.05).

Temporal variability and the contrast between degraded x managed
adoption of xCO2, vegetative and climatic variables are visualized in Figure 6
(Fig. 6A, C, E, G, | e K) and through Boxplot graphics in conjunction with Student
t-test (Fig. 6B, D, F, H and J). In a general way, all variables confirm strong
seasonality and major statistical differences when compared degraded (DP) and
managed (MP) pasture classes. The seasons directly influence all variables, most
of them presenting higher values at rainy periods (October to April) than in the
drought period (from May to September).
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significance level (p<0.05).
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xCO2 presented the mean value of 393.4 £ 0.15 ppm (standard error of
mean) over the DP area with a minimum/maximum of 389.5 and 396.6 ppm,
respectively. In MP mean of 393.3 £ 0.1 ppm, with a minimum of 388.1 and a
maximum of 397.9 ppm were observed, but no significant difference (Student t-
test p > 0.05) was observed when comparing XxCO2 between pasture classes
(Fig. 6B).

For the SIF values, the DP presented were 0.520 + 0.020 (standard error of
mean) with a minimum of 0.072 W m~2 sr-tum~tand a maximum of 1,128 W m™2
srium™, in drought and rainy seasons, respectively. In MP mean value was
higher, 0.60 + 0.022 W m~2sr-tpm™1, with a minimum and maximum of 0.081 and
1,762 W m~2srtum™1, respectively. The highest fluorescence emission from the
photosynthetic activity was seen in the MP areas and differed statistically
(Student t-test p < 0.05) from the DP.

The temporal variability of SIF (W m2 srt umt), NDVI and LAI (m?/m?) (Fig.
6C, E, and G) are inversely related to xCO2 certainly due to seasonality. This
effect was also observed in studies conducted on sugarcane, grassland, and
other crops perennial crops (DA COSTA et al., 2021; MORAIS FILHO et al.,
2021). All vegetative variables demonstrated significant differences (Student t-
test p<0.05), showing that the MP has higher values when compared to the DP
(Fig. 6D, F, and H) (SIABI; FALAHATKAR; ALAVI, 2019; VALLE JUNIOR et al.,
2019).

Precipitation (mm) for DP had a mean of 11.57 + 0.30 mm and MP means
of 13.01 + 0.44 mm (Fig. 6K). These differences were expressed by the analysis
(Student t-test p < 0.05), where DP was shown to have lower values compared
to MP (Fig. 61). The highlights between the classes of pastures are seen in
October 2015, April 2019 and August 2020, with average differences of 6.0, 7.5,

and 10 mm, respectively.

Still for the hypothesis test (Student t-test p < 0.05), significant differences
for soil carbon stock (SCS t/ha - mean 0 - 0.30 m) were observed between the
classes of pastures (p < 0.05), with values superiors under MP. The SCS for the
DP presented a mean of 36.0 t ha* + 0.32, a minimum of 25.0, and a maximum
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of 48.0 t ha. For MP, mean 41.7 + 0.65 t/ha, minimum 26.0, and maximum 62.0

t/ha were obtained.

Figure 7 presents the linear regressions (p < 0.001) between atmospheric
XxCO2 and all other variables, distinguishing DP from MP. All analyzes comparing
pasture classes presented significance, except for the SCS (t/ha - mean 0 - 0.30
m) over the MP areas (Fig. 7F). The behavior of the straight line in relation to
xCO2 (ppm) was negatively related to SIF (W m-? srt um't), NDVI, LAI (m?/m?),
and precipitation (mm), however, positively with LST Amplitude (°C) and SCS
(t/ha), for both pasture classes. In addition, the SIF, Precipitation, and SCS were

different between the pasture classes, from standard error.

Regression between xCO2 and SIF (Fig. 7A) separating DP and MP shows
a higher determination coefficient (adjusted R?) in the negative relationship for
DP (R? = 0.633) and for MP (R? = 0.411). With differences of 0.222 for the R?
values between pasture classes, the superior relevance of SIF on the behavior
of atmospheric xCO2 in DP was observed. The difference between the R? values
was 0.243 between the classes. The regression analysis for xCO2 and SCS (t/ha
— mean 0 - 0.30 m) showed a positive relationship for DP (R? = 0.226, p =
0.00018) and MP (R? = 0.083, p = 0.3967), however, significance only for DP
(p<0.001).

xCO2 relates negatively with NDVI and LAI, demonstrating negative and
significant pasture class ratios. For this too, superiority of R? values was observed
for NDVI under DP (R? = 0.680, p<0.001) compared to MP (R? = 0.583, p<0.001)
(Fig. 5B). With less intensity, the same was observed for the LAI values, where
the DP values (R? = 0.678, p<0.001) were higher than those of MP (R? = 0.612,
p<0.001) (Fig. 7C).
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Figure 7. Linear regression for degraded (DP) and managed (MP) pastures, displaying the equation for the pasture classes with the standard
error to the angle coefficient, the values of adjusted R?, and indication for p <0.001 (*). For xCO2 ppm around the SIF W m? sr! um™ (A); NDVI

(B); LAl m?/m? (C); LST Amplitude (D); Precipitation mm (E); and SCS t/ha (F).
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For the regression between xCO2 and LST Amplitude (Fig. 7D), a positive
and significant relationship was observed for DP (R? = 0.531, p < 0.001) and MP
(R?=0.446, p < 0.001). Other important relationships in this study were observed
for LST Amplitude between SCS and NDVI. For LST Amplitude and SCS,
negative and significant relationships were observed, demonstrated by
regression analysis for DP (R? =0.318, p < 0.001) and MP (R?=0.191, p < 0.05).
For LST Amplitude and NDVI, significant (p<0.001) and negative relationships
were observed for both classes of pastures, being for the DP R? = 0.900 and for
the MP R? = 0.808.

2.5. Discussions

2.5.1. Vegetative and climatic variability around xCO2 under degraded and
managed pastures

The linear regression and negative correction values between xCO2 and
vegetative variables highlight the role of vegetation on atmospheric CO2 capture,
as already demonstrated by Keeling et al. (1976). Similar results were recently
found by Sun et al. (2018), da Costa et al. (2021), and Morais Filho et al. (2021),
where NDVI and LAI were significantly and negatively related to xCO2 (Fig. 5
and 7). Those relationships are seen as the vegetation working as a sink of
atmospheric carbon, as reported by several authors (DA COSTA et al., 2021;
HOWE, 2015; KEELING; BACASTOW; BAINBRIDGE, 1976; MORAIS FILHO et
al., 2021).

LST Amplitude relates negatively with NDVI and LAI demonstrates that the
vegetation cover directly impacts the thermal amplitude (Fig. 5). Da Silva et al.,
2018 highlight that ground cover reduced the average soil temperature by
approximately 6.4% under Yacon potato, contributing to the soil water storage
capacity by 35%. Similar results were found by Acero and Gonzalez-Asensio
(2018), concluding that vegetation over rural areas contributed to the protection
of the soil from solar radiation, impacting the maximum and minimum values of
the temperature. These considerations explain the higher LST Amplitude values

under local DP where lower SIF, NDVI, and LAI values were observed.

The values of LAl and NDVI significantly lower in DP compared to MP
contributed to higher temperature amplitude between day and night (ACERO;
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GONZALEZ-ASENSIO, 2018). The strong correlation between these variables
and the differences between pasture classes highlight LST Amplitude as an
essential variable that, in addition to others, could be used for pastures
classification, as reported in the works of da Silva Quinaia et al. (2021), Parente
et al. (2019) and Valle Junior et al. (2019).

For correlation analysis, precipitation (mm) showed a positive relationship
of intermediate strength for the vegetative variables. This result demonstrates
that precipitation boosted the vegetative development of pastures, explaining the
positive relationship between these variables (XIAODONG et al., 2013; ZHOU et
al., 2016). Additionally, the negative relationship of intermediate force for xCO2,
demonstrates that precipitation also impacted atmospheric CO2 (HOWE, 2015;
KEELING; BACASTOW,; BAINBRIDGE, 1976). The precipitation boosted the
vegetation in the vigor, photosynthetic activity, and ground cover of pastures,
making them more capable of capturing atmospheric CO2 and thus explaining the
negative relationship between the variables (KENEA et al., 2021; XIAODONG et
al., 2013; ZHOU et al., 2016).

For the comparison of pasture classes from Student t-test and linear
regression (Fig. 6K, L and 7E), showed that MP received significantly higher
amounts of Precipitation over the historical series than DP, even though it has
more than twice as much area (58.5%) when compared to MP (Table 1).
Therefore, it was observed again that different amounts of rainfall in each class
of pasture directly impact the vegetative indices (ZHOU et al., 2016), however,
the inverse also becomes true. Since, precipitation on the classes of pastures
became more voluminous also by the action of the vegetation (MAKARIEVA;
GORSHKOV, 2007; NAGLER et al., 2007; VICENTINI et al., 2019; ZEMP et al.,
2017; ZHOU et al., 2016).

For Makarieva and Gorshkov (2007) the physical principles involving
precipitation demonstrate that moist air from areas with weak evapotranspiration
moves to areas with stronger evapotranspiration. According to the authors, the
vapor pressure of areas with strong evapotranspiration, as it moves through the
atmospheric column, creates a low-pressure zone (MAKARIEVA; GORSHKOV,
2007; NAGLER et al., 2007; SHEIL;, MURDIYARSO, 2009). Seeking to re-
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establish the balance between atmospheric forcings, the weak
evapotranspiration zones supply the strongest evapotranspiration zones
(MAKARIEVA; GORSHKOV, 2007; SHEIL; MURDIYARSO, 2009). Thus, this
atmospheric physic chemical mechanism produces the cyclical retro-supply of
precipitation, creating a system called “feedbacks” (MAKARIEVA; GORSHKOV,
2007; SHEIL; MURDIYARSO, 2009; WOODALL et al., 2012).

These observations are mainly associated with tropical rainforests
(CHAMBERS; ARTAXO, 2017; LEITE-FILHO et al, 2021; SHEIL;
MURDIYARSO, 2009; XIAODONG et al.,, 2013; ZEMP et al.,, 2017). The
evapotranspiration of this type of vegetation is related to the high leaf area index,
root depth, as well as the length, roughness, and reflectivity of the forest canopy
(SHEIL; MURDIYARSO, 2009; WOODALL et al., 2012). Aspects capable of
sustaining the upward displacement of air and attracting moist air from the ocean,
thus modifying the dynamics of local precipitation (CHAMBERS; ARTAXO, 2017,
LEITE-FILHO et al., 2021; MAKARIEVA; GORSHKOV, 2007; SHEIL;
MURDIYARSO, 2009; WOODALL et al., 2012; ZEMP et al., 2017).

The positive relationship between vegetation indices, evapotranspiration,
and precipitation was observed by other authors when comparing pastures and
shrub vegetation in other countries (ZHOU et al., 2016) and between the Brazilian
Cerrado and Amazonia biome (COSTA; PIRES, 2010). Therefore, taking as a
basis Makarieva and Gorshkov (2007), the vegetative values under MP produced
by agricultural management, impacts evapotranspiration and formation of moist
air masses over the area altering the frequency of precipitation (COSTA; PIRES,
2010; NAGLER et al., 2007; SHEIL; MURDIYARSO, 2009; ZEMP et al., 2017).
Thus, the mechanisms developed by Makarieva and Gorshkov (2007) are
important tools to explain the differences in precipitation between DP and MP,
mainly through the contrasts of NDVI, LAI, SCS, and LST Amplitude.

In line with the positive impact of agricultural management and the
“feedback” effect of precipitation on MP, the results observed in the linear
regression between precipitation and xCO2 (Fig. 7E) highlight rainfall as an
important regulator of atmospheric CO2. As the rains replenish the vegetation,

these become more capable of capturing COz2 through photosynthesis, fixing it in
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physiological structures, and later storing it in soil compartments. Such
statements are confirmed when observing the values of SCS (t/ha — mean O -
0.30 m) for the classes of pastures, where the MP presented statistical superiority
for this variable in relation to the DP.

Besides the vegetative impact on xCO2 discussed earlier, Moitinho et al.
(2015) and Vincentini et al. (2019) demonstrated that the microbiological activity
responsible for the metabolization of soil carbon and the consequent production
of COz is driven by rainfall and moisture content, thus explaining the higher R?
under DP. Thus, recovering degraded pasture areas in central Brazil is important

to supply a beneficial agroecosystem and environmental cyclical system.

Therefore, pasture management becomes a fundamental tool as nature-
basic solutions, mainly based on two principles: (i) on a large scale, areas with
better vegetative values generated by good management conditions produce
higher rainfall (feedback effect); and consequently, (ii) rainfall amounts and
frequencies impact the vegetative capacity of pastures to remove and store the

COz2 available in the atmosphere.

2.5.2. Interaction between Soil Carbon Stocks, Vegetative and Climate Aspects
around xCO2

The positive linear relationship between xCO2 and SCS indicates a possible
source of soil carbon by oxidation and subsequent CO:2 emission to the
atmosphere, especially in DP areas (Fig 5 E). Other authors have shown that soil
carbon has a positive relationship with CO2 flux, which is quite significant and
comparable to photosynthetic capture (ABDALLA et al., 2018; BRAZ et al., 2013;
FIGUEIREDO et al., 2017; TAVANTI et al., 2020).

The significant relation between xCO2 and SCS observed only in DP
demonstrates that soil organic carbon does not significantly influence
atmospheric CO2 over MP areas. The increase in soil organic carbon as related
to a sustainable agricultural practice (TAVANTI et al., 2020) contributes to
stabilizing soil carbon resulting in higher values of SCS in MP when compared to
DP (ABDALLA et al., 2018; ALVARES et al., 2013; CHAPLOT; COOPER, 2015;
FIGUEIREDO et al., 2017).
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Not observed for DP, authors such as Abdalla et al. (2018) and Figueiredo
et al. (2017), demonstrate that in the soil COz2 flux, they are 41 and 15% higher in
pastures with intermediate degradation and highly degradation, respectively.
Furthermore, Abdalla et al. (2018) and Figueiredo et al. (2017) demonstrate that
soil carbon from undegraded pastures, of intermediate degradation and highly
degraded present, respectively, low, high, and intermediate average emission of
CO2. Essential results for what was observed under the MP, because, as
visualized by Abdalla et al. (2018), were the xCO2 contents of the DP those most
impacted by the carbon content stored in the soil (FIGUEIREDO et al., 2017).

Chaplot and Cooper (2015) demonstrate that in pastures with intermediate
degradation, in addition to higher SCS levels compared to highly degraded ones,
these generally have carbon at higher levels of instability and exposure when
compared to non-degraded pastures. Thus, authors like Chaplot and Cooper
(2015) and Abdalla et al. (2018), highlights that these are the main factors that
contribute to the flux of COz2 to the atmosphere in pastures with different levels of
degradation (ABDALLA et al., 2018; CHAPLOT; COOPER, 2015; FIGUEIREDO
et al., 2017).

Like SCS, agricultural management also directly impacts vegetative
attributes on pastures (ACERO; GONZALEZ-ASENSIO, 2018; YOUNESZADEH;
AMIRI; PILESJO, 2015). Similar results were observed by Abdalla et al. (2018),
where positive relationships between soil carbon content and aboveground
pasture biomass were significantly higher in non-degraded pastures and lower in
highly degraded pastures, similar to what was observed in the present study
(ABDALLA et al., 2018; FIGUEIREDO et al., 2017).

Positive values between xCO2 and LST Amplitude were observed for linear
regression and correlation. Despite being positively correlated with xCO2, the
LST Amplitude and SCS variables showed negative relationships with each
other. These results indicate that higher SCS values are related to lower LST
Amplitude values (ABDALLA et al., 2018; CHAPLOT; COOPER, 2015). Abdalla
et al. (2018) and Zuh et al. (2019) reported that SCS impacts soil surface
temperature. This is because soils with higher organic carbon contents have
lower thermal diffusivity (ZHU et al., 2019). Therefore, the higher LST Amplitude
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values in the DP areas (Fig. 5) result from the low SCS contents (ZHU et al.,
2019).

For Student t-test, LST Amplitude and SCS showed significant differences
for pasture classes. However, LST Amplitude was higher in DP and lower in MP,
but the opposite was observed for SCS, higher in MP and lower in DP. However,
the negative relationship between LST Amplitude and SCS also indicates that the
temperature above the ground contributes to lower SCS values. Cheng et al.
(2021) and da Silva et al. (2018), demonstrate that soil carbon stability is directly
affected by temperature. This effect is explained by the action of temperature on
carbon protection and by microbiological activity, impacting mainly on the first
centimeters of the ground (CHENG et al., 2021; DA SILVA et al., 2018).

Results similar to those found by Cheng et al. (2021), are visualized in the
time series for LST Amplitude (Fig. 4l), mainly during winter, where values under
DP stand out from the MP. According to Cheng et al. (2021), the rapid warming
of the Tundra soil in winter corresponds to higher carbon degradation rates by

fungal communities, which are thus related to higher CO2 fluxes.

Thus, it is possible to state that LST Amplitude is a result of SCS values
because the carbon in the soil allows for slower thermal exchanges (ZHU et al.,
2019). However, the SCS values are results of the LST Amplitude, mainly
because rapid soil warming during winter results in carbon instability and
increased microbiological activities, responsible for greater carbon fluxes to the
atmosphere and lower levels in the soil. Therefore, explaining the consequent
positive relationships of xCO2 between SCS and LST Amplitude and the results
observed on the DP.

Similar results were found by Acero and Gonzalez-Asensio (2018), wherein
in the summer, the development of vegetation delayed the temperature gain of
the soil surface during the morning, impacting the temperature throughout the
day. This aspect explains the values of LST Amplitude over DP being more
prominent when compared to MP, especially during winter (ACERO;
GONZALEZ-ASENSIO, 2018).

Thus, therefore, it can be highlighted that the main contributions of CO:2 are

produced by degraded pastures that still have carbon in the soil, for severely
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impacting particulate organic matter stored in the most labile fractions in the soill
and for not having a significant vegetative capacity to capture CO2 from the
atmosphere (ABDALLA et al., 2018; CHAPLOT; COOPER, 2015; FIGUEIREDO
et al.,, 2017; KEELING; BACASTOW; BAINBRIDGE, 1976). According to the
LAPIG platform (PARENTE et al., 2019), Brazil has 65 million hectares of pasture
classified as the intermediate intensity of degradation, 38.76% of the total, and

53.9 million hectares with the severe intensity of degradation, 32.14% of the total.

Thus, it can be noted that these areas, especially those classified with
intermediate degradation, if not recovered, they lost their carbon stocks to the
atmosphere in the form of CO2 (ABDALLA et al., 2018; FIGUEIREDO et al., 2017;
TAVANTI et al., 2020). It is worth noting that it is against effects like these that
research on greenhouse gases and soil carbon is carried out. Exactly to prevent
soil carbon from being emitted into the atmosphere, thus aggravating a series of

facts involving global climate change (BOSSIO et al., 2020).

2.6. Conclusions

The managed pastures presented higher values for SCS (t/ha — mean O -
0.30 m), SIF (W m? srt um?), NDVI, LAl (m?m?) and Precipitation when
compared to degraded pastures. In addition, the time variability of xCO2 and its
negative relationship with SIF, NDVI, LAI, Precipitation and positive properties for
SCS and LST Amplitude (°C), indicate that these are control factors in the
capture, and source of atmospheric COz2, respectively.

The LST Amplitude between night and day significantly correlated with SCS
and xCO2, inverse and directly proportional, respectively. This result showed that
LST Amplitude could act as a new indicator of atmospheric CO2 dynamics and

characterization of degradation of degraded pastures.

The managed pastures showed significant superiority in rainfall volume
when compared to degraded pasture. This result highlights that the vegetative
indices under managed pastures were able to act in modifying the amount of local
rainfall. Concluding, therefore, that the agricultural management of pastures
supplies a system of good vegetation and greater amounts of rain, directly
impacting the capacity of the areas to sequester atmospheric CO2.
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This study also pointed out that those degraded pasture with lower soll
carbon could be a source of CO2 for the atmosphere compared to managed
pastures. Linear regression analysis showed that all the studied variables are
better related to CO2 atmospheric concentration in degraded pasture, mainly in
SIF, precipitation, and SCS. The low vegetative indices observed under the
degraded pasture contributed to higher LST Amplitude which is negatively
associated with SCS.

Therefore, these results demonstrate that converting degraded to managed
pastures could help mitigate atmospheric CO2 by soil and above biomass
incorporation, and possibly helping also in some others agrosystem services
such as increasing yield and reducing regional temperatures. These findings may
favor nature-based solutions mainly carbon sequestration actions, a fundamental
part of programs on a national scale (Low Carbon Emission Agriculture Program
- ABC Program and Nationally Determined Contributions - NDC do Brazil) with
goals for the recovery of 30 million hectares of degraded pasture, and global

scale (regulated and voluntary carbon credit market).
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CHAPTER 3 — FINAL REMARKS

3.1. Future Perspectives

Remote sensing comparisons between degraded and managed pastures
were important to characterize their contrasts. Such comparisons demonstrated
that some of the variables can be studied to better understand their potential. As
an example, the variables LST Amplitude and Precipitation.
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The LST Amplitude showed the potential to discriminate the two classes of
pastures studied in the present study, as well as the ability to impact higher
atmospheric concentrations of COz and instability in soil organic carbon. Studies
involving this variable together with air temperature and soil carbon stock levels

studied In Loco may offer more accurate contributions to its potential.

Precipitation showed higher levels on managed pastures. This result can be
supplemented with other variables for better understanding. Comparisons
between pasture classes and Precipitation could be complemented with:
Potential Evapotranspiration, Albedo, Rugosity, and Soil Moisture Active Passive
(SMAP). These variables would help the understanding of some of the possible

movements of humid air mass that occur over the pastures.

Other greenhouse gas (GHG) would also be an alternative to enrich the
study, for example Methane (CH4). There are some published articles involving
CHa4 and pastures, however, no studies were observed that included degraded
pastures and managed this variable. A difficulty in this sense would be the
spatialization of the satellite data collection points. Therefore, it would be
necessary to use geostatistical tools, such as Kriging, to make this comparison

possible.

3.2. References — Chapter 1

BANWART, S.; BLACK, H.; CAl, Z.; GICHERU, P.; JOOSTEN, H.; VICTORIA,
R.; MILNE, E.; NOELLEMEYER, E.; PASCUAL, U.; NZIGUHEBA, G.; VARGAS,
R.; BATIONO, A.; BUSCHIAZZO, D.; DE-BROGNIEZ, D.; MELILLO, J;
RICHTER, D.; TERMANSEN, M.; VAN NOORDWIJK, M.; GOVERSE, T,
BALLABIO, C.; BHATTACHARYYA, T.; GOLDHABER, M.; NIKOLAIDIS, N.;
ZHAO, Y.; FUNK, R.; DUFFY, C.; PAN, G.; LA SCALA, N.; GOTTSCHALK, P.;
BATJES, N.; SIX, J.; VAN WESEMAEL, B.; STOCKING, M.; BAMPA, F
BERNOUX, M.; FELLER, C.; LEMANCEAU, P.; MONTANARELLA, L. Benefits
of soil carbon: Report on the outcomes of an international scientific committee on
problems of the environment rapid assessment workshop. Carbon Management,
[s. 1], v.5,n. 2, p. 185-192, 2014.

BOVENSMANN, H.; BURROWS, J. P.; BUCHWITZ, M.; FRERICK, J.; NOEL, S;
ROZANOV, V. V.; CHANCE, K. V.; GOEDE, A. P. H. SCIAMACHY: Mission
objectives and measurement modes. Journal of the Atmospheric Sciences, [s. |.],
v. 56, n. 2, p. 127-150, 1999.



34

DE ASSIS VALADA, F. C.; DOS SANTOS WEBE, O. L.; VALADAO JUNIOR, D.
D.; SCAPINELLI, A.; DEINA, F. R.; BIANCHINI, A. Adubacdo Fosfatada E
Compactacdo Do Solo: Sistema Radicular Da Soja E Do Milho E Atributos
Fisicos Do Solo. Revista Brasileira de Ciencia do Solo, [s. |.], v. 39, n. 1, p. 243—
255, 2015.

DILUSTRO, J. J.; COLLINS, B.; DUNCAN, L.; CRAWFORD, C. Moisture and soil
texture effects on soil CO2 efflux components in southeastern mixed pine forests.
Forest Ecology and Management, [s. L], v. 204, n. 1, p. 87-97, 2005.

EMBRAPA, 2021. Empresa Brasileira de Pesquisa Agropecuaria. Brasil é o
quarto maior produtor de graos e o maior exportador de carne bovina do mundo,
diz estudo. Brazil, June 01, 2021. Available at: https://www.embrapa.br/busca-
de-noticias/-/noticia/62619259/brasil-e-0-quarto-maior-produtor-de-graos-e-o-
maior-exportador-de-carne-bovina-do-mundo-diz-estudo

IPCC, 2019. Intergovernmental Panel on Climate Change2019 Refinement to the
2006 IPCC Guidelines for National Greenhouse Gas Inventories — IPCC. Brazil,
May 11, 2022. Available at: https://www.ipcc.ch/report/2019-refinement-to-the-
2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Contribution of
Working Group | to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change; Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L.,
Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.1., et al., Eds.;
Cambridge University Press: Geneva, Switzerland, 2021.

KASUYA, M.; NAKAJIMA, M.; HAMAZAKI, T. Greenhouse Gases Observing
Satellite (GOSAT) Program Overview and Its Development Status. Transactions
of the Japan Society for Aeronautical and Space Sciences, Space Technology
Japan, [s. |.], v. 7, n. ists26, p. To_4 5-To_4 10, 2009.

LAL, R. Challenges and opportunities in soil organic matter research. European
Journal of Soil Science, [s. |], v. 60, n. 2, p. 158-169, 20009.

LAL, R. Soil carbon sequestration impacts on global climate change and food
security. Science, [s. I.], v. 304, n. 5677, p. 1623-1627, 2004.

LAPIG, 2022. Atlas das Pastagens Brasileiras. Brazil, May 11, 2022. Available
in: https://atlasdaspastagens.ufg.br/map

MAPBIOMAS, 2022. Qualidade da Pastagem — Colecéo 6 do MapBiomas. Brazil,
May 11, 2022. Available at: https://mapbiomas.org/

MOHAMMED, G. H.; COLOMBO, R.; MIDDLETON, E. M.; RASCHER, U.; VAN
DER TOL, C.; NEDBAL, L.; GOULAS, Y.; PEREZ-PRIEGO, O.; DAMM, A;;
MERONI, M.; JOINER, J.; COGLIATI, S.; VERHOEF, W.; MALENOVSKY, Z.;
GASTELLU-ETCHEGORRY, J. P.; MILLER, J. R.; GUANTER, L.; MORENO, J.;
MOYA, |.; BERRY, J. A.; FRANKENBERG, C.; ZARCO-TEJADA, P. J. Remote


https://www.embrapa.br/busca-de-noticias/-/noticia/62619259/brasil-e-o-quarto-maior-produtor-de-graos-e-o-maior-exportador-de-carne-bovina-do-mundo-diz-estudo
https://www.embrapa.br/busca-de-noticias/-/noticia/62619259/brasil-e-o-quarto-maior-produtor-de-graos-e-o-maior-exportador-de-carne-bovina-do-mundo-diz-estudo
https://www.embrapa.br/busca-de-noticias/-/noticia/62619259/brasil-e-o-quarto-maior-produtor-de-graos-e-o-maior-exportador-de-carne-bovina-do-mundo-diz-estudo
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://atlasdaspastagens.ufg.br/map
https://mapbiomas.org/

35

sensing of solar-induced chlorophyll fluorescence (SIF) in vegetation: 50 years of
progress. Remote Sensing of Environment, [s. I.], v. 231, n. February, p. 111177,
2019. Disponivel em: <https://doi.org/10.1016/j.rse.2019.04.030>

NASA OCO-2, 2022. Jet Propulsion Laboratory,California Institute of Tecnology.
CO2 Virtual Sciencie Data Environment. Brazil, May 11, 2022. Available in:
https://co2.jpl.nasa.qgov/

O'DELL, C. W.; CONNOR, B.; BOSCH, H.; O'BRIEN, D.; FRANKENBERG, C.;
CASTANO, R.; CHRISTI, M.; ELDERING, D.; FISHER, B.; GUNSON, M.;
MCDUFFIE, J.; MILLER, C. E.; NATRAJ, V.; OYAFUSO, F.; POLONSKY, I,
SMYTH, M.; TAYLOR, T.; TOON, G. C.; WENNBERG, P. O.; WUNCH, D. The
ACOS CO2 retrieval algorithm-Part 1: Description and validation against
synthetic observations. Atmospheric Measurement Techniques, [s. I.], v. 5, n. 1,
p. 99-121, 2012.

ONU, 2022. Organizagédo das NagOes Unidas. Department of Economic and
Social Affairs; Sustainable Development. Brazil, May 11, 2022. Available at:
https://sdgs.un.org/goals

PACHECO, A.; DE QUEIROZ CHAVES, R.; MAIA, C.; NICOLI, L. Integration of
crops, livestock, and forestry: A system of production for the Brazilian Cerrados.
Eco-efficiency: from vision to reality, [s. I.], p. 51-60, 2012. Disponivel em:
<http://www.alice.cnptia.embrapa.br/bitstream/doc/959993/1/52.pdf>

SEEG, 2022. Sistema de Estimativas de Emiss6es e Remoc¢des de Gases de
Efeito Estufa. Emissdes por setor. Brazil, May 11, 2022. Available in:
http://seeq.eco.br/

SMITH, P.; ADAMS, J.; BEERLING, D. J.; BERINGER, T.; CALVIN, K. V; FUSS,
S.; GRISCOM, B.; HAGEMANN, N.; KAMMANN, C.; KRAXNER, F.; MINX, J. C.;
POPP, A.; RENFORTH, P.; VICENTE, J. L. Land-Management Options for
Greenhouse Gas Removal and Their Impacts on Ecosystem Services and the
Sustainable Development Goals. Annual Review ofEnvironment and Resources,
[s. ], 20109.

SMITH, P.; MARTINO, D.; CAl, Z.; GWARY, D.; JANZEN, H.; KUMAR, P,
MCCARL, B.; OGLE, S.; OMARA, F.; RICE, C.; SCHOLES, B.; SIROTENKO,
O.; HOWDEN, M.; MCALLISTER, T.; PAN, G.; ROMANENKOV, V.,
SCHNEIDER, U.; TOWPRAYOON, S.; WATTENBACH, M.; SMITH, J.
Greenhouse gas mitigation in agriculture. Philosophical Transactions of the Royal
Society B: Biological Sciences, [s. |.], v. 363, n. 1492, p. 789-813, 2008.

SOARES, M. B.; FREDDI, O. da S.; MATOS, E. da S.; TAVANTI, R. F. R;;
WRUCK, F. J.; DE LIMA, J. P.; MARCHIORO, V.; FRANCHINI, J. C. Integrated
production systems: An alternative to soil chemical quality restoration in the
Cerrado-Amazon ecotone. Catena, [s. |.], v. 185, n. November 2019, p. 104279,
2020. Disponivel em: <https://doi.org/10.1016/j.catena.2019.104279>


https://co2.jpl.nasa.gov/
https://sdgs.un.org/goals
http://seeg.eco.br/

36

SOILGRIDS, 2022. Soil organic carbon stock. Would soil information, ISRIC.
Brazil, May 11, 2022. Available at: https://soilgrids.org/

WOOD, S. A.; TIRFESSA, D.; BAUDRON, F. Soil organic matter underlies crop
nutritional quality and productivity in smallholder agriculture. Agriculture,
Ecosystems and Environment, [s. ], v. 266, n. August, p. 100-108, 2018.
Disponivel em: <https://doi.org/10.1016/j.agee.2018.07.025>

3.3. References — Chapter 2

ABDALLA, K.; MUTEMA, M.; CHIVENGE, P.; EVERSON, C.; CHAPLOT, V.
Grassland degradation significantly enhances soil CO2 emission. Catena, [s. |.],
v. 167, n. May 2017, p. 284-292, 2018. Disponivel em:
<https://doi.org/10.1016/j.catena.2018.05.010>

ACERO, J. A.; GONZALEZ-ASENSIO, B. Influence of vegetation on the morning
land surface temperature in a tropical humid urban area. Urban Climate, [s. I.],
V. 26, n. August, p. 231-243, 2018. Disponivel em:
<https://doi.org/10.1016/j.uclim.2018.09.004>

ALVARES, C. A.; STAPE, J. L., SENTELHAS, P. C.; DE MORAES
GONCALVES, J. L.; SPAROVEK, G. Kdéppen’s climate classification map for
Brazil. Meteorologische Zeitschrift, [s. |.], v. 22, n. 6, p. 711-728, 2013.

ARTURSSON, T.; EKLOV, T.; LUNDSTROM, I.; MARTENSSON, P
SJOSTROM, M.; HOLMBERG, M. Drift correction for gas sensors using
multivariate methods. Journal of Chemometrics, [s. I.], v. 14, n. 5-6, p. 711-
723, 2000.

AppEEARS. 2022. Disponivel em:
<https://appeears.earthdatacloud.nasa.gov/>. Acesso em: 6 jul. 2022,

BALL, B. C.; DOBBIE, K. E.; PARKER, J. P.; SMITH, K. A. The influence of gas
transport and porosity on methane oxidation in soils. Journal of Geophysical
Research Atmospheres, [s. |.], v. 102, n. 19, p. 23301-23308, 1997.

BERNARDINO DIAS-FILHO, M. Degradacdo de pastagens: o que € e como
evitar. Embrapa Gado de ..., [s. l], p. 19, 2017. Disponivel em:
<http://www.embrapa.br/amazonia-oriental/publicacoes>

BOSSIO, D. A.; COOK-PATTON, S. C.; ELLIS, P. W.; FARGIONE, J;
SANDERMAN, J.; SMITH, P.; WOOD, S.; ZOMER, R. J.; VON UNGER, M,
EMMER, I. M.; GRISCOM, B. W. The role of soil carbon in natural climate
solutions. Nature Sustainability, [s. I.], v. 3, n. 5, p. 391-398, 2020. Disponivel
em: <http://dx.doi.org/10.1038/s41893-020-0491-z>

BRAZ, S. P.; URQUIAGA, S.; ALVES, B. J. R.; JANTALIA, C. P.; GUIMARAES,
A. P.; DOS SANTOS, C. A.; DOS SANTOS, S. C.; MACHADO PINHEIRO, E. F.;
BODDEY, R. M. Soil Carbon Stocks under Productive and Degraded Brachiaria
Pastures in the Brazilian Cerrado . Soil Science Society of America Journal,
[s. 1], v. 77, n. 3, p. 914-928, 2013.


https://soilgrids.org/

37

CHAMBERS, J. Q.; ARTAXO, P. Biosphere-atmosphere interactions:
Deforestation size influences rainfall. Nature Climate Change, [s. I.], v. 7, n. 3,
p. 175-176, 2017.

CHAPLOT, V.; COOPER, M. Soil aggregate stability to predict organic carbon
outputs from soils. Geoderma, [s. I.], v. 243-244, p. 205-213, 2015. Disponivel
em: <http://dx.doi.org/10.1016/].geoderma.2014.12.013>

CHENG, J.; YANG, Y.; YUAN, M. M.; GAO, Q.; WU, L.; QIN, Z.; SHI, Z. J,;
SCHUUR, E. A. G.; COLE, J. R.; TIEDJE, J. M.; ZHOU, J. Winter warming rapidly
increases carbon degradation capacities of fungal communities in tundra soil:
Potential consequences on carbon stability. Molecular Ecology, [s. I.], v. 30, n.
4, p. 926937, 2021.

CONCEIC}AO, M. C. G. Da; S. MATOS, E.; BIDONE, E. D.; RODRIGUES, R. de
A. R.; CORDEIRO, R. C. Changes in Soil Carbon Stocks under Integrated Crop-
Livestock-Forest System in the Brazilian Amazon Region. Agricultural
Sciences, [s. |.], v. 08, n. 09, p. 904-913, 2017.

COOPER, M.; MENDES, L. M. S.; SILVA, W. L. C.; SPAROVEK, G. A National
Soil Profile Database for Brazil Available to International Scientists. Soil Science
Society of America Journal, [s. I.], v. 69, n. 3, p. 649-652, 2005.

Copernicus Global Land Service. 2022. Disponivel em:
<https://land.copernicus.eu/global/products/Ist>. Acesso em: 6 jul. 2022.

COSTA, M. H.; PIRES, G. F. Effects of Amazon and Central Brazil deforestation
scenarios on the duration of the dry season in the arc of deforestation.
International Journal of Climatology, [s. |], v. 30, n. 13, p. 1970-1979, 2010.

DA COSTA, L. M.; DE ARAUJO SANTOS, G. A.; DE MENDONCA, G. C.;
MORAIS FILHO, L. F. F.; DE MENESES, K. C.; DE SOUZA ROLIM, G.; LA
SCALA, N. Spatiotemporal variability of atmospheric CO2 concentration and
controlling factors over sugarcane cultivation areas in southern Brazil.
Environment, Development and Sustainability, [s. |.], n. 0123456789, 2021.
Disponivel em: <https://doi.org/10.1007/s10668-021-01677-6>

DA SILVA, D. M. N.; VENTURIM, C. H. P.; VALORY CAPUCHO, M. E. O.; DE
OLIVEIRA, F. L.; DE SA MENDONCA, E. Impact of soil cover systems on soil
quality and organic production of yacon. Scientia Horticulturae, [s. I.], v. 235, n.
July 2017, p. 407-412, 2018.

DA SILVA QUINAIA, T. L.; DO VALLE JUNIOR, R. F.; DE MIRANDA COELHO,
V. P.; DA CUNHA, R. C.; VALERA, C. A.; SANCHES FERNANDES, L. F;
PACHECO, F. A. L. Application of an improved vegetation index based on the
visible spectrum in the diagnosis of degraded pastures: Implications for
development. Land Degradation and Development, [s. |.], n. August, p. 1-15,
2021.

DANGAL, S. R. S.; TIAN, H.; ZHANG, B.; PAN, S.; LU, C.; YANG, J. Methane
emission from global livestock sector during 1890-2014: Magnitude, trends and
spatiotemporal patterns. Global change biology, England, v. 23, n. 10, p. 4147-



38

4161, 2017.

DE AZEVEDO, T. R.; COSTA, C.; BRANDAO, A.; DOS SANTOS CREMER, M.;
PIATTO, M.; TSAI, D. S.; BARRETO, P.; MARTINS, H.; SALES, M.; GALUCHI,
T.; RODRIGUES, A.; MORGADO, R.; FERREIRA, A. L.; BARCELLOS E SILVA,
F.; DE FREITAS VISCONDI, G.; DOS SANTOS, K. C.; DA CUNHA, K. B;;
MANETTI, A.; COLUNA, I. M. E.; DE ALBUQUERQUE, I. R.; WATANABE, S.;
LEITE, C.; KISHINAMI, R. SEEG initiative estimates of Brazilian greenhouse gas
emissions from 1970 to 2015. Scientific Data, [s. |.], v. 5, p. 1-43, 2018.

FIGUEIREDO, E. B. De; PANOSSO, A. R.; BORDONAL, R. de O.; TEIXEIRA,
D. D. B.; BERCHIELLI, T. T.; LA SCALA, N. Soil CO2-C Emissions and
Correlations with Soil Properties in Degraded and Managed Pastures in Southern
Brazil. Land Degradation and Development, [s. ], v. 28, n. 4, p. 1263-1273,
2017.

FRANKENBERG, C.; O'DELL, C.; BERRY, J.; GUANTER, L.; JOINER, J,;
KOHLER, P.; POLLOCK, R.; TAYLOR, T. E. Prospects for chlorophyll
fluorescence remote sensing from the Orbiting Carbon Observatory-2. Remote
Sensing of Environment, [s. ], v. 147, p. 1-12, 2014.

FREITAS, S. C.; TRIGO, |, MACEDO, J.; BARROSO, C.; SILVA, R,
PERDIGAO, R. Land Surface Temperature from multiple geostationary satellites.
International Journal of Remote Sensing, [s. I.], v. Vol 34, n. 9-10, 2013.

HENGL, O.; JESUS, J. M. De; MACMILLAN, R. A.; BATJES, N. H.; HEUVELINK,
G. B. M.; RIBEIRO, E.; SAMUEL-ROSA, A.; KEMPEN, B.; LEENAARS, J. G. B,;
WALSH, M. G.; GONZALEZ, M. R. SoilGrids1lkm — Global Soil Information
Based onAutomated Mapping, 2014. Disponivel em:
<https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0105992>

HENGL, T.; DE JESUS, J. M.; HEUVELINK, G. B. M.; GONZALEZ, M. R.;
KILIBARDA, M.; BLAGOTIC, A.; SHANGGUAN, W.; WRIGHT, M. N.; GENG, X;
BAUER-MARSCHALLINGER, B.; GUEVARA, M. A.; VARGAS, R.; MACMILLAN,
R. A.; BATJES, N. H.; LEENAARS, J. G. B.; RIBEIRO, E.; WHEELER, I
MANTEL, S.; KEMPEN, B. SoilGrids250m: Global gridded soil information
based on machine learning. [s.I: s.n]. v. 12 Disponivel em:
<http://www.isric.org/content/isric- releases-upgraded-soilgrids-system-two-
times- improved-accuracy-predictions>

HOWE, J. P. This is nature; This is un-nature: Reading the keeling curve.
Environmental History, [s. I.], v. 20, n. 2, p. 286-293, 2015.

KEELING, C. D.; BACASTOW, R. B.; BAINBRIDGE, A. E. Atmospheric carbon
dioxide variations at Mauna Loa Observatory, Hawaii. Tellus, [s. .], v. 28, n. 6,
p. 538-551, 1976.

KENEA, S.-T.; LEE, H.-Y.; JOO, S.-W.; LI, S.-L.; LABZOVSKII, L. D.; CHUNG,
C.-Y.; KIM, Y.-H. Interannual Variability of Atmospheric CH4 and Its Driver Over
South Korea Captured by Integrated Data in 2019. Remote Sensing, [s. I.], v.
13, n. 12, 2021.



39

LEITE-FILHO, A. T.; SOARES-FILHO, B. S.; DAVIS, J. L.; ABRAHAO, G. M;
BORNER, J. Deforestation reduces rainfall and agricultural revenues in the
Brazilian Amazon. Nature Communications, [s. ], v. 12, n. 1, p. 1-7, 2021.
Disponivel em: <http://dx.doi.org/10.1038/s41467-021-22840-7>

MAKARIEVA, A. M.; GORSHKOV, V. G. Biotic pump of atmospheric moisture as
driver of the hydrological cycle on land. Hydrology and Earth System Sciences,
[s. ], v. 11, n. 2, p. 1013-1033, 2007.

MENDES, T. J.; SIQUEIRA, D. S.; DE FIGUEIREDO, E. B.; BORDONAL, R. de
O.; MOITINHO, M. R.; MARQUES JUNIOR, J.; LA SCALA, N. Soil carbon stock
estimations: methods and a case study of the Maranhdo State, Brazil.
Environment, Development and Sustainability, [s. |.], n. 0123456789, 2021.
Disponivel em: <https://doi.org/10.1007/s10668-021-01351-x>

MORAIS FILHO, L. F. F.; MENESES, K. C. De; SANTOS, G. A. de A.; BICALHO,
E. da S.; ROLIM, G. de S.; LA SCALA, N. xCO2 temporal variability above
Brazilian agroecosystems: A remote sensing approach. Journal of
Environmental Management, [s. I.], v. 288, n. February, 2021.

MUTIIBWA, D.; STRACHAN, S.; ALBRIGHT, T. Land Surface Temperature and
Surface Air Temperature in Complex Terrain. IEEE Journal of Selected Topics
in Applied Earth Observations and Remote Sensing, [s. I.], v. 8, n. 10, p.
4762-4774, 2015.

NAGLER, P. L.; GLENN, E. P.; KIM, H.; EMMERICH, W.; SCOTT, R. L.;
HUXMAN, T. E.; HUETE, A. R. Relationship between evapotranspiration and
precipitation pulses in a semiarid rangeland estimated by moisture flux towers
and MODIS vegetation indices. Journal of Arid Environments, [s. L], v. 70, n.
3, p. 443-462, 2007.

O'DELL, C. W.; CONNOR, B.; BOSCH, H.; O'BRIEN, D.; FRANKENBERG, C.;
CASTANO, R.; CHRISTI, M.; ELDERING, D.; FISHER, B.; GUNSON, M.;
MCDUFFIE, J.; MILLER, C. E.; NATRAJ, V.; OYAFUSO, F.; POLONSKY, I;
SMYTH, M.; TAYLOR, T.; TOON, G. C.; WENNBERG, P. O.; WUNCH, D. The
ACOS CO&amp;lt;sub&amp;gt;2&amp;lt;/sub&amp;gt; retrieval algorithm — Part
1: Description and validation against synthetic observations. Atmospheric
Measurement Techniques, [s. l.], v. 5, n. 1, p. 99-121, 2012.

OBERVATORIO DO PLANO ABC. Analise dos Recursos do Programa ABC -
Safra 2015/16. [S. L], p. 24, 2016. Disponivel em:
<http://observatorioabc.com.br/wp-content/uploads/2016/10/Relatorio-
Completo_Analise-dos-Recursos-ABC-safral516.pdf>

PAN, G.; XU, Y.; MA, J. The potential of CO2 satellite monitoring for climate
governance: A review. Journal of Environmental Management, [s. |.], v. 277,
n. April 2020, 2021.

PARENTE, L.; MESQUITA, V.; MIZIARA, F.; BAUMANN, L.; FERREIRA, L.
Assessing the pasturelands and livestock dynamics in Brazil, from 1985 to 2017:
A novel approach based on high spatial resolution imagery and Google Earth



40

Engine cloud computing. Remote Sensing of Environment, [s. |], v. 232, n.
July, p. 111301, 2019. Disponivel em:
<https://doi.org/10.1016/j.rse.2019.111301>

PARRA, A. S.; DE FIGUEIREDO, E. B.; DE BORDONAL, R. O.; MOITINHO, M.
R.; TEIXEIRA, D. D. B.; LA SCALA, N. Greenhouse gas emissions in conversion
from extensive pasture to other agricultural systems in the Andean region of
Colombia. Environment, Development and Sustainability, [s. ], v. 21, n. 1, p.
249-262, 2019.

PETRY, I.; JARDIM, P.; FAN, F. M. Manual de aplicacdo ANA Data Acquisition
V 1.0. Universidade Federal do Rio Grande do Sul, [s. I.], p. 12, 2021.
Disponivel em: <https://github.com/HGE-IPH/ANA-Data-Acquisition>

POGGIO, L.; DE SOUSA, L. M.; BATJES, N. H.; HEUVELINK, G. B. M,;
KEMPEN, B.; RIBEIRO, E.; ROSSITER, D. SoilGrids 2.0: Producing soil
information for the globe with quantified spatial uncertainty. Soil, [s. l.], v. 7, n. 1,
p. 217-240, 2017.

ROBERTS, D. B.; HESTER, L. L. Progressive synergistic bacterial gangrene
arising from abscesses of the vulva and Bartholin’s gland duct. American
Journal of Obstetrics and Gynecology, [s. |.], v. 114, n. 3, p. 285-291, 1972.

SCHIMEL, D.; STEPHENS, B. B.; FISHER, J. B. Effect of increasing CO2 on the
terrestrial carbon cycle. Proceedings of the National Academy of Sciences of
the United States of America, [s. |.], v. 112, n. 2, p. 436-441, 2015.

SHEIL, D.; MURDIYARSO, D. How forests attract rain: An examination of a new
hypothesis. BioScience, [s. |.], v. 59, n. 4, p. 341-347, 2009.

SIABI, Z.; FALAHATKAR, S.; ALAVI, S. J. Spatial distribution of XCO2 using
OCO-2 data in growing seasons. Journal of Environmental Management, [s.
l.], v. 244, n. January, p. 110-118, 2019.

SOMKUTI, P.; O'DELL, C. W.; CROWELL, S.; KOHLER, P.; MCGARRAGH, G.
R.; CRONK, H. Q.; BURGH, E. B. Solar-induced chlorophyll fluorescence from
the Geostationary Carbon Cycle Observatory (GeoCarb): An extensive
simulation study. Remote Sensing of Environment, [s. |.], v. 263, n. June, 2021.

STEINKE, V. A.; MELO, L. A. M. P. De; STEINKE, E. T. Rainfall Variability in
January in the Federal District of Brazil from 1981 to 2010. Climate 2017, Vol. 5,
Page 68, [s. L], v. 5 n 3, p. 68, 2017. Disponivel em:
<https://www.mdpi.com/2225-1154/5/3/68/htm>. Acesso em: 5 jul. 2022.

SUN, Y.; FRANKENBERG, C.; JUNG, M.; JOINER, J.; GUANTER, L.; KOHLER,
P.; MAGNEY, T. Overview of Solar-Induced chlorophyll Fluorescence (SIF) from
the Orbiting Carbon Observatory-2: Retrieval, cross-mission comparison, and
global monitoring for GPP. Remote Sensing of Environment, [s. |.], v. 209, n.
February, p. 808-823, 2018. Disponivel em:
<https://doi.org/10.1016/j.rse.2018.02.016>

TAVANTI, R. F. R.; MONTANARI, R.; PANOSSO, A. R.; LA SCALA, N



41

CHIQUITELLI NETO, M.; FREDDI, O. da S.; PAZ GONZALEZ, A.; DE
CARVALHO, M. A. C.; SOARES, M. B.; TAVANTI, T. R.; GALINDO, F. S. What
is the impact of pasture reform on organic carbon compartments and CO2
emissions in the Brazilian Cerrado? Catena, [s. |.], v. 194, n. March, p. 104702,
2020. Disponivel em: <https://doi.org/10.1016/j.catena.2020.104702>

VALLE JUNIOR, R. F. Do; SIQUEIRA, H. E.; VALERA, C. A; OLIVEIRA, C. F,;
SANCHES FERNANDES, L. F.; MOURA, J. P.; PACHECO, F. A. L. Diagnosis of
degraded pastures using an improved NDVI-based remote sensing approach: An
application to the Environmental Protection Area of Uberaba River Basin (Minas
Gerais, Brazil). Remote Sensing Applications: Society and Environment, [s.
], v. 14, n. November 2018, p. 20-33, 2019. Disponivel em:
<https://doi.org/10.1016/j.rsase.2019.02.001>

VICENTINI, M. E.; PINOTTI, C. R.; HIRAI, W. Y.; DE MORAES, M. L. T,
MONTANARI, R.; FILHO, M. C. M. T.; MILORI, D. M. B. P.; JUNIOR, N. L. S;;
PANOSSO, A. R. CO2 emission and its relation to soil temperature, moisture,
and O2 absorption in the reforested areas of Cerrado biome, Central Brazil. Plant
and Soil, [s. ], v. 444, n. 1-2, p. 193-211, 2019.

WAN, Z., S. HOOK, G. H. MOD1l1A2 MODIS/Terra Land Surface
Temperature/Emissivity 8-Day L3 Global 1km SIN Grid V006. 2015,
distributed by NASA EOSDIS Land Processes DAAC. 2015.

WANG, C.; CAJA, J.; GOMEZ, E. Comparison of methods for outlier identification
in surface characterization. Measurement: Journal of the International
Measurement Confederation, [s. I.], v. 117, n. December 2017, p. 312-325,
2018. Disponivel em: <https://doi.org/10.1016/j.measurement.2017.12.015>

WOODALL, C. W.; DOMKE, G. M.; MACFARLANE, D. W.; OSWALT, C. M.
Forests and climate change: forcings, feedbacks, and the climate benefits of
forests. Forestry - Institute of Foresters of Great Britain., [s. .], v. 85, n. 1, p.
1444-1449, 2012.

XIAODONG, G.; JINREN, N.; ZHENSHAN, L.; RONGGUI, H.; XIN, M.; QING, Y.
Quantifying the synergistic effect of the precipitation and land use on sandy
desertification at county level: A case study in Naiman Banner, northern China.
Journal of Environmental Management, [s. ], v. 123, p. 34-41, 2013.
Disponivel em: <http://dx.doi.org/10.1016/j.jenvman.2013.02.033>

YANG, D.; LIU, Y.; FENG, L.; WANG, J.; YAO, L.; CAIl, Z.; ZHU, S.; LU, N.; LYU,
D. The First Global Carbon Dioxide Flux Map Derived from TanSat
Measurements. Advances in Atmospheric Sciences, [s.1.],v.38,n.9, p. 1433—
1443, 2021.

YOUNESZADEH, S.; AMIRI, N.; PILESJO, P. The effect of land use change on
land surface temperature in the Netherlands. International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences -
ISPRS Archives, [s. |.], v. 40, n. 1W5, p. 745-748, 2015.

YU, L.; WEN, J.; CHANG, C. Y.; FRANKENBERG, C.; SUN, Y. High-Resolution



42

Global Contiguous SIF of OCO-2. Geophysical Research Letters, [s. I.], v. 46,
n. 3, p. 1449-1458, 20109.

ZEMP, D. C.; SCHLEUSSNER, C. F.; BARBOSA, H. M. J.; HIROTA, M,
MONTADE, V.; SAMPAIO, G.; STAAL, A.; WANG-ERLANDSSON, L.; RAMMIG,
A. Self-amplified Amazon forest loss due to vegetation-atmosphere feedbacks.
Nature Communications, [s. |.], v. 8, 2017.

ZHANG, P.; BOUNOUA, L.; IMHOFF, M. L.; WOLFE, R. E.; THOME, K.
Comparison of MODIS Land Surface Temperature and Air Temperature over the
Continental USA Meteorological Stations. Canadian Journal of Remote
Sensing, [s. ], v. 40, n. 2, p. 110-122, 2014.

ZHOU, J.; FU, B.; GAO, G.; LU, Y.; LIU, Y.; LU, N.; WANG, S. Effects of
precipitation and restoration vegetation on soil erosion in a semi-arid environment
in the Loess Plateau, China. Catena, [s. I.], v. 137, p. 1-11, 2016. Disponivel em:
<http://dx.doi.org/10.1016/j.catena.2015.08.015>

ZHU, D.; CIAIS, P.; KRINNER, G.; MAIGNAN, F.; JORNET PUIG, A,
HUGELIUS, G. Controls of soil organic matter on soil thermal dynamics in the
northern high latitudes. Nature Communications, [s. |.], v. 10, n. 1, p. 1-9, 2019.
Disponivel em: <http://dx.doi.org/10.1038/s41467-019-11103-1>



