
UNIVERSIDADE ESTADUAL PAULISTA – UNESP 
CÂMPUS DE JABOTICABAL 

 

 

 

 

 

 
 

 

 

SOIL GREENHOUSE GAS EMISSIONS AND THEIR 
RELATIONS TO SOIL ATTRIBUTES IN A SUGARCANE 

AREA 
 
 
 

 

Elton da Silva Bicalho 
 Engenheiro Agrônomo 

 

 

 

 

 

 

 

 

 

 
 

2016



 

 

UNIVERSIDADE ESTADUAL PAULISTA – UNESP 
CÂMPUS DE JABOTICABAL 

 

 

 

 

 

 
 

 

 

SOIL GREENHOUSE GAS EMISSIONS AND THEIR 
RELATIONS TO SOIL ATTRIBUTES IN A SUGARCANE 

AREA 
 
 
 

 

Elton da Silva Bicalho 
Orientador: Prof. Dr. Newton La Scala Júnior 

Coorientador: Prof. Dr. Alan Rodrigo Panosso 
 

Tese apresentada à Faculdade de Ciências 
Agrárias e Veterinárias – Unesp, Câmpus de 
Jaboticabal, como parte das exigências para a 
obtenção do título de Doutor em Agronomia 
(Produção Vegetal) 

 

 

 

 

 
2016



 

 

 
  

Bicalho, Elton da Silva 
B583s Soil greenhouse gas emissions and their relations to soil attributes 

in a sugarcane area / Elton da Silva Bicalho. – – Jaboticabal, 2016 
 x, 80 p. : il. ; 29 cm 
  
 Tese (doutorado) - Universidade Estadual Paulista, Faculdade de 

Ciências Agrárias e Veterinárias, 2016 
 Orientador: Newton La Scala Júnior 

Coorientador: Alan Rodrigo Panosso 
Banca examinadora: Carlos Eduardo Pellegrino Cerri, Janaina 

Braga do Carmo, Gener Tadeu Pereira, Teresa Cristina Tarlé Pissarra 
 Bibliografia 
  
 1. Dióxido de carbono. 2. Metano. 3. Óxido nitroso. 4. Produção 

potencial. 5. Respiração do solo. 6. Transporte gasoso. I. Título. II. 
Jaboticabal-Faculdade de Ciências Agrárias e Veterinárias. 

  
CDU 631.42:633.61 

  
Ficha catalográfica elaborada pela Seção Técnica de Aquisição e Tratamento da Informação – 
Serviço Técnico de Biblioteca e Documentação – UNESP, Câmpus de Jaboticabal. 

 



 

  



 

 

CURRICULAR ACTIVITIES OF THE AUTHOR 
 

Elton da Silva Bicalho was born in São Paulo, SP, Brazil on June 21, 1985. He 

earned his Bachelor of Science Degree in Agronomy in February, 2010 from the Fac-

ulty of Agrarian and Veterinary Sciences, Jaboticabal campus of the São Paulo State 

University (FCAV–UNESP). At that time, he was awarded for attaining the highest 

grade point average of the 2009 graduating class with the Faculty of Agrarian and 

Veterinary Sciences Award (Jaboticabal, SP, Brazil), and for best student of the 2009 

graduating class with the Engineering Institute Award (São Paulo, SP, Brazil). During 

his bachelor’s degree, he was grantee of the National Council for Scientific and Tech-

nological Development (CNPq) during the period between August, 2007 and August, 

2009. In February, 2012, he earned his Master in Agronomy (Crop Production) from 

the FCAV–UNESP, and was grantee of the CNPq. In March, 2012, he joined to the 

Graduate Program in Agronomy (Crop Production) at the FCAV–UNESP, with a col-

laborative period from March, 2014 to February, 2015 in the University of Minnesota, 

Department of Soil, Water and Climate, St Paul, MN, USA, and was grantee of the São 

Paulo Research Foundation (FAPESP). 

 



 

 

 

“In the living of life, things get mixed up. Life is like that: first it 
blows hot, then, cold; it tightens, then loosens; it soothes, then 

disquiets. What life demands of us is courage.” 
 

“The Devil to Pay in the Backlands” 
by João Guimarães Rosa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

To my mom 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ACKNOWLEDGEMENTS 
 

I am grateful to my advisors Newton La Scala Júnior, Alan Rodrigo Panosso 

and Kurt A. Spokas, who helped me a lot and made easier the processes of learning 

and writing this doctoral dissertation. 

I am really grateful to my great friends Daniel De Bortoli Teixeira and Mara Re-

gina Moitinho; without the help of them all, this work would not have been possible. 

I am grateful to Adriana, Norival, Shirley and Zezé, from the Department of Ex-

act Sciences of the Faculty of Agrarian and Veterinary Sciences, Jaboticabal campus 

of the São Paulo State University (FCAV–UNESP), for being available for any help. 

I am grateful to the Graduate Program in Agronomy (Crop Production) of the 

Faculty of Agrarian and Veterinary Sciences, Jaboticabal campus of the São Paulo 

State University (FCAV–UNESP). 

I am grateful to the Department of Soil, Water, and Climate of the University of 

Minnesota for the support and facilities for conducting all the laboratory experiments, 

to the United States Department of Agriculture, Agricultural Research Service (USDA–

ARS), and especially to Martin G. DuSaire for all the help. 

I am grateful to the Coordination for the Improvement of Higher Education Per-

sonnel (CAPES) and to the São Paulo Research Foundation (FAPESP) for the finan-

cial support (processes number 2013/00360–7 and 2013/24926–0). 

And I am also grateful to the São Martinho Mill for providing the area and facili-

ties to this work. 

 



viii 

 

SUMMARY 
 

 Page 

RESUMO.................................................................................................................... ix 

ABSTRACT ................................................................................................................. x 

1 INTRODUCTION ...................................................................................................... 1 

2 LITERATURE REVIEW ............................................................................................ 3 

2.1 Soil greenhouse gases emission........................................................................ 3 

2.2 Spatial variability of soil greenhouse gases and soil attributes .......................... 5 

2.3 Anisotropy of soil greenhouse gases and soil attributes .................................... 6 

3 MATERIAL AND METHODS .................................................................................... 8 

3.1 Location and description of the study area ......................................................... 8 

3.2 Infield soil CO2 emission, soil temperature and soil moisture ........................... 10 

3.3 Soil sampling and analysis of soil chemical and physical attributes ................. 11 

3.4 Production potentials of soil greenhouse gas ................................................... 12 

3.5 Analysis of results ............................................................................................ 14 

4 RESULTS AND DISCUSSION ............................................................................... 22 

4.1 Descriptive statistics ......................................................................................... 22 

4.2 Linear correlation analysis ............................................................................... 25 

4.3 Factor analysis ................................................................................................. 28 

4.4 Spatial variability structure of soil greenhouse gases and soil attributes .......... 31 

4.5 Fractal dimension and anisotropy of soil greenhouse gas and soil attributes .. 46 

5 CONCLUSION ....................................................................................................... 53 

6 REFERENCES ....................................................................................................... 54 

APPENDIX ................................................................................................................ 71 

 

 



ix 

 

EMISSÃO DE GASES DE EFEITO ESTUFA E SUA RELAÇÃO COM ATRIBUTOS 
DO SOLO EM ÁREA DE CANA-DE-AÇÚCAR 

 

RESUMO – A produção dos principais gases de efeito estufa (GEE: CO2, CH4 
e N2O) é influenciada por práticas agrícolas que causam alterações nos atributos físi-
cos, químicos e biológicos do solo, afetando diretamente sua emissão para a atmos-
fera. O objetivo deste estudo foi investigar a emissão de CO2 do solo (FCO2) em con-
dições de campo e a produção potencial de CO2, CH4 e N2O do solo (PCO2, PCH4 e 
PN2O, respectivamente) em condições de laboratório, além de suas relações com os 
atributos do solo em uma área de cana-de-açúcar colhida mecanicamente. A área 
experimental constituiu-se de um gradeado simétrico radialmente de 50 × 50 m con-
tendo 133 pontos espaçados em distâncias mínimas de 0,5 m no centro da malha 
amostral. Foram conduzidas oito avaliações para FCO2, temperatura e umidade do 
solo durante um período de 19 dias. Os atributos físicos e químicos do solo foram 
determinados por meio de amostragem na profundidade de 0–10 cm. A quantificação 
de PCO2, PCH4 e PN2O consistiu de incubação em laboratório e determinação da con-
centração dos gases por meio de cromatografia gasosa. FCO2 apresentou um valor de 
emissão média de 1,19 µmol CO2 m−2 s−1, enquanto a produção de GEE em laborató-
rio foi de 2,34 µg C–CO2 g−1 d−1 e 0,20 ng N–N2O g−1 d−1 respectivamente para PCO2 
e PN2O. Não foi observada produção ou oxidação significativa de CH4. A análise de 
fatores mostrou a formação de dois processos independentes que explicaram quase 
72% da variância total observada nos dados. O primeiro processo foi relacionado ao 
transporte de FCO2 em campo e sua relação com atributos físicos do solo, tais como 
microporos, macroporos, relação C/N, umidade e densidade, mostrando a dependên-
cia entre FCO2 e a porosidade do solo. O segundo processo foi relacionado à produção 
potencial de CO2 e N2O do solo em condições de laboratório e sua relação com atri-
butos químicos do solo, tais como soma de bases, pH e fósforo disponível, os quais 
afetam a atividade microbiana e contribuem para a produção de GEE. Embora apre-
sentados como independentes, esses processos estão relacionados e ocorrem simul-
taneamente no solo, fornecendo informações sobre sua variabilidade e mostrando se 
as emissões em campo são devidas aos processos de transporte de gás ou aos níveis 
de carbono no solo e sua qualidade. Além disso, a dependência espacial de FCO2 está 
relacionada à porosidade do solo, assim como a dependência espacial de PCO2 e PN2O 
está relacionada aos atributos químicos do solo. Adicionalmente, foi observada aniso-
tropia principalmente em condições de campo, principalmente para os atributos rela-
cionados à porosidade do solo, já que o solo pulverizado utilizado no laboratório perde 
sua estrutura e, consequentemente, o efeito do manejo encontrado em condições de 
campo. 
 
Palavras-chave: dióxido de carbono, metano, óxido nitroso, produção potencial, res-
piração do solo, transporte gasoso 
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SOIL GREENHOUSE GAS EMISSIONS AND THEIR RELATIONS TO SOIL 
ATTRIBUTES IN A SUGARCANE AREA 

 

ABSTRACT – The production of the main soil greenhouse gases (GHG: CO2, 
CH4 and N2O) is influenced by agricultural practices that causes changes in soil phys-
ical, chemical and biological attributes, directly affecting their emission to the atmos-
phere. The aim of this study was to investigate the infield soil CO2 emissions (FCO2) 
and the soil CO2, CH4 and N2O production potentials (PCO2, PCH4 and PN2O, respec-
tively) in laboratory conditions, and their relationship to soil attributes in a mechanically 
harvested sugarcane area. The experimental area consisted of a 50 × 50-m radially 
symmetrical grid containing 133 points spaced at minimum distances of 0.5 m in the 
center of the sample grid. It was carried out eight evaluations of FCO2, soil temperature 
and soil moisture over a period of 19 days. Soil physical and chemical attributes were 
determined by sampling at a depth of 0–10 cm. The quantification of PCO2, PCH4 and 
PN2O consisted of laboratory incubation and determination of gas concentration by gas 
chromatography. FCO2 presented an infield average emission value of 1.19 µmol CO2 
m−2 s−1, while GHG production in laboratory was 2.34 µg C–CO2 g−1 d−1 and 0.20 ng 
N–N2O g−1 d−1 for PCO2 and PN2O, respectively. No significant production or oxidation 
was observed for CH4. The factor analysis showed the formation of two independent 
processes that explained almost 72% of the total variance observed in the data. The 
first process was related to the transport of FCO2 and its relation to soil physical attrib-
utes, such as microporosity, macroporosity, the C/N ratio, soil moisture and soil bulk 
density, showing the dependence between FCO2 and soil porosity. The second process 
was related to the soil CO2 and N2O production potentials in laboratory conditions and 
their relation to soil chemical attributes, such as sum of bases, pH and available phos-
phorus, which affects the microbial activity and contributes to the GHG production. 
Although presented as independent, these processes are coupled and occur simulta-
neously in the soil, in addition to provide information about their variability, showing if 
the infield emissions are due to the gas transport processes or to soil carbon levels 
and their quality. Furthermore, the spatial dependence of FCO2 is related to soil poros-
ity, as well as the spatial dependence of PCO2 and PN2O is related to soil chemical 
attributes. In addition, anisotropy occurred mainly under infield conditions, mostly for 
the attributes related to soil porosity since disturbed soils used under laboratory con-
ditions lose their structure and hence the effect of the management found under infield 
conditions. 
 
Keywords: carbon dioxide, methane, nitrous oxide, production potentials, soil respira-
tion, gas transport 
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1 INTRODUCTION 
 

Anthropogenic emissions of carbon dioxide (CO2), methane (CH4) and nitrous 

oxide (N2O) have increased since the preindustrial era. These greenhouse gases 

(GHG) are mainly related to the burning of fossil fuels, land use and land use change, 

especially in agriculture, being mostly responsible for climate change (SCHNEIDER et 

al., 2001). The concentration of CO2 in the atmosphere increased from 278 ppm in 

1750 to 390.5 ppm in 2011; during the same period, there was an increase in the at-

mospheric concentration of CH4, increasing from 722 ppb to 1,803 ppb; it was also 

observed in the concentration of N2O, which increased from 271 ppb in 1750 to 324.2 

ppb in 2011 (CIAIS et al., 2013). 

In Brazil, in 2005, the total CO2 emissions were estimated to be 1,638 Tg, es-

pecially in the sector of land use change and forestry, which accounted for 77% of 

these emissions (BRASIL, 2010). It should be noted that this total includes the emis-

sions related to lime use in soils, which accounted for 7.5 Tg of CO2. The CH4 emis-

sions were estimated to be 18.1 Tg, primarily attributed to the agricultural sector, which 

accounted for 70% of the total CH4 emission (BRASIL, 2010). Similarly, N2O emissions 

were estimated to be 546 Gg, with the agricultural sector accounting for 87% of the 

total N2O emission (BRASIL, 2010). 

Agricultural activities, such as soil tillage, influence GHG emission from soil to 

the atmosphere (LA SCALA; BOLONHEZI; PEREIRA, 2006; CORRADI et al., 2013; 

MOITINHO et al., 2013; SILVA-OLAYA et al., 2013; TEIXEIRA et al., 2013a; 

IAMAGUTI et al., 2015) since agricultural management practices in the production sys-

tems result in significant physical changes in the soil, altering the gains and losses of 

soil organic matter (EPRON et al., 2004; SARTORI et al., 2006; LAL, 2009). In agricul-

tural areas, such variations occur mainly in the 0–30-cm soil layer, and are mostly due 

to mechanized soil disturbances and induced changes in quantity and quality of or-

ganic matter (JENKINSON et al., 1992; CHAN, 2001). In tropical soils, the set of all 

those variations could represent up to 50% of the initial carbon stock in the first 20 cm 

of the soil (FELLER; BEARE, 1997). 

Similarly, soil porosity is also influenced by agricultural activities, directly affect-

ing the transport of GHG in the soil (XU; QI, 2001; JASSAL et al., 2004; EPRON et al., 
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2006; BALL, 2013). In this case, gas exchange between soil and the atmosphere is 

regulated by the oxygen entry into the soil and the escape of GHG, which is directly 

related to the number and interconnectivity of pores in the soil, which could also limit 

soil oxygenation and thus microbial activity (FANG et al., 1998; BALL, 2013). In the 

same way, in a study conducted in Australia, in a sugarcane area under burning man-

agement and nitrogen fertilization, it was observed elevated rates of soil N2O emissions 

for five months, which were related to increased soil porosity, frequent soil wetting and 

high content of soil organic carbon (DENMEAD et al., 2010). 

Sugarcane is produced commercially worldwide and it is an important source of 

biomass used for the production of the ethanol, which is an alternative to fossil fuels. 

Brazil has a sugarcane crop area of approximately 9 million hectares and it is expected 

to produce in the 2015/2016 cropping season approximately 663 million tons of this 

culture (CONAB, 2015). The large amounts of crop residues left on the soil surface 

after harvest in mechanically harvested sugarcane areas have tremendous impact on 

the production processes and on the biogeochemical cycling of carbon and nitrogen, 

affecting soil organic matter dynamics and consequently GHG emissions (CERRI et 

al., 2013). In addition to influencing the carbon and nitrogen cycles, the environmental 

conditions and soil management practices adopted during the sugarcane crop cultiva-

tion may result in changes in soil physical, chemical and biological attributes, directly 

affecting microbial activity and thus the production of CO2, CH4 and N2O and their 

exchanges between soil and the atmosphere (BLAIR, 2000; SARTORI et al., 2006; 

CERRI et al., 2007, 2013; DENMEAD et al., 2010; ALLAIRE et al., 2012; BALL, 2013; 

SIGNOR; CERRI, 2013; SIGNOR; PISSIONI; CERRI, 2014; TAVARES et al., 2015). 

Considering that the sugarcane production could play an important role in soil 

GHG emissions because soil management may interfere with the fluxes of carbon and 

nitrogen between terrestrial ecosystems and the atmosphere, the aim of this study was 

to investigate the infield soil CO2 emissions and the soil CO2, CH4 and N2O production 

potentials in laboratory conditions, and their relationship to soil attributes in a mechan-

ically harvested sugarcane area.  
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2 LITERATURE REVIEW 
 

2.1 Soil greenhouse gases emission 
 

The increased concentration of GHG in the atmosphere is the main cause of the 

global warming. In this scenario, it is worth noting that the conversion of forests and 

native grasslands areas to agricultural or pasture areas decreases the content of or-

ganic matter in tropical and subtropical soils due to the short and long-term conse-

quences of disturbances caused by soil tillage associated to low levels of organic ma-

terial addition (SARTORI et al., 2006). The process of soil carbon loss to the atmos-

phere is called soil CO2 emission, or soil respiration, and it is the result of the microbial 

activity (chemical oxidation) and roots respiration. This process is considered the sec-

ond largest source of CO2 emission to the atmosphere, second only to the oceans 

(LAL, 2001; FOLLETT, 2001). 

It is estimated that the carbon stock in Brazil soils at a depth of 0–30 cm is 

approximately 36.4 ± 3.4 Pg C, and changes in land use and agricultural practices 

account for more than two thirds of the total GHG emitted by soils (BERNOUX et al., 

2002). Therefore, the importance of agriculture in this scenario is related not only to 

the process of soil carbon loss, but also to its significant potential for atmospheric 

carbon mitigation (FOLLETT, 2001) since agricultural soils can act as a source or a 

sink of atmospheric carbon depending on their use and management (USSIRI; LAL, 

2009). 

Soil GHG emission and its transport to the atmosphere is influenced by soil at-

tributes, which present major effects when influenced by climate and cropping (BALL, 

2013). This emission is also directly related to biological activity, such as roots respi-

ration and decomposition of organic matter by microbial activity, which is influenced by 

soil temperature and soil moisture (AMUNDSON; DAVIDSON, 1990; LAL; FAUSEY; 

ECKERT, 1995; OHASHI; GYOKUSEN, 2007; DOMINY; HAYNES; ANTWERPEN, 

2002; EPRON et al., 2006; CONCILIO et al., 2009; RYU et al., 2009). Although the 

GHG production and emission processes are mainly biological, soil physical attributes 

influence soil biology due to their effect on the physical environment (GREGORICH et 

al., 2006; BALL, 2013). 
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Different factors related to the physical, chemical and biological processes in-

fluence soil GHG emission, such as organic matter content (DOMINY; HAYNES; 

ANTWERPEN, 2002; KEMMITT et al., 2008; LAL, 2009), microbial activity (LLOYD; 

TAYLOR, 1994; FANG et al., 1998; EPRON et al., 2006; RYU et al., 2009), phosphorus 

content (DUAH-YENTUMI; RONN; CHRISTENSEN, 1998), soil pH (FUENTES et al., 

2006), soil physical attributes, such as soil bulk density and soil porosity, which are 

responsible for soil oxygenation and transport of the gases from soil to the atmosphere 

(XU; QI, 2001; SCHWENDENMANN et al., 2003; EPRON et al., 2006), in addition to 

the factors that alter soil organic matter content, such as soil management and soil 

biomass addition (LAL, 2009). 

Soil tillage practices destroy soil aggregates that offer physical protection to the 

organic matter against the action of microorganisms, increasing its decomposition and 

mineralization rates, especially in conventional management system, which presents 

a greater potential for GHG emissions when compared to less invasive soil manage-

ment practices, such as the no-tillage system (SIX; ELLIOTT; PAUSTIAN, 1999). Man-

agement of certain agricultural crops, particularly sugarcane, can play an important 

role in the balance of soil GHG emissions to the atmosphere. In sugarcane areas under 

mechanically harvesting system, crop residues are left on the soil surface, favoring a 

greater accumulation of organic matter and reducing the emissions of GHG when com-

pared to the burned sugarcane system (RAZAFIMBELO et al., 2006; CERRI et al., 

2007; LUCA et al., 2008). In this context, when evaluating soil CO2 emissions in both 

management systems, Panosso et al. (2009) observed, over 70 days of study, emis-

sions 39% higher in the burned sugarcane system when compared to the mechanically 

harvesting system. This fact is attributed to the acceleration of the mineralization pro-

cess of soil organic matter due to the burning of crop residues. 

Climatic conditions and cultural practices adopted in the management of sugar-

cane, in addition to influencing the carbon cycle, also influence the nitrogen cycle and 

hence the N2O and CH4 exchanges between soil and the atmosphere. In a study con-

ducted in Australia, in a sugarcane area under residue burning and nitrogen fertiliza-

tion, it was observed a soil CH4 emission of 19.9 kg CH4 ha−1 (DENMEAD et al., 2010), 

which corresponds from 0.5% to 5.0% of the CH4 emission in wetlands (BARTLETT et 

al., 1988) and areas under rice cultivation (WASSMAN; LANTIN; NEUE, 2000). In the 
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same study, soil N2O emissions were estimated to be 72.1 kg N2O ha−1 with elevated 

rates for five months, which were related to high soil porosity, frequent soil wetting and 

high content of soil organic carbon (DENMEAD et al., 2010). In fact, the most important 

factors related to soil N2O emissions are related to water-filled pore space, soil tem-

perature and topsoil mineral N content (CONEN; DOBBIE; SMITH, 2000), in addition 

to soil type, soil tillage, nitrate fertilizer, residue incorporation and compaction (ARAH 

et al., 1991; BALL, 2013). 

 

2.2 Spatial variability of soil greenhouse gases and soil attributes 
 

Several environmental factors and soil management practices can result in 

changes in soil physical, chemical and biological attributes, influencing the production 

and emission of CO2, CH4 and N2O in the soil (DASSELAAR et al., 1998; SARTORI et 

al., 2006; CERRI et al., 2007; DENMEAD et al., 2010). As an alternative to evaluate 

the complexity of the relationship among these factors, geostatistical analysis allows 

us to derive the spatial and temporal variability patterns of different soil attributes, in-

cluding soil GHG emission, and develop a spatial variability model dependent on the 

scale and direction of sampling (BURROUGH, 1981; PALMER, 1988). 

Therefore, most soil attributes present spatial variability; it means that the values 

assumed by certain attributes in a specific position in the study area vary according to 

the direction and separation distance between the neighboring samples. Under these 

conditions, the observations cannot be considered as independent and, therefore, the 

analyses based only on classical statistics show to be inadequate and a more detailed 

statistical processing is required. Several studies have investigated the spatial varia-

bility of soil physical (GONÇALVES; FOLEGATTI; MATA, 2001; WANG et al., 2002; 

CORÁ et al., 2004; SOUZA et al., 2004; HERBST et al., 2009; ALLAIRE et al., 2012; 

BERNARDI et al., 2014), chemical (TRANGMAR; YOST; UEHARA, 1986; CORÁ et 

al., 2004; SOUZA et al., 2004; BARBIERI; MARQUES JÚNIOR; PEREIRA, 2008; 

ALLAIRE et al., 2012; BERNARDI et al., 2014) and biological attributes (FRANKLIN; 

MILLS, 2003; HERBST et al., 2009), and some of them have studied the spatial varia-

bility of soil GHG emissions relating it to soil attributes (DASSELAAR et al., 1998; LA 

SCALA et al., 2000a; LA SCALA et al., 2003; HERBST et al., 2009; PANOSSO et al., 
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2009; BRITO et al., 2010; TEIXEIRA et al., 2011; ALLAIRE et al., 2012; BICALHO et 

al., 2014). 

According to Brito et al. (2009), the spatial variability characterization of soil CO2 

emission can provide relevant information to better understand the dynamics of CO2 in 

the soil-atmosphere system. In addition, soil attributes involved in the production and 

transport processes of CO2 also show a high spatial variability, making complex to 

understand the variation of CO2. On the other hand, Herbst et al. (2009) pointed out 

that the aspects related to the temporal variability of soil CO2 emission are simple to 

be assessed when compared to the aspects related to its spatial variability since there 

are few information about the extension of spatial dependence of heterotrophic respi-

ration and the variations within a certain area or experimental plot. 

 

2.3 Anisotropy of soil greenhouse gases and soil attributes 
 

Soil attributes, in addition to present spatial dependence, could also present 

anisotropy. In other words, soil attributes could present different spatial variability pat-

terns in different directions. The anisotropy occurs because the spatial distribution of 

soil attributes is the result of a complex interaction of soil formation processes that act 

with varying intensity in different directions and spatial scales (TRANGMAR; YOST; 

UEHARA, 1986). Thus, management practices in agricultural areas may result in ani-

sotropy, affecting attributes such as carbon, soil porosity and soil water content, which 

are directly related to soil respiration (LA SCALA et al., 2009). 

In this context, fractal geometry provides new concepts for the mathematical 

description of heterogeneous measures, as in the case of soil attributes. According to 

Burrough (1981), the fractal dimension can be used as a useful indication of the 

autocorrelation complexity on various scales of natural phenomena, offering the 

possibility of measuring and integrating information related to soil physical, chemical 

and biological phenomena (PERFECT; KAY, 1995). The characterization of fractal di-

mension applied to the derivation of non-continuous spatial and temporal phenomena 

(MANDELBROT, 1977) could be used in spatial variability studies, especially in stud-

ying phenomena that are scale dependent (PERFECT; KAY, 1995; EGHBALL et al., 

1999). 
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Fractal dimension is a great factor for characterizing the anisotropy of soil 

attributes since this parameter has been shown to be sensitive to the actions of 

external elements such as landscape, rain precipitation, vegetation cover, manage-

ment practices and soil tillage (EGHBALL et al., 1999; VIDAL VÁZQUEZ; MIRANDA; 

PAZ GONZÁLEZ, 2005; LA SCALA et al., 2009; USOWICZ; LIPIEC, 2009; VIDAL 

VÁZQUEZ et al., 2010). These factors consequently affect other soil attributes related 

to soil GHG production and its transport in the soil, such as soil carbon content, soil 

porosity, soil moisture and oxygen content (LA SCALA et al., 2009; PANOSSO et al., 

2012). 

Quantifying soil complexity is a very important task to better understand the im-

pacts of management on the spatial and temporal variability in its attributes. Although 

it is expected that the fractal models lead to a more accurate description of soil than 

the methods of classical geometry, the fractal parameters should not be taken as de-

finitive for describing the heterogeneity of the soil system, but as a more accurate tool 

that can help to get insights into the sources and consequences of the observed com-

plexity (PACHEPSKY; CRAWFORD, 2004).  
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3 MATERIAL AND METHODS 
 

3.1 Location and description of the study area 
 

The study was conducted in a production area with a 38-year history of sugar-

cane (Saccharum spp.) crop cultivation located at Santa Cândida farm in Pradópolis, 

São Paulo State, Brazil (21° 20’ S and 48° 08’ W; average altitude: 515 m) (Figure 1). 

The regional climate is classified as B2rB’4a’ (THORNTHWAITE, 1948), indicating a 

mesothermal region with rainy summers and dry winters. The mean annual precipita-

tion registered was 1,517 mm, concentrated from October to March (81.1%), and less 

frequent precipitations and in lower intensity from April to September (18.9%); the 

mean annual temperature registered was 22.5 °C. 

 

  
Figure 1. General view of the study area located in Pradópolis, São Paulo, Brazil. 
 

The soil of the experimental area is classified as a high-clay Oxisol (Eutrustox, 

USDA Soil Taxonomy), and the slope was determined to be 3–4%. The sugarcane 

plantation was established in 2004, and the variety cultivated was CTC 14, which was 

in the eighth ratoon stage when our experiment was installed in the area. The area had 

been mechanically harvested for the last 15 years prior to the study, and after each 

harvest approximately 12 t ha−1 yr−1 of crop residues remained on the soil surface. In 

this area, on August 23 and 24, 2012, a 50 × 50-m radially symmetrical grid was in-

stalled containing 133 points spaced at minimum distances of 0.5 m in the center of 

the sample grid (Figures 2 and 3) to quantify the infield soil CO2 emission along with 

sampled soil for GHG production potentials and soil attributes. 
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Figure 2. Representation of the sampling grid with 133 points (+) that was used to 

quantify the infield soil CO2 emission, soil CO2, CH4 and N2O production po-
tentials, and soil attributes in the experimental area. 

 

 
Figure 3. Construction of the sampling grid in the experimental area located at Santa 

Cândida farm, Pradópolis, São Paulo State, Brazil. 
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3.2 Infield soil CO2 emission, soil temperature and soil moisture 
 

Infield measurements of soil CO2 emission (FCO2), soil temperature (Ts) and soil 

moisture (Ms) at all the grid points were recorded on August 27, 29 and 31, and on 

September 3, 5, 7, 11 and 14, 2012. On all days, the measurements were recorded in 

the morning from 8:00 to 9:30 h using two portable LI-8100 automated soil CO2 flux 

systems (LI-COR, Lincoln, NE, USA) (Figure 4); the devices were tested and calibrated 

with each other before the beginning of the experiment. The LI-8100 system uses op-

tical absorption spectroscopy in the infrared spectrum (IRGA–Infrared Gas Analyzer) 

to monitor changes in the CO2 concentration inside a closed chamber. The chamber 

was coupled to the soil PVC collars that had been installed 24 h prior to the beginning 

of the measurements at all 133 sample points in order to reduce the disturbance 

caused during the insertion of the PVC collars in the soil (LA SCALA et al., 2000a; 

PANOSSO et al., 2009; BRITO et al., 2010; BICALHO et al., 2014). 

 

  
Figure 4. Portable LI-8100 system (on the left) used to measure the in situ soil CO2 

emission and soil temperature, and TDR system (on the right) used to meas-
ure the soil moisture in the experimental area. 

 

A portable sensor from the LI-8100 system was used to measure Ts by using a 

20-cm probe (thermistor based) that was inserted 10 cm into the soil near the soil PVC 

collars (Figure 4). The measurements of Ms (in % of volume) were carried out using a 

Time Domain Reflectometry (TDR) system (Hydrosense TM, Campbell Scientific Inc., 

Logan, UT, USA), which consists of two 12-cm probes that are inserted into the soil, 

also near the soil PVC collars (Figure 4). 
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3.3 Soil sampling and analysis of soil chemical and physical attributes 
 

Soil samples from a depth of 0–10 cm were obtained from all 133 grid points on 

September 24 and 25, 2012, after all the FCO2, Ts and Ms measurements had been 

recorded (Figure 5). Those samples were dried and sieved through a 2-mm mesh prior 

to further analyses that included soil organic matter (SOM) content, estimated by the 

soil organic carbon, which was determined by the wet oxidation method (modified 

Walkley–Black method), and the available phosphorus (P), K, Ca, Mg, and H + Al con-

tent (RAIJ et al., 2001), which allowed for the calculation of the sum of bases (Bases) 

and cation exchange capacity (CEC). 

 

  
Figure 5. Extraction of soil samples from a depth of 0–10 cm from all 133 grid points in 

the experimental area. 
 

The total content of soil nitrogen was obtained using a dry combustion technique 

in the presence of oxygen at 1440 °C. The soil carbon stock (Cstock) was calculated 

according to Veldkamp (1994) using the following equation: 

 

10
OCCstock

EDs ××
= , (1) 

 

where Cstock is the soil carbon stock (Mg ha−1), OC is the organic carbon content (g kg−1 

= SOM/1.724), Ds is the soil bulk density (kg dm−3) and E is the depth of soil layer (10 

cm). 

The particle size distribution of sand, silt and clay was determined by the pipette 
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method after soil dispersion by using 1 molar solution of sodium hydroxide and sand 

sieving (DONAGEMA et al., 2011). The soil bulk density (Ds) was determined using 

the volumetric ring method, which consists of non-deformed samples collected by a 

sampler adapted to cylinders with an average internal volume of 50 cm3 (DONAGEMA 

et al., 2011). The total pore volume (TPV, in % of volume), macropores (Macro) and 

micropores (Micro) was determined using the tension table method in which undis-

turbed soil samples were saturated and then drained to a potential equal to −0.006 

MPa using a porous plate (DONAGEMA et al., 2011). The air-filled pore space (AFPS, 

in % of volume) fraction was calculated as the difference between the TPV and Ms. 

 

3.4 Production potentials of soil greenhouse gas 
 

The quantification of soil CO2, CH4 and N2O production potentials (PCO2, PCH4 

and PN2O, respectively) was carried out using the 133 dry soil samples collected in the 

experimental area, which were sub-sampled from the soil chemical characterization. 

Additionally, soil microbial biomass (SMB) was also determined on the soils by adapt-

ing the methods of substrate induced respiration (glucose addition) by Anderson and 

Domsch (1978). 

The method used for the evaluation consisted of a 50–60-day laboratory incu-

bation with controlled temperature and soil water content adjusted to field capacity, 

and determination of rate changes in the headspace gas concentration by gas chro-

matography (SPOKAS; REICOSKY, 2009; SPOKAS, 2013). In the process of incuba-

tion, triplicates of 5 g of soil were taken from each of the 133 soil samples and placed 

in 125 mL vials. Then, 1.5 mL of deionized water was added in each vial, which was 

sealed with butyl rubber septa and pre-incubated at 25 °C for 6 days (Figure 6). Fol-

lowing this period, the vials were opened and vented for 20 minutes and re-sealed. 

The first gas sampling occurred 1–2 days after this procedure. Laboratory tests were 

conducted to establish the timing of this pre-incubation period, which was needed to 

allow for the development of equilibrium steady state GHG production conditions 

(CABRERA, 1993; FIERER; SCHIMEL, 2003). 

Periodic headspace gas samples over the 50–60 days were analyzed to assess 

the production rate of the GHG. The headspace of the incubation was analyzed by 
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taking 5 mL with syringes and injected into vials previously helium-flushed (Figure 7). 

The gas samples were injected into three different analytical columns contained in a 

single chromatograph (Figure 8). The first column (1000 µL) is a Porapak Q (0.32 mm 

× 1.8 m) with a minimum of 30 mL min−1 helium flow rate, which is connected to an 

electron capture detector (ECD) for analyzing N2O. The second column (500 µL) is a 

Porapak N (0.32 mm × 1.8 m) with the same helium flow rate of the first column and 

connected to an analyzed flame ionization detector (FID) for CH4 analysis. The third 

column (1.0 mL) is a CTR–1 column with a 45 mL min−1 helium flow rate and connected 

to a thermal conductivity detector (TCD) used to measure CO2, O2, and N2. The gas 

chromatograph was calibrated by injecting 5 mL of known calibration gases into sepa-

rate vials, which were used as standards. 

 

  
Figure 6. Process of incubation in which triplicates consisting of soil and deionized wa-

ter were placed in vials and sealed with butyl rubber septa. 
 

  
Figure 7. Process of flushing helium into vials used to analyze the headspace gas sam-

ples in the gas chromatograph. 
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Figure 8. Gas chromatograph with three different analytical columns used to assess 

the production rate of soil greenhouse gases. 
 

3.5 Analysis of results 
 

Initially, the variability of the data was analyzed by using descriptive statistics 

(mean, standard error of mean, minimum, maximum and coefficient of variation) and 

linear correlation analysis, and then by using the multivariate exploratory analyses of 

principal components and factor analysis. For the extraction of factors, we used the 

principal component analysis (PCA), calculated from the correlation matrix between 

the variables (JEFFERS, 1978). The PCA analyzes the interdependence between the 

variables and condenses the information that is contained in the set of original varia-

bles into a set of smaller dimension compound of new latent variables, preserving a 

relevant amount of the original information. The new variables are the eigenvectors 

(principal components), generated by linear combinations of the original variables and 

constructed from the eigenvalues of the covariance matrix (HAIR JUNIOR et al., 2005). 

The correlation between the characteristics (variables) and the principal components 

is obtained by the following expression: 

 

j

hjh
hxj s

λa
pcr =)( ,   (2) 

 

where ajh is the coefficient of the j variable in the h-th principal component, λh is the    

h-th characteristic root (eigenvalue) of the covariance matrix, and sj is the standard 

deviation of the j variable. 
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From the PCA, the data were submitted to the factor analysis, which is also a 

multivariate exploratory technique that allows observing the relationship between a set 

of variables. The first factor can be considered as the best summary of the linear rela-

tion shown in the data. The second factor is defined as the second best linear combi-

nation of variables and subject to the constraint of being orthogonal to the first factor; 

in order to be orthogonal to the first factor, it must be determined from the remaining 

variance after the first factor has been extracted. Thus, the second factor can be de-

fined as the linear combination of variables that explains most of the residual variance 

after the effect of the first factor has been removed from the data. To redistribute the 

variance, we used the Quartimax normalized rotation in the factorial matrix whose ulti-

mate effect provides a simple factorial pattern and theoretically more significant since 

the rotation is performed exactly to redistribute the variance from the first factors to the 

last ones. 

We considered the first two factors, whose eigenvalues were higher than the 

unit and determined from the graph of the latent roots in relation to the number of 

factors in their order of extraction, being the shape of the resulting curve used to assess 

the cutoff point (KAISER, 1958). The coefficients of the linear functions, which define 

the factor loadings, were used in interpreting its meaning considering the signal and 

the relative size of the loadings as an indication of the weight to be assigned to each 

variable. Only the loadings with high values were considered for the interpretation, i.e., 

usually those higher than or equal to 0.50 in absolute value. After standardization of 

the variables (zero mean and unit variance), the analysis was carried out using the 

software Statistica 7.0 (StatSoft Inc., Tulsa, OK, USA). 

In order to assess the spatial variability of soil greenhouse gases and soil attrib-

utes, the data were submitted to geostatistical analysis. The geostatistical analysis is 

based on the theory of regionalized variables, which is defined as a numerical function 

with a spatial distribution that varies from one location to another, with apparent conti-

nuity and complex variation (MATHERON, 1963). A regionalized variable is a random 

variable that takes on different values according to their position in space, being con-

sidered the realization of a set of random variables called random function and sym-

bolized by Z (xi). This theory assumes that each variable z(xi) is modeled as a random 
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variable Z (xi), which is expressed by the sum of three components: a structural com-

ponent associated with a constant average value or a constant trend, a random com-

ponent spatially correlated, and a random noise or residual error (BURROUGH, 1986). 

The measured value z (xi) of certain random variable is a realization of the sto-

chastic process Z (xi), where xi is a fixed position. Each observation is described by its 

value and position information expressed by a coordinate system. The closest geo-

graphically observations tend to have similar values, which can be assessed by 

measures of association. Thus, the geostatistical analysis determines the degree of 

spatial dependence, or spatial autocorrelation, between observations based on the di-

rection and distance between them. 

The probabilistic interpretation of a regionalized variable as realization of a sto-

chastic process Z (xi) only makes sense if it is possible to infer the distribution function 

or law of probability Z (xi) (JOURNEL; HUIJBREGTS, 1978). One of the limitations of 

the data analysis with spatial dependence is related to the impossibility of an experi-

ment be repeated indefinitely and perform inference from a single realization. Thus, to 

estimate values at non-sampled locations it should be introduced restrictions of statis-

tical stationarity, which allows that an experiment can be repeated even if the samples 

are collected at different points because they belong to the same population and have 

the same statistical moments. 

The stochastic process Z (xi) is defined as stationary if all statistical moments 

are invariant to any point xi. In other words: 

 

mxZE i =])([( ,   (3) 

 

where Z (Xi) is the random function and m is the mean of the variable values, which 

does not depend on the separation distance h. If we choose two different points in the 

area separated by the vector h, the mean value of the difference [Z(xi) − Z(xi + h)] is: 

 

0])()([( =+− hxZxZE ii  (4) 

 

Thus, we have the first-order stationarity, also known as average stationarity. 

However, for geostatistical analysis, it is also needed a second-order stationarity, 
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which implies that for each pair of a random variable the covariance function Cov (h) 

exists and is dependent on the distance h (VAUCLIN et al., 1983). 

 
2)]()([)( mhxZxZEhCov ii −+=  (5) 

 

The second-order stationarity is not an easy condition to be satisfied since it 

implies the existence of a finite variance of the measured values, which is difficult to 

verify. Therefore, a simple alternative called intrinsic hypothesis can be assumed, 

which requires that for every vector h the variance of the increment [Z (xi) − Z (xi + h)] 

be finite and independent of the position in the study area (TRANGMAR; YOST; 

UEHARA, 1986). Thus, we have the following function: 

 

)(2)]()([)]()([ 2 hhxZxZEhxZxZVar iiii γ=+−=+−  (6) 

 

By definition, the Equation (6) represents the variogram: 

 
2)]()([)(2 hxZxZEh ii +−=γ  (7) 

 

However, the semivariogram γ (h) is more commonly used than the variogram, 

and when the intrinsic hypothesis is fulfilled, it can be estimated by the following equa-

tion (BURROUGH; MCDONNELL, 1998): 
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where γ̂ (h) is the estimation of the semivariance at separation distance h, N is the 

number of pairs separated by distance h, Z (xi) is the value of the variable Z at the point 

xi, and Z (xi + h) is the value of the variable Z at the point xi + h. The graph of γ̂ (h) as 

a function of h is called experimental semivariogram, which exhibits a purely random 

or systematic behavior and it is described by theoretical mathematical models. 

In this study, we tested isotropic and anisotropic semivariograms considering 
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the spherical, exponential and Gaussian models, as the Equations (9), (10) and (11), 

respectively. The best model was selected from the cross-validation process. 

 









≥+=

<<

















−






+=

ahCCh

ah
a
h

a
hCCh

se;)(ˆ

0if;
2
1

2
3)(ˆ

10

3

10

γ

γ  (9) 

 

dh
a
hCCh <<














−−+= 0if;3exp1)(ˆ 10γ  (10) 

 

dh
a
hCCh <<




























−−+= 0if;3exp1)(ˆ

2

10γ  (11) 

 

where d is the maximum distance of the semivariogram and C0, C1, C0 + C1 and a are 

the parameters of the semivariogram; C0 is called nugget effect and represents the 

semivariance found at the intercept with the Y axis, C1 is the contribution, i.e., the dif-

ference between the sill (C0 + C1) and the nugget effect (C0), and characterizes the 

spatial dependence of a continuous stochastic processes, C0 + C1 is called sill and 

represents the semivariance value in which the semivariogram curve stabilizes, and a 

is the distance over which the samples are spatially correlated. 

The estimation of soil greenhouse gases and other soil attributes at non-sam-

pled places in the study area was carried out by using the ordinary kriging technique 

considering the adjusted models to the experimental semivariograms, calculated as 

the following equation: 
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where ẑ(x0) is the estimated value of the variable at the point 0, N is the number of 

values used in the prediction, λi is the weighting associated with each value, and z(xi) 

is the observed value at the point i. Both experimental semivariograms and ordinary 

kriging was calculated by using the software GS+ 9.0 (Gamma Design Software, LLC, 
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Plainwell, MI, USA). 

An anisotropic characterization of the spatial variability patterns was carried out 

considering both isotropic and anisotropic geostatistical models; in order to determine 

the variables that presented anisotropy, it was considered the cross-validation and the 

anisotropy factor. In addition, another method was used in order to determine whether 

the anisotropy exists or not to the study variables in the experimental area. This method 

uses fractal dimension (DF) to represent the spatial dependence of the studied varia-

bles. The semivariogram method was used for the calculation of DF (MIRANDA, 2000; 

VIDAL VÁZQUEZ; MIRANDA; PAZ GONZÁLEZ, 2005). This method uses the semi-

variance estimated to different distances, in accordance to the Equation (8), and DF is 

calculated from the regression slope in a log–log graph of semivariance against dis-

tance (MARK; ARONSON, 1984). 

The spatial structure of fractal surfaces can be described by means of a power 

law, as shown in the following relation: 

 
Hhhxzxz ∝+− )()( ,   (13) 

 

where z is the value of the attribute at x location, h is the separation distance and H is 

the fractal codimension or Hölder exponent (HUANG; BRADFORD, 1992). Comparing 

Equations (8) and (13), we can derive the following expression to denote a fractal char-

acteristic at a given scale: 

 
Hhh 2)(ˆ ∝γ   (14) 

 

or, expressed in another way: 

 

][log2)](ˆ[log hHh ∝γ   (15) 

 

According to Equation (15), the slope of the experimental variogram on the    

log–log scale is equal to 2H. The H exponent can then be obtained by means of a 

linear regression taken in this log–log graph by the following equation (PERFECT; 

KAY, 1995): 
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If 0 < H ≤ 1, the fractal codimension is defined as follows: 

 

FDdH −= , (17) 

 

where DF is the fractal dimension and d is the Euclidian dimension of the system in 

which the fractal distribution has been described. For lines, surfaces and volumes, d is 

equal to 1, 2 and 3, respectively. 

The presence of this linear relationship indicates that the fractal model is 

appropriate to simulate the spatial dependence in the studied scale (PACHEPSKY; 

CRAWFORD, 2004). When H = 0, the value of DF is equal to 3, which represents the 

lack of a spatial variability structure, as there would be no relationship between the 

way the attribute varies in space and the distance between points. In this case, there 

is no fractal dimension, and the methodology does not apply. However, when 0 < H < 3, 

the fractal dimension has values that characterize the presence of the spatial variability 

structure and the dependence of the attribute studied with h (PALMER, 1988). Thus, 

for the distribution of a given attribute in the soil, its DF is given by: 

 

][log2
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−=   (18) 

 

However, since the log–log of semivariance against distance is equal to the an-

gle of the linear regression, we have that: 

 

bDF 2
13 −= , (19) 

 

where b is the angular coefficient of the linear regression. 

The DF calculation was performed using methodology developed by Miranda 

(2000). It was calculated considering different combinations of separation distances 

and lag intervals. In this case, the separation distance varied from 5 to 60 m with a      
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5-m interval, and the lag interval considered for each separation distance varied from 

0.5 to 12 m with a 0.5-m interval. Also, for the calculation of DF, it was considered only 

semivariograms that had at least 5 points in the semivariance curve and, for each point 

in the curve, a minimum of 30 pair of points. The directions considered were 0°, 45°, 

90° and 135°; 0° represents the direction parallel to the sugarcane row, 90° represents 

the slope of the study area, and 45° and 135° corresponds to the direction of the sug-

arcane ratoon elimination during the field reform (Figure 2). Afterwards, fractograms, 

which show the DF values for different distances and scales, were constructed and 

used in the anisotropic analysis of spatial dependence between soil greenhouse gases 

and other soil attributes. 
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4 RESULTS AND DISCUSSION 
 

4.1 Descriptive statistics 
 

The infield FCO2 presented a mean value of 1.19 µmol CO2 m−2 s−1, with a min-

imum of 0.50 µmol CO2 m−2 s−1, a maximum of 2.29 µmol CO2 m−2 s−1 and a CV of 

31.68% (Table 1). These rates are similar to those observed in experiments conducted 

previously in the same geographic region with sugarcane crops (BRITO et al., 2010; 

PANOSSO et al., 2011, 2012; CORRADI et al., 2013; BICALHO et al., 2014; 

TAVARES et al., 2015). The variations in FCO2 observed in those studies, even carried 

out in areas of the same region, are related to changes in soil attributes for each area, 

such as soil temperature, soil moisture, soil organic matter, microbial activity, pH, the 

C/N ratio, phosphorus content, soil bulk density and soil porosity (DUAH-YENTUMI; 

RONN; CHRISTENSEN, 1998; FUENTES et al., 2006; KEMMITT et al., 2008; 

CONCILIO et al., 2009; NGAO et al., 2012; OYONARTE et al., 2012; BALL, 2013; 

TEIXEIRA et al., 2013a; KARHU et al., 2014; MOITINHO et al., 2015). These control-

ling factors are directly dependent on the environmental conditions and the manage-

ment of the agricultural area, and small variations in each of them may lead to consid-

erable variations in FCO2. 

The rates of GHG production/consumption were calculated from the linear in-

crease or decrease (slope) in the headspace concentration change with time using 

data obtained by sampling during the incubation period. PCO2 varied from 0.93 to 4.25 

µg C–CO2 g−1 d−1, with a mean of 2.34 µg C–CO2 g−1 d−1 and a CV of 34.45% (Table 

1). The variations in PCO2 observed in this study are mainly due to soil chemical and 

biological attributes since the study was conducted under laboratory conditions and 

using disturbed soil samples. In this case, soil attributes such as pH, SOM, C/N, P, 

Bases and CEC could influence SMB and thus the production of CO2 in the soil. The 

gas transport process, which is related to soil porosity, would not have a greater influ-

ence on the production potential process of this GHG. 

The values of PN2O presented a minimum of −0.19 ng N–N2O g−1 d−1, which 

means a consumption of N2O during the incubation period, and a maximum of 0.57 ng 

N–N2O g−1 d−1, with a mean of 0.20 ng N–N2O g−1 d−1 and a CV of 68.31% (Table 1). 
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These values are relatively low when compared to other studies conducted under in-

field conditions in sugarcane areas (SIGNOR; PISSIONI; CERRI, 2014; VARGAS et 

al., 2014). There are three key factors for N2O emission in the soil: water-filled pore 

space, temperature and topsoil mineral N content (CONEN; DOBBIE; SMITH, 2000). 

These three key factors, especially when coupled to not optimal conditions of anaero-

biosis for the denitrification process could explain the low production of N2O in this 

study. 

 

Table 1. Descriptive statistics of soil CO2 emission, soil CO2 and N2O production po-
tentials, soil microbial biomass, soil temperature, soil moisture, and other soil 
physical and chemical attributes in the 0–0.10-m soil layer. 

Variable Mean SE Min Max CV (%) 
FCO2 (µmol CO2 m−2 s−1)* 1.19 0.03 0.50 2.29 31.68 
PCO2 (µg C–CO2 g−1 d−1) 2.34 0.07 0.93 4.25 34.45 
PN2O (ng N–N2O g−1 d−1) 0.20 0.01 −0.19 0.57 68.31 
SMB (mg microbial C g−1 h−1) 511.20 13.90 191.30 937.10 31.17 
Ts (°C)* 20.57 0.03 19.61 21.37 1.86 
Ms (%)* 9.25 0.07 7.50 11.50 9.31 
Ds (g cm−3) 1.45 0.01 1.17 1.71 7.89 
AFPS (%) 40.58 0.35 31.56 51.13 9.86 
TPV (%) 49.83 0.37 41.06 59.99 8.56 
Macro (%) 19.61 0.58 4.04 37.06 33.80 
Micro (%) 30.36 0.23 23.03 35.18 8.50 
Sand (g kg−1) 424.87 0.88 401.40 449.33 2.29 
Silt (g kg−1) 99.66 1.65 55.47 144.50 19.06 
Clay (g kg−1) 475.47 1.81 424.36 524.48 4.4 
pH 5.43 0.03 4.73 6.13 6.16 
SOM (g dm−3) 28.29 0.31 20.13 36.50 12.38 
Cstock (Mg ha−1) 8.26 0.10 5.59 11.19 13.69 
C/N 7.36 0.12 4.44 10.57 17.58 
P (mg dm−3) 23.21 0.61 13.07 44.72 28.79 
Bases (mmolc dm−3) 47.96 1.06 22.30 79.28 24.93 
CEC (mmolc dm−3) 82.66 0.91 56.63 107.89 12.53 

N = 133; *general mean of all studied days; SE–standard error of mean; Min–minimum; Max–maximum; 
CV–coefficient of variation; FCO2–soil CO2 emission; PCO2–soil CO2 production potential; PN2O–soil N2O 
production potential; SMB–soil microbial biomass; Ts–soil temperature; Ms–soil moisture; Ds–soil bulk 
density; AFPS–air-filled pore space; TPV–total pore volume; Macro–macroporosity; Micro–microporos-
ity; Sand–sand content; Silt–silt content; Clay–clay content; SOM–soil organic matter; Cstock–carbon 
stock; C/N–carbon to nitrogen ratio; P–available phosphorus; Bases–sum of bases; CEC–cation ex-
change capacity. 
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There was no production or consumption of CH4. This fact may be related to a 

lack of optimal conditions for the performance of the methanogenic bacteria. The es-

sential soil chemical and mineralogical properties for the occurrence of the redox con-

dition involves mainly O, N, Fe, Mn, S, and C (PONNAMPERUMA, 1972). In this pro-

cess, Fe and Mn are reduced and the methanogenic bacteria, in anaerobic conditions, 

begin to use C as an electron acceptor, resulting in the production of CH4 (PETERS; 

CONRAD, 1996; BODEGOM; STAMS, 1999). Under infield conditions, Signor, Pissioni 

and Cerri (2014) observed an increase in soil CH4 emissions as a function of the in-

creasing amount of sugarcane crop residues left on the soil surface. In this case, the 

production of CH4 in the soil occurs in microsites where there is no oxygen, as in an-

aerobic zones at the center of the soil aggregates. 

The values of Ts and Ms presented small changes during the 19 days of infield 

measurements. Ts varied from 19.61 °C to 21.37 °C, with a mean to the period of 

20.57 °C, and Ms varied from 7.50% to 11.50% (v/v), presenting a mean of 9.25% (v/v) 

(Table 1). The main factors that control the temporal variations of FCO2 are Ts and Ms 

(TEDESCHI et al., 2006; KOSUGI et al., 2007; OHASHI; GYOKUSEN, 2007; 

CONCILIO et al., 2009); in our study, the small changes in these main factors could 

be related to the presence of crop residues on the soil surface, reflecting in the infield 

FCO2 variations over the studied days. Maintaining crop residues on the soil surface 

creates a physical barrier that preserves Ms, providing a thermal insulation (USSIRI; 

LAL, 2009). It also reduces the daily maximum temperatures and raises the minimum 

temperatures compared to soils without vegetation cover (TOMINAGA et al., 2002). 

In addition, studies conducted in sugarcane areas showed that FCO2 increases 

with an increase in the amount of crop residues on the soil surface (CARMO et al., 

2013; SIGNOR; PISSIONI; CERRI, 2014). This fact can be attributed to the positive 

relationship between the amount of CO2 emitted by the soil and SOM, which is related 

to the addition of crop residues on the soil surface (OLIVEIRA et al., 2013; SIGNOR; 

PISSIONI; CERRI, 2014; VARGAS et al., 2014). On the other hand, short-term period 

studies also conducted in sugarcane areas showed that the crop residues on the soil 

surface may contribute to a significant reduction in soil CO2 emissions (LA SCALA; 

BOLONHEZI; PEREIRA, 2006; PANOSSO et al., 2011; CORRADI et al., 2013; SILVA-

OLAYA et al., 2013). 
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4.2 Linear correlation analysis 
 

The linear correlation analysis was significant (P<0.05) for FCO2 and some soil 

physical attributes related to soil porosity (Table 2). The soil attributes Ds (r = −0.57) 

and Micro (r = −0.42) showed a negative linear correlation with FCO2, whereas Ms (r = 

0.52), AFPS (r = 0.45), TPV (r = 0.53) and Macro (r = 0.56) presented a positive linear 

correlation with FCO2. In a sugarcane-cultivated soil under mechanized harvesting lo-

cated close to our study site, it was found only significant linear correlations for the soil 

physical attributes Ds (r = −0.32), AFPS (r = 0.18), Macro (r = 0.21), and Micro (r = 

−0.18); for the other soil physical and chemical attributes, the linear correlation coeffi-

cients were not significant (BICALHO et al., 2014). Correlations between FCO2 and 

these variables have been cited frequently by several studies, demonstrating the im-

portance of soil physical attributes for microbial activity and the gas exchange in the 

soil-atmosphere system, although frequently those correlations are weak (LA SCALA 

et al., 2000a; XU; QI, 2001; EPRON et al., 2006; OHASHI; GYOKUSEN, 2007; 

PANOSSO et al., 2009, 2011; HERBST et al., 2010; TEIXEIRA et al., 2013b; BICALHO 

et al., 2014; MOITINHO et al., 2015). 

FCO2 was not linearly correlated to Ts (Table 2), possibly due to low variations 

throughout the experiment, as measured by the CV values (Table 1). Similarly to our 

results, a study conducted in the same region has shown non-significant correlation 

between FCO2 and Ts (LA SCALA; PANOSSO; PEREIRA, 2003). However, in a study 

conducted in a forest area in French Guiana, Epron et al. (2006) observed a positive 

correlation between FCO2 and Ts, which is probably due to an increase in the soil mi-

crobial activity with the increase of Ts (LLOYD; TAYLOR, 1994; EPRON et al., 1999; 

BURTON; PREGITZER, 2003; EPRON et al., 2006; RYU et al., 2009) since forest soils 

may have a greater variation and diversity of microorganisms in the soil when com-

pared to soils under a monoculture cultivation, as the sugarcane crop. On the other 

hand, Ms presented a positive linear correlation with FCO2 (r = 0.52) (Table 2), demon-

strating the importance of this attribute as a controlling factor of FCO2, mostly its tem-

poral variation. Similarly, Vargas et al. (2014) observed that in soil cultivated with sug-

arcane the emissions of CO2 increased linearly with an increase in Ms, with greater 

emissions when crop residues were on the soil surface. 
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Table 2. Pearson correlation coefficients between soil CO2 emission, soil CO2 and N2O 
production potentials and soil microbial biomass with soil temperature, soil 
moisture and other soil physical and chemical attributes. 

Variable FCO2 PCO2 PN2O SMB 
FCO2 − −0.22* −0.26* 0.08 
PCO2 −0.22* − 0.35* 0.38* 
PN2O −0.26* 0.35* − 0.26* 
SMB 0.08 0.38* 0.26* − 
Ts −0.10 0.12 −0.08 −0.03 
Ms 0.52* −0.23* −0.36* −0.01 
Ds −0.57* 0.14 0.11 −0.15 
AFPS 0.45* −0.10 −0.03 0.21* 
TPV 0.53* −0.14 −0.11 0.19* 
Macro 0.56* −0.16 −0.15 0.11 
Micro −0.42* 0.24* 0.29* 0.07 
Sand −0.10 0.03 0.00 −0.15 
Silt −0.02 0.23* 0.15 0.31* 
Clay 0.07 −0.26* −0.21* −0.18* 
pH −0.08 0.41* 0.21* 0.62* 
SOM 0.05 0.22* 0.07 0.19* 
Cstock −0.28* 0.22* 0.08 0.04 
C/N 0.08 0.16 0.09 0.07 
P 0.12 0.24* 0.12 0.41* 
Bases −0.03 0.52* 0.29* 0.57* 
CEC −0.15 0.45* 0.30* 0.35* 

*Significant Pearson correlation coefficient values (P<0.05); FCO2–soil CO2 emission; PCO2–soil CO2 
production potential; PN2O–soil N2O production potential; SMB–soil microbial biomass; Ts–soil tempera-
ture; Ms–soil moisture; Ds–soil bulk density; AFPS–air-filled pore space; TPV–total pore volume; Macro–
macroporosity; Micro–microporosity; Sand–sand content; Silt–silt content; Clay–clay content; SOM–soil 
organic matter; Cstock–carbon stock; C/N–carbon to nitrogen ratio; P–available phosphorus; Bases–sum 
of bases; CEC–cation exchange capacity. 
 

PCO2 showed significant and positive linear correlation coefficient with SOM 

(r = 0.22) and Cstock (r = 0.22) (Table 2), which are important factors related to the soil 

production and emission of CO2. In fact, SOM is the main source of CO2 production in 

the soil and it is promoted by the microbial activity (STOTZKY; NORMAN, 1961; BALL; 

SCOTT; PARKER, 1999; VARGAS; SCHOLLES, 2000; DOMINY; HAYNES; 

ANTWERPEN, 2002; KEMMITT et al., 2008; OLIVEIRA et al., 2013; VARGAS et al., 

2014; TAVARES et al., 2015). On the other hand, FCO2 was negatively correlated 
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(P<0.05) with Cstock (−0.28) (Table 2) in contrast to other studies which usually have 

found a positive relationship between the carbon stock and soil CO2 emission (COSTA 

et al., 2008; LUCA et al., 2008; PANOSSO et al., 2011). 

In addition, the clay content was significantly correlated with PCO2 (r = −0.26), 

PN2O (r = −0.21) and SMB (r = −0.18) (Table 2). This and the fact that FCO2 was 

negatively correlated with Cstock may be related to the existing complex relationship 

between clay minerals and the soil microbial activity that directly influences the pro-

duction of GHG in the soil and its emission to the atmosphere. In this case, the clay 

could act as a protection to the organic carbon against the action of microorganisms, 

preventing the mineralization of SOM (LA SCALA et al., 2000b; DOMINY; HAYNES; 

ANTWERPEN, 2002; FUENTES et al., 2006; GRAHAM; HAYNES, 2006; SIX et al., 

2006; CANELLAS et al., 2010) as well as reducing the O2 used in the aerobic microbial 

decomposition processes (TSAI; BARAIBAR; ROMANI, 1992; ROBERTSON; 

THORBURN, 2001; TOMINAGA et al., 2002), which could explain the negative rela-

tionship found in our study. 

Additionally, PCO2, PN2O and SMB showed significant correlation coefficients 

(P<0.05) with the most soil chemical attributes and, in general, a moderate correlation 

with them. It is known that the improvement of soil chemical conditions contributes to 

the increase of microbial activity and hence for the GHG production. In the same way, 

soil pH not only affects SMB, but also affects the composition of its population in the 

soil, providing a good environment for the activity of certain classes of microorganisms, 

increasing the SMB and, consequently, the rates of GHG production (FUENTES et al., 

2006). Similarly, the available phosphorus content is also considered a limiting factor 

for microbial activity since it is an essential element in its metabolism (DUAH-

YENTUMI; RONN; CHRISTENSEN, 1998). 

In addition, the presence of crop residues on the soil surface in sugarcane areas 

under mechanically harvest management can contribute to the increase of SOM, al-

tering the chemical properties and improving soil fertility (VARGAS; SCHOLLES, 2000; 

CANELLAS et al., 2003; OLIVEIRA et al., 2013; VARGAS et al., 2014); it also contrib-

utes with 56% to 82% of CEC in soils under tropical conditions, retaining cations and 

preventing leaching losses (RAIJ, 1981). Thus, the soil pH and nutrients content, com-

bined with the available carbon in the soil under study, may have had an important role 
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to create the ideal conditions for the microbial activity and the production of GHG. This 

fact could be evidenced by the positive and significant linear correlation between SMB 

and PCO2 (r = 0.38) and PN2O (r = 0.26) (Table 2). 

 

4.3 Factor analysis 
 

The relationship of interdependence between soil greenhouse gases and soil 

attributes is shown in Figure 9. It was possible to identify two processes (factors) oc-

curring in the soil, explaining almost 72% of the total variance observed in the original 

data. These results are consistent with the criteria established by Sneath and Sokal 

(1973), wherein the number of factors used in the interpretation must be such that 

explain at least 70% of the total variance. The Factor 1 represents almost 50% of the 

total variance observed, and considering the order of relevance of the factor loadings, 

it retained the attributes Micro (−0.81), Macro (0.74), C/N (−0.70), FCO2 (0.63), Ms 

(0.63) and Ds (−0.62). The factor loadings represent the correlation of each variable 

with the factor; the higher their absolute values, the higher it is their relevance in inter-

preting the factor matrix (HAIR JUNIOR et al., 2005). In addition, taking into account 

the values and signs of the factor loadings, it was observed that FCO2, Macro and Ms 

are directly associated, and that the attributes Ds, Micro and C/N have a contrary as-

sociation with FCO2. 

The direct association between FCO2 (0.63), Macro (0.74) and Ms (0.63) (Figure 

9) found in our study could be related to the fact that these soil physical attributes 

control oxygen exchange in the soil, influencing the microbial activity and hence FCO2. 

It is known that the gas exchange between soil and the atmosphere is dependent on 

soil texture, structure and water content (BALL; SIMTH, 1991; KANG et al., 2000). 

Also, the respiration of macro and microorganisms, as well as roots respiration, are 

optimized in soils that have a higher amount of medium and large pores (macro), which 

allows for a better aeration in the soil (CAPECHE et al., 2004). On the other hand, the 

direct association of Ds (−0.62) and Micro (−0.81), which is contrary to Macro (0.74) 

and Ms (0.63) (Figure 9), could lead to lower soil CO2 emissions since high values of 

Ds could limit the oxygen in the soil due to the decrease number of pores and the 

corresponding limitation of the microbial activity. Such association is characteristic of 
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mechanically harvested sugarcane areas due to the non-tilled soil structure, which 

leads to soil compaction in the 0−20-cm layer due to the higher tractor traffic on the 

area (TOMINAGA et al., 2002; SOUZA et al., 2005; OLIVEIRA et al., 2010), especially 

when it is performed in clayey soils (SILVEIRA; STONE, 2003), as in the study area 

(Table 1). 

 

 
Figure 9. Factor analysis showing the correlation coefficients between the variables 

and the factors. *Value refers to the percentage of variation of the original set 
of data retained by the factor. Values within the bars are the loadings consid-
ered in the interpretation of the factor (higher than or equal to 0.5); FCO2–soil 
CO2 emission; PCO2–soil CO2 production potential; PN2O–soil N2O production 
potential; SMB–soil microbial biomass; Ms–soil moisture; Ds–soil bulk den-
sity; Macro–macroporosity; Micro–microporosity; C/N–carbon to nitrogen ra-
tio; P–available phosphorus; Bases–sum of bases. 

 

The variables FCO2 (0.63) and C/N (−0.70) were inversely associated in the 

Factor 1 (Figure 9). The soil C/N ratio is an important soil attribute related to the quality 

of soil carbon, influencing soil CO2 emission (ALLAIRE et al., 2012; NGAO et al., 2012). 

Thus, the higher the C/N ratio in the soil is, the greater the difficulty for microorganisms 
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to decay the soil organic matter, which could lead to lower values of FCO2. This fact 

may explain that inverse association between FCO2 and the C/N ratio observed in our 

study. As a matter of fact, other studies have found a negative relationship between 

FCO2 and the C/N ratio and also that a low C/N ratio in the soil increases microbial 

activity (KHOMIK; ARAIN; MCCAUGHEY, 2006; VESTERDAL et al., 2008; ALLAIRE 

et al., 2012; NGAO et al., 2012). Therefore, the Factor 1 is related to the process as-

sociated to the transport of CO2 in the soil since some soil physical attributes related 

to soil structure were retained in this factor, supporting the dependence between FCO2 

and soil porosity. 

The Factor 2 represents almost 22% of the variance of the original data, and 

considering the order of relevance of the factor loadings, it retained the attributes 

Bases (0.72), SMB (0.69), pH (0.67), P (0.63), PN2O (0.57) and PCO2 (0.54) (Figure 9), 

which are related to the process associated to the production potentials of GHG in the 

soil; in other words, the laboratory derived production rates that were measured in the 

laboratory and some chemical attributes. Furthermore, the factor loadings of these at-

tributes showed the same sign, indicating that they are directly associated in the Factor 

2, suggesting that the improvement of soil chemical conditions contributes to the in-

crease of microbial activity and hence for the GHG production. 

In addition, it is widely reported in the literature that sugarcane crop residues left 

on the soil surface after harvest increase SOM, which is directly related to the time of 

adoption of the mechanical harvest system in sugarcane areas, being the increase of 

soil organic matter generally observed in the upper layers of soil (RAZAFIMBELO et 

al., 2006; LUCA et al., 2008; GALDOS; CERRI; CERRI, 2009; CANELLAS et al., 2010; 

THORBURN et al., 2012). It also alters soil chemical attributes and improves soil fer-

tility (VARGAS; SCHOLLES, 2000; CANELLAS et al., 2003; OLIVEIRA et al., 2013; 

VARGAS et al., 2014). Thus, the soil pH and nutrients content, combined with the 

available carbon in the soil under study, may have had an important role to create the 

ideal conditions for the microbial activity and the production of the greenhouse gases 

under laboratory conditions since PCO2, PN2O and SMB are directly associated in the 

Factor 2. 

The Factors 1 and 2 are orthogonal to each other and thus independent. It 

means that the attributes related to the transport of CO2 (FCO2, Ds, Macro, Micro, C/N 
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and Ms) (Factor 1) are not correlated to the soil greenhouse gas production potentials 

process quantified under laboratory conditions (PCO2, PN2O, SMB, pH, P and Bases) 

(Factor 2). When the characterization of CO2 in the laboratory is considered, with the 

use of disturbed soil samples, it provided a means of assessing the CO2 production 

potentials under ideal conditions, not considering the differences in the CO2 emissions 

due to the gas transport processes, such as those related to soil porosity. However, 

although considered as independent by the factor analysis, these processes are cou-

pled and occur simultaneously in soils. Therefore, soil greenhouse gases emissions 

are dependent on the gas production processes in the soil and its transport to the 

atmosphere. 

 

4.4 Spatial variability structure of soil greenhouse gases and soil attributes 
 

The characterization of the spatial variability structure of soil GHG and soil at-

tributes was determined by adjusting isotropic models to the experimental semivario-

grams. It was observed that the adjusted semivariogram models were spherical for all 

the study variables (Table 3 and Figures 10 and 11). Other studies have adjusted 

spherical models to the experimental semivariograms for FCO2 (DASSELAAR et al., 

1998; LA SCALA et al., 2000a; CARDELLINI et al., 2003; KONDA et al., 2008; BRITO 

et al., 2010; HERBST et al., 2010; TEIXEIRA et al., 2011), Ts (AL-KAYSSI, 2002; 

PANOSSO et al., 2009) and Ms (PANOSSO et al., 2009). On the other hand, 

exponential models have been found for FCO2 (TEDESCHI et al., 2006; OHASHI; 

GYOKUSEN, 2007) or even a lack of spatial variability (nugget effect) (PANOSSO et 

al., 2009), showing that in general considerable variations can be found for a single 

variable subject to different situations, such as soil type, crop management system, 

season, rain precipitation event and experimental plot size. 

Also, most models presented high values of coefficient of determination, which 

is related to the mathematical models that describe the variability in different ways and 

for the existing characteristcs in the spatial patterns. In this case, spherical models 

describe variables with high spatial continuity, or less erratics, at closer distances 

(ISAAKS; SRIVASTAVA, 1989). In fact, our study was conducted in a small grid of 50 

× 50 m in which the arrangement of the sampling points, placed densely at the center 
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of the grid and showing minimum distances of 0.5 m (Figure 2), may have promoted 

the assessment of the variables in small-scale, being possible to capture the values of 

semivariance over small distances for most of the variables. This fact may have 

contributed to the ranges of the isotropic semivariograms have presented relatively 

small values for almost all variables (Table 3), which could explain the spherical models 

found. 

 

Table 3. Models and estimated parameters adjusted to experimental isotropic semi-
variograms obtained for soil CO2 emission, soil CO2 and N2O production po-
tentials, soil microbial biomass, soil temperature, soil moisture and other soil 
physical and chemical attributes. 

Variable Model C0 C0+C1 A SSR R2 DSD a b 
FCO2 Sph 0.079 0.127 15.3 2.53E−04 0.91 0.62 0.35 0.73 
PCO2 Sph 0.052 0.107 10.3 4.95E−04 0.67 0.49 0.28 0.88 
PN2O Sph 0.008 0.024 16.9 1.13E−05 0.94 0.34 0.09 0.64 
SMB Sph 0.073 0.119 12.0 8.42E−04 0.60 0.61 35.33 0.95 
Ts Sph 0.100 0.169 20.2 1.73E−03 0.76 0.59 −2.09 1.10 
Ms Sph 0.376 0.741 14.6 2.23E−02 0.80 0.51 2.54 0.72 
Ds Sph 0.008 0.011 18.6 1.01E−06 0.86 0.71 0.41 0.71 
AFPS Sph 8.131 15.211 4.9 9.67E+00 0.74 0.53 −0.84 1.03 
TPV Sph 8.468 15.850 4.0 6.12E+00 0.83 0.53 2.63 0.95 
Macro Sph 21.499 36.595 18.9 1.12E+01 0.93 0.59 7.70 0.61 
Micro Sph 3.244 6.127 20.2 1.01E+00 0.86 0.53 10.43 0.66 
Sand Sph 24.300 78.861 23.7 1.68E+02 0.95 0.31 −0.14 0.99 
Silt Sph 174.585 359.200 5.1 3.52E+03 0.63 0.49 5.90 0.95 
Clay Sph 205.416 390.100 5.7 1.54E+03 0.83 0.53 26.46 0.94 
Ph Sph 0.064 0.104 5.2 3.57E−04 0.68 0.62 −0.17 1.04 
SOM Sph 5.230 16.110 18.3 2.77E+01 0.80 0.32 7.84 0.73 
Cstock Sph 0.420 1.319 14.7 1.88E−02 0.96 0.32 2.33 0.72 
C/N Sph 0.015 0.034 15.1 1.72E−05 0.94 0.45 3.38 0.55 
P Sph 0.052 0.156 15.1 1.30E−03 0.79 0.33 2.23 0.93 
Bases Sph 0.034 0.056 9.7 1.30E−05 0.95 0.61 −6.17 1.14 
CEC Sph 46.792 113.694 10.2 4.48E+02 0.83 0.41 1.57 0.98 

FCO2–soil CO2 emission; PCO2–soil CO2 production potential; PN2O–soil N2O production potential; SMB–
soil microbial biomass; Ts–soil temperature; Ms–soil moisture; Ds–soil bulk density; AFPS–air-filled pore 
space; TPV–total pore volume; Macro–macroporosity; Micro–microporosity; Sand–sand content; Silt–
silt content; Clay–clay content; SOM–soil organic matter; Cstock–carbon stock; C/N–carbon to nitrogen 
ratio; P–available phosphorus; Bases–sum of bases; CEC–cation exchange capacity; Sph–spherical; 
C0–nugget effect; C0+C1–total variance or sill; A–range (m); SSR–sum-square residue; DSD–degree of 
spatial dependence; a–intercept coefficient (cross-validation); b–slope coefficient (cross-validation). 
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Figure 10. Adjusted isotropic semivariograms for the soil greenhouse gases and other 
soil attributes. FCO2–soil CO2 emission; PCO2–soil CO2 production potential; 
PN2O–soil N2O production potential; SMB–soil microbial biomass; Ts–soil 
temperature; Ms–soil moisture; Ds–soil bulk density; AFPS–air-filled pore 
space; TPV–total pore volume; Macro–macroporosity; Micro–microporosity; 
Sand–sand content. 
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Figure 11. Adjusted isotropic semivariograms for the soil greenhouse gases and other 
soil attributes. FCO2–soil CO2 emission; PCO2–soil CO2 production potential; 
PN2O–soil N2O production potential; Silt–silt content; Clay–clay content; 
SOM–soil organic matter; Cstock–carbon stock; C/N–carbon to nitrogen ratio; 
P–available phosphorus; Bases–sum of bases; CEC–cation exchange ca-
pacity. 
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The degree of spatial dependence (DSD) was classified as moderate for all 

variables (Table 3). DSD is calculated from the ratio between the nugget effect (C0) 

and the total variance or sill (C0+C1) and it is considered strong for values smaller than 

0.25, moderate for values between 0.25 and 0.75, and weak for values higher than 

0.75 (CAMBARDELLA et al. 1994). Other studies carried out in mechanically har-

vested sugarcane areas have found moderate DSD for FCO2 (PANOSSO et al., 2009; 

BRITO et al., 2010), in addition to several studies conducted on different crops, soils 

and management systems that have reported DSD for FCO2 varying from weak to 

strong (LA SCALA et al., 2000a; STOYAN et al., 2000; ISHIZUKA et al., 2005; 

HERBST et al., 2009). 

The ranges (A) of the adjusted models for the semivariograms showed values 

ranging from 4.0 m to 23.7 m for TPV and Sand, respectively (Table 3). The range 

values provide information regarding the heterogeneity of the spatial distribution re-

lated to the variables (TRANGMAR; YOST; UEHARA, 1986). Thus, the highest range 

value of the spatial variability structures indicates a more homogeneous distribution. 

The highest range values were observed for the variables Sand (23.7 m), Ts (20.2 m) 

and Micro (20.2 m), indicating a greater spatial dependence of these attributes in the 

area and featuring, therefore, a greater homogeneity of these variables compared to 

the others. On the contrary, the lowest range values were observed for the variables 

TPV (4.0 m), AFPS (4.9 m), Silt (5.1 m) and pH (5.2 m), which represents a more 

heterogeneous distribution of these variables in the area. 

The adjusted models to the experimental isotropic semivariograms of FCO2, 

PCO2, PN2O, SMB, Ts, Ms and other soil physical and chemical attributes were used to 

obtain their estimated values for non-sampled locations by means of the kriging inter-

polation process, generating maps of spatial patterns (Figures 12, 13, 14 and 15). In 

general, the spatial variability patterns presented great variations over the grid. How-

ever, some similarities may be seen in the spatial distribution of some attributes. The 

spatial distribution of FCO2 showed similar characteristics to those observed to Ms and 

Macro; the attributes Micro and C/N presented, in general, a contrary pattern to the 

that observed to FCO2, i.e., in regions where the highest values of FCO2 are located, it 

can be observed, in general, the lowest values of the attributes Micro and C/N. In fact, 

these variables were related within the same factor in the factor analysis. 
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Figure 12. Isotropic maps of spatial pattern based on ordinary kriging comparing the 
soil CO2 emission to soil CO2 and N2O production potentials and other soil 
attributes. FCO2–soil CO2 emission (µmol CO2 m−2 s−1); PCO2–soil CO2 pro-
duction potential (µg C–CO2 g−1 d−1); PN2O–soil N2O production potential (ng 
N–N2O g−1 d−1); SMB–soil microbial biomass (mg microbial C g−1 h−1); Ts–
soil temperature (°C); Ms–soil moisture (%). 
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Figure 13. Isotropic maps of spatial pattern based on ordinary kriging comparing the 
soil CO2 emission to soil CO2 and N2O production potentials and other soil 
attributes. FCO2–soil CO2 emission (µmol CO2 m−2 s−1); Ds–soil bulk density 
(g cm−3); AFPS–air-filled pore space (%); TPV–total pore volume (%); 
Macro–macroporosity (%); Micro–microporosity (%). 
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Figure 14. Isotropic maps of spatial pattern based on ordinary kriging comparing the 
soil CO2 emission to soil CO2 and N2O production potentials and other soil 
attributes. FCO2–soil CO2 emission (µmol CO2 m−2 s−1); Sand–sand content 
(g kg−1); Silt–silt content (g kg−1); Clay–clay content (g kg−1); SOM–soil or-
ganic matter (g dm−3). 
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Figure 15. Isotropic maps of spatial pattern based on ordinary kriging comparing the 
soil CO2 emission to soil CO2 and N2O production potentials and other soil 
attributes. Cstock–carbon stock (Mg ha−1); C/N–carbon to nitrogen ratio; P–
available phosphorus (mg dm−3); Bases–sum of bases (mmolc dm−3); CEC–
cation exchange capacity (mmolc dm−3). 

 



40 

 

Similarly, the spatial distribution of PCO2 and PN2O showed similar patterns to 

the variables SMB, P, Bases and CEC. Thus, in general, as showed in the factor anal-

ysis, the spatial pattern of the infield FCO2 was similar to some soil physical attributes; 

also, the pattern of the spatial distribution of PCO2 and PN2O, which were obtained un-

der laboratory conditions, was similar to some soil chemical attributes. Therefore, 

these patterns suggest that the spatial variability of FCO2, PCO2 and PN2O is dependent 

mainly on the spatial variability of soil attributes to which they are related. 

When the characterization of the spatial variability structure of soil GHG and soil 

attributes was determined by adjusting anisotropic models to the experimental semi-

variograms, it was observed anisotropy only for the gases FCO2 and PN2O and a few 

other variables directly related to their production and emission (Table 4). In this case, 

the anisotropy of the soil physical attributes Ts, Ms, Ds and Macro may be related to the 

anisotropy of the infield FCO2. As showed in the previous analyses, soil physical attrib-

utes control gas exchange between soil and the atmosphere directly influencing the 

microbial activity and hence FCO2. In addition, the anisotropy of SOM, Cstock and C/N 

could be related to the anisotropy of the infield FCO2 as well since the carbon is the 

main source of CO2 production in the soil. Also, the bacteria in the soil use organic 

carbon in the denitrification process; this fact could explain the anisotropy also found 

for PN2O. 

For all variables that presented anisotropy, the best adjusted model remained 

the spherical (Table 4), as observed for the isotropic semivariograms (Table 3). The 

perpendicular directions 0–90° and 45–135° were analyzed, and only the direction 0–

90° best fitted to the models of the anisotropic semivariograms (Table 4 and Figures 

16 and 17). In this direction, the anisotropy angle or angle of the greater continuity 

varied depending on the variable analyzed; for FCO2, PN2O, Ts, Ms, Ds and Macro, the 

anisotropy angle was 0°, and for the soil attributes SOM, Cstock and C/N, the anisotropy 

angle was 90° (Table 4). The models of other soil attributes did not fit any of those 

perpendicular directions and therefore were considered as isotropic. 

The anisotropic maps of spatial patterns generated by the kriging interpolation 

process (Figures 18 and 19) showed great variations over the grid. However, the spa-

tial distribution of FCO2 presented similar characteristics to that observed for Ms as well 



41 

 

as the spatial distribution of PN2O presented certain similarities to those observed for 

SOM, Cstock and C/N. It is important to note that the anisotropy observed by means of 

geostatistics takes into account only a given scale adjusted to a semivariogram model. 

On the contrary, by calculating the fractal dimension, the anisotropy can be observed 

more easily to different scales by using a fractogram, as in the next section. 

 

Table 4. Models and estimated parameters adjusted to experimental isotropic and an-
isotropic semivariograms obtained for soil CO2 emission, soil CO2 and N2O 
production potentials, soil microbial biomass, soil temperature, soil moisture 
and other soil physical and chemical attributes. 

Variable Model C0 C0+C1 A1 A2 SSR R2 DSD a  b  Fa Aa 

FCO2 Sph 0.04 0.13 19.2 11.6 1.29E−02 0.46 0.33 0.11 0.92 0.60 0 
PCO2 Sph 0.05 0.11 10.3 10.3 4.95E−04 0.67 0.49 0.28 0.88 1.00 * 
PN2O Sph 0.01 0.03 20.3 12.7 1.29E−03 0.52 0.29 0.08 0.69 0.62 0 

SMB Sph 0.07 0.12 12.0 12.0 8.42E−04 0.60 0.61 35.33 0.95 1.00 * 
Ts Sph 0.07 0.17 22.7 4.7 1.12E−01 0.26 0.41 −0.47 1.02 0.21 0 
Ms Sph 0.25 0.71 11.9 8.8 8.02E−01 0.43 0.35 2.30 0.75 0.74 0 
Ds Sph 0.01 0.01 17.8 0.1 7.56E−05 0.41 0.50 0.36 0.75 0.01 0 

AFPS Sph 8.13 15.21 4.9 4.9 9.67E+00 0.74 0.53 −0.84 1.03 1.00 * 
TPV Sph 8.47 15.85 4.0 4.0 6.12E+00 0.83 0.53 2.63 0.95 1.00 * 

Macro Sph 15.05 35.28 17.7 0.1 1.62E+03 0.35 0.43 6.87 0.65 0.01 0 

Micro Sph 3.24 6.13 20.2 20.2 1.01E+00 0.86 0.53 10.43 0.66 1.00 * 
Sand Sph 24.30 78.86 23.7 23.7 1.68E+02 0.95 0.31 −0.14 0.99 1.00 * 

Silt Sph 174.59 359.20 5.1 5.1 3.52E+03 0.63 0.49 5.9 0.95 1.00 * 

Clay Sph 205.42 390.10 5.7 5.7 1.54E+03 0.83 0.53 26.46 0.94 1.00 * 
pH Sph 0.06 0.10 5.2 5.2 3.57E−04 0.68 0.62 −0.17 1.04 1.00 * 

SOM Sph 1.53 21.16 18.9 12.1 1.90E+03 0.44 0.07 7.48 0.74 0.64 90 

Cstock Sph 0.37 1.43 15.1 12.4 1.69E+00 0.82 0.26 2.13 0.74 0.82 90 
C/N Sph 0.01 0.03 15.3 10.3 1.27E−03 0.51 0.13 3.29 0.56 0.67 90 

P Sph 0.05 0.16 15.1 15.1 1.30E−03 0.79 0.33 2.23 0.93 1.00 * 

Bases Sph 0.03 0.06 9.7 9.7 1.30E−05 0.95 0.61 −6.17 1.14 1.00 * 
CEC Sph 46.79 113.69 10.2 10.2 4.48E+02 0.83 0.41 1.57 0.98 1.00 * 

FCO2–soil CO2 emission; PCO2–soil CO2 production potential; PN2O–soil N2O production potential; SMB–
soil microbial biomass; Ts–soil temperature; Ms–soil moisture; Ds–soil bulk density; AFPS–air-filled pore 
space; TPV–total pore volume; Macro–macroporosity; Micro–microporosity; Sand–sand content; Silt–
silt content; Clay–clay content; SOM–soil organic matter; Cstock–carbon stock; C/N–carbon to nitrogen 
ratio; P–available phosphorus; Bases–sum of bases; CEC–cation exchange capacity; Sph–spherical; 
C0–nugget effect; C0+C1–total variance or sill; A1–range major (m); A2–range minor (m); SSR–sum-
square residue; DSD–degree of spatial dependence; a–intercept coefficient of the cross-validation; b–
slope coefficient of the cross-validation; Fa–anisotropy factor; Aa–anisotropy angle or angle of the 
greater continuity; *isotropic model best fitting. 
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FCO2 – 0° FCO2 – 90° 

  

PN2O – 0° PN2O – 90° 

  

Ts – 0° Ts – 90° 

  

Ms – 0° Ms – 90° 

  

Ds – 0° Ds – 90° 

  
Figure 16. Adjusted anisotropic semivariograms for the soil greenhouse gases and 

other soil attributes. FCO2–soil CO2 emission; PN2O–soil N2O production po-
tential; Ts–soil temperature; Ms–soil moisture; Ds–soil bulk density. 
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FCO2 – 0° FCO2 – 90° 

  

Macro – 0° Macro – 90° 

  

SOM – 0° SOM – 90° 

  

Cstock – 0° Cstock – 90° 

  

C/N – 0° C/N – 90° 

  
Figure 17. Adjusted anisotropic semivariograms for the soil greenhouse gases and 

other soil attributes. FCO2–soil CO2 emission; Macro–macroporosity; SOM–
soil organic matter; Cstock–carbon stock; C/N–carbon to nitrogen ratio. 
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FCO2 

 

PN2O Ts 

  

Ms Ds 

  

Figure 18. Anisotropic maps of spatial pattern based on ordinary kriging comparing the 
soil CO2 emission other soil attributes. FCO2–soil CO2 emission (µmol CO2 
m−2 s−1); PN2O–soil N2O production potential (ng N–N2O g−1 d−1); Ts–soil 
temperature (°C); Ms–soil moisture (%); Ds–soil bulk density (g cm−3). 
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FCO2 

 

Macro SOM 

  

Cstock C/N 

  

Figure 19. Anisotropic maps of spatial pattern based on ordinary kriging comparing the 
soil CO2 emission other soil attributes. FCO2–soil CO2 emission (µmol CO2 
m−2 s−1); Macro–macroporosity (%); Cstock–carbon stock (Mg ha−1); C/N–car-
bon to nitrogen ratio. 
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4.5 Fractal dimension and anisotropy of soil greenhouse gas and soil attributes 
 

In order to assess whether the spatial variability patterns of FCO2, PCO2, PN2O, 

SMB, Ts, Ms and other soil physical and chemical attributes depend on the directions 

of study, an additional anisotropic characterization of the area was carried out. For the 

initial characterization of the anisotropy, an analysis of variance was performed with a 

single factor (the directions 0°, 45°, 90° and 135°), and the significant differences be-

tween their means were compared at 5% probability level by Tukey’s test (Table 5). 

For FCO2, the direction 0° showed an average of 1.05 µmol CO2 m−2 s−1, 45° presented 

an average of 1.29 µmol CO2 m−2 s−1, 90° an average of 1.21 µmol CO2 m−2 s−1 and 

135° showed an average of 1.20 µmol CO2 m−2 s−1 (Table 5). Despite the lower aver-

age value of FCO2 has been observed in the direction 0°, the F test values of the anal-

ysis of variance were not significant (P>0.05) for this variable. However, in a study 

conducted in the same region and in an area of sugarcane under mechanically harvest 

system, Panosso et al. (2012) observed a value significantly lower (P<0.05) for FCO2 

in the direction 0°. 

The lowest values of PCO2 and PN2O were observed in soil samples collected in 

the direction 45°. For PCO2, the average of 1.93 µg C–CO2 g−1 d−1 found in this direction 

was significantly different from the directions 0° (2.67 µg C–CO2 g−1 d−1) and 90° (2.49 

µg C–CO2 g−1 d−1), but statistically identical to the direction 135° (2.36 µg C–CO2 g−1 

d−1); and for PN2O, the average value of 0.14 ng N–N2O g−1 d−1 observed in the direction 

45° was significantly different from the directions 90° (0.25 ng N–N2O g−1 d−1) and 135° 

(0.25 ng N–N2O g−1 d−1) and statistically identical to the direction 0°(0.15 ng N–N2O 

g−1 d−1) (Table 5). However, some soil physical and chemical attributes showed no 

significant statistical differences between the studied directions, such as Macro, Micro, 

Sand, pH, Cstock, P and Bases. 

Similarly to FCO2, which showed lower emission in the direction 0°, other soil 

attributes that are directly related to FCO2 also presented lower or higher values in that 

direction, most of them statistically significant (P<0.05) (Table 5). The variables SMB, 

AFPS, TPV, Macro, SOM and P showed the lowest values in this direction. In this case, 

SOM is the main source of CO2 production in soils (STOTZKY; NORMAN, 1961; BALL; 

SCOTT; PARKER, 1999; DOMINY; HAYNES; ANTWERPEN, 2002; KEMMITT et al., 
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2008; OLIVEIRA et al., 2013; VARGAS et al., 2014) and P is an important limiting 

factor related to the microbial activity (DUAH-YENTUMI; RONN; CHRISTENSEN, 

1998); because they have the lowest values at 0°, these attributes may have influenced 

the lowest values for SMB and hence the lowest values of FCO2 in this direction. 

 

Table 5. Descriptive statistics of soil CO2 emission, soil CO2 and N2O production po-
tentials, soil microbial biomass, soil temperature, soil moisture, and other soil 
physical and chemical attributes, for the different directions of study. 

Variable 
0°  45°  90°  135° 

Mean CV  Mean CV  Mean CV  Mean CV 

FCO2* 1.05 a 26.82  1.29 a 29.68  1.21 a 35.17  1.20 a 31.66 
PCO2 2.67 a 27.78  1.93 b 42.81  2.49 a 31.73  2.36 ab 29.59 
PN2O 0.15 b 87.68  0.14 b 97.26  0.25 a 52.69  0.25 a 37.41 
SMB 410.10 b 32.05  578.50 a 26.41  465.00 b 35.18  568.10 a 22.57 
Ts* 20.89 a 1.37  20.55 b 1.66  20.38 b 1.87  20.48 b 1.68 
Ms* 9.00 b 6.70  9.75 a 9.43  9.37 ab 9.81  8.88 b 7.76 
Ds 1.52 a 6.90  1.43 b 7.21  1.43 b 8.39  1.43 b 7.87 

AFPS 38.81 b 10.46  41.22 ab 8.09  40.67 ab 10.70  41.40 a 9.48 

TPV 47.80 b 8.60  50.99 a 7.29  50.03 ab 9.35  50.28 ab 8.17 
Macro 17.24 a 32.49  21.11 a 32.83  20.09 a 36.68  19.77 a 31.32 

Micro 30.57 a 7.13  29.83 a 9.21  30.62 a 7.91  30.51 a 9.40 

Sand 429.80 a 1.70  420.11 a 2.26  425.21 a 2.88  425.11 a 2.13 
Silt 88.80 b 24.90  96.90 ab 18.83  105.47 a 15.10  106.92 a 13.34 

Clay 481.40 ab 4.92  482.99 a 4.53  469.32 bc 3.35  467.97 c 3.74 

pH 5.36 a 6.50  5.46 a 6.92  5.43 a 5.80  5.47 a 5.39 
SOM 26.28 b 11.54  28.49 a 12.17  29.55 a 12.94  28.79 a 10.50 

Cstock 8.20 a 14.40  8.14 a 13.34  8.49 a 15.48  8.26 a 12.06 

C/N 6.83 b 18.38  7.40 ab 15.19  7.80 a 18.27  7.40 ab 17.03 
P 22.72 a 27.16  23.73 a 33.95  23.45 a 26.66  22.97 a 26.95 

Bases 50.35 a 21.65  47.61 a 26.10  49.19 a 22.99  45.26 a 28.20 

CEC 87.98 a 10.34  81.32 b 12.02  82.89 ab 10.49  79.01 b 14.77 
N = 133; *general mean of all studied days; values followed by the same letters in the same line are not 
significantly different (P<0.05) by Tukey test; CV–coefficient of variation (%); FCO2–soil CO2 emission 
(µmol CO2 m−2 s−1); PCO2–soil CO2 production potential (µg C–CO2 g−1 d−1); PN2O–soil N2O production 
potential (ng N–N2O g−1 d−1); SMB–soil microbial biomass (mg microbial C g−1 h−1); Ts–soil temperature 
(°C); Ms–soil moisture (%); Ds–soil bulk density (g cm−3); AFPS–air-filled pore space (%); TPV–total pore 
volume (%); Macro–macroporosity (%); Micro–microporosity (%); Sand–sand content (g kg−1); Silt–silt 
content (g kg−1); Clay–clay content (g kg−1); SOM–soil organic matter (g dm−3); Cstock–carbon stock 
(Mg ha−1); C/N–carbon to nitrogen ratio; P–available phosphorus (mg dm−3); Bases–sum of bases 
(mmolc dm−3); CEC–cation exchange capacity (mmolc dm−3). 
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In the same way, the lowest values at 0° of the soil physical attributes AFPS, 

TPV and Macro, which are related to soil porosity, may have limited the gas exchange 

between soil and the atmosphere (XU; QI, 2001; EPRON et al., 2006), influencing soil 

microbial activity and leading to the lowest values of SMB and hence FCO2. On the 

other hand, the variables Ts and Ds showed the highest values in the direction 0°; Ts is 

an important controlling factor of FCO2 (LLOYD; TAYLOR, 1994; EPRON et al., 1999; 

BURTON; PREGITZER, 2003; EPRON et al., 2006; RYU et al., 2009) and its high 

value could limit the microbial activity. In fact, the average temperature in the direction 

0° (20.89 °C) was significantly higher (P<0.05) compared to the other directions (Table 

5). Similarly, higher Ds values are related to lower soil porosity, which could not facili-

tate soil oxygenation, working against microbial activity and decreasing FCO2. 

Based on the anisotropic experimental semivariograms, we calculated the frac-

tal dimension (DF) of soil GHG and other soil physical and chemical attributes for the 

directions 0°, 45°, 90° and 135°. By using DF values at different scales, we constructed 

the so-called fractograms (Figures 20, 21 and 22), by which we characterized the com-

plete spatial variability structure (PALMER, 1988; CANTERO et al., 1998). The fracto-

gram allows to interpret the scales at which the spatial variability could be considered 

as homogeneous (DF ≥ 3, i.e., without topological significance) or heterogeneous 

(DF < 3, i.e., with topological significance) (PALMER, 1988). 

The fractogram analysis of FCO2 showed topologically significant DF values 

(DF < 3) for almost all scales in the direction 0°; for the directions 45° and 90° only a 

few scales presented DF < 3; and the direction 135° showed only scales with DF values 

without topological significance (DF ≥ 3) (Figure 20), indicating no spatial variability 

structure. It is known that DF is not a constant function of scale and their spatial varia-

tion pattern may not be repeated from one scale to another (PALMER, 1988). Thus, 

although the results of analysis of variance have evidenced isotropic behavior for FCO2 

in the experimental area (Table 5), it is possible to observe an improved spatial varia-

bility structure at 0°. Also, the lowest values of DF were observed in this direction, fea-

turing a greater spatial dependence and indicating that there is anisotropy for FCO2 in 

the direction 0°, which represents the direction parallel to the sugarcane row. Similarly, 

in a study conducted in the same region and in a sugarcane area, the lowest DF values 

were found in the direction 0° (PANOSSO et al., 2012). 
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Figure 20. Fractograms of the infield soil CO2 emission (FCO2) calculated from aniso-

tropic semivariograms for the directions of 0°, 45°, 90° and 135°, with the 
fractal dimension for different scales. 

 

   

   
Figure 21. Fractograms of soil CO2 production potential (PCO2) calculated from aniso-

tropic semivariograms for the directions of 0°, 45°, 90° and 135°, with the 
fractal dimension for different scales. 
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Figure 22. Fractograms of soil N2O production potential (PN2O) calculated from aniso-

tropic semivariograms for the directions of 0°, 45°, 90° and 135°, with the 
fractal dimension for different scales. 

 

In addition, PCO2 showed, in general, DF values with topological significance 

only in the direction 45° at small scales up to 30 m (Figure 21). In the other scales and 

directions, the DF values were greater than or equal to 3, which represents a lack of 

spatial dependence. The variograms for PN2O presented certain similarities in their 

spatial distribution for the directions 0° and 45° (Figure 22). In fact, this behavior was 

also observed by the analysis of variance, in which the direction 90° and 135° showed 

the highest N2O production values and was significantly different (P<0.05) from 0° and 

45° (Table 5). Because PCO2 and PN2O were quantified under laboratory conditions, 

using disturbed soil samples, soil structure was affected and the effect of soil manage-

ment was removed, especially in soil physical attributes related to soil porosity. For this 

reason, it is likely that the anisotropic characterization of these gases may have under-

gone some interference in their quantification process. 

A similar behavior found for the fractograms of FCO2 was also observed in the 

fractograms of Ds and Macro (Figures 23 and 24). In this case, in general, the DF values 

showed topologically significant values in the direction 0°, which means an improved 
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spatial variability structure for most of the scales in this direction; thus, it could suggest 

the presence of anisotropy for these variables up to 45 m. According to Palmer (1988), 

the correlation between two attributes at one scale is most likely a result of the rela-

tionship between them. This fact may suggest that the spatial variability structure of Ds 

and Macro are factors that could affect the spatial variability structure of FCO2. 

 

   

   
Figure 23. Fractograms of soil bulk density (Ds) calculated from anisotropic semivario-

grams for the directions of 0°, 45°, 90° and 135°, with the fractal dimension 
for different scales. 

 

The fractograms constructed for the other soil attributes showed behavior that 

differed depending on the scale and direction (Appendix), showing no anisotropy as 

that observed for FCO2. The spatial variations of DF observed in this study can be at-

tributed to changes in the heterogeneity of the spatial variability of each soil attribute. 

Also, those changes are due to modifications in the spatial variability patterns of their 

controlling factors. Furthermore, for most natural phenomena, many studies have 

shown that scale, location, or even the orientation of the sampling points in the 

experimental grid may become unstable estimating DF (BURROUGH, 1981; 

KLINKENBERG, 1992; XU; MOORE; GALLANT, 1993; SUN et al., 2006; ABEDINI; 

SHAGHAGHIAN, 2009). 
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Figure 24. Fractograms of macroporosity (Macro) calculated from anisotropic semivari-

ograms for the directions of 0°, 45°, 90° and 135°, with the fractal dimension 
for different scales.  
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5 CONCLUSION 
 

The production and emission of soil greenhouse gas in a mechanically har-

vested sugarcane area located in southern Brazil, evaluated infield and in laboratory 

conditions, have been associated with two processes: the production in the soil and its 

transport to the atmosphere. Under infield conditions, only the process related to the 

transport of CO2 was more easily observed, showing the correlation between soil CO2 

emission and soil porosity; under laboratory conditions, soil chemical attributes have a 

greater importance in the process of production potentials of CO2 and N2O. Although 

presented as independent, these processes are coupled and occur simultaneously in 

the soil, in addition to provide information about their variability, showing if the infield 

emissions are due to the gas transport processes or to soil carbon levels and their 

quality, i.e., the gas production processes. 

Furthermore, the spatial dependence of soil CO2 emission showed similarities 

to soil physical attributes related to soil porosity, as well as the spatial dependence of 

soil CO2 and N2O production potentials showed similarities to soil chemical attributes. 

In addition, the anisotropy occurred mainly under infield conditions, mostly for the at-

tributes related to soil porosity since disturbed soils used under laboratory conditions 

lose their structure and hence the effect of the management found under infield condi-

tions 
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Figure A1. Fractograms of soil microbial biomass (SMB) calculated from anisotropic 

semivariograms for the directions of 0°, 45°, 90° and 135°, with the fractal 
dimension for different scales. 

 

   

   
Figure A2. Fractograms of soil temperature (Ts) calculated from anisotropic semivario-

grams for the directions of 0°, 45°, 90° and 135°, with the fractal dimension 
for different scales. 
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Figure A3. Fractograms of soil moisture (Ms) calculated from anisotropic semivario-

grams for the directions of 0°, 45°, 90° and 135°, with the fractal dimension 
for different scales. 

 

   

   
Figure A4. Fractograms of air-filled pore space (AFPS) calculated from anisotropic 

semivariograms for the directions of 0°, 45°, 90° and 135°, with the fractal 
dimension for different scales. 
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Figure A5. Fractograms of total pore volume (TPV) calculated from anisotropic semi-

variograms for the directions of 0°, 45°, 90° and 135°, with the fractal dimen-
sion for different scales. 

 

   

   
Figure A6. Fractograms of microporosity (Micro) calculated from anisotropic semivari-

ograms for the directions of 0°, 45°, 90° and 135°, with the fractal dimension 
for different scales. 
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Figure A7. Fractograms of sand content (Sand) calculated from anisotropic semivario-

grams for the directions of 0°, 45°, 90° and 135°, with the fractal dimension 
for different scales. 

 

   

   
Figure A8. Fractograms of silt content (Silt) calculated from anisotropic semivariograms 

for the directions of 0°, 45°, 90° and 135°, with the fractal dimension for 
different scales. 
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Figure A9. Fractograms of clay content (Clay) calculated from anisotropic semivario-

grams for the directions of 0°, 45°, 90° and 135°, with the fractal dimension 
for different scales. 

 

   

   
Figure A10. Fractograms of soil pH calculated from anisotropic semivariograms for the 

directions of 0°, 45°, 90° and 135°, with the fractal dimension for different 
scales. 
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Figure A11. Fractograms of soil organic matter (SOM) calculated from anisotropic 

semivariograms for the directions of 0°, 45°, 90° and 135°, with the fractal 
dimension for different scales. 

 

   

   
Figure A12. Fractograms of carbon stock (Cstock) calculated from anisotropic semivari-

ograms for the directions of 0°, 45°, 90° and 135°, with the fractal dimen-
sion for different scales. 
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Figure A13. Fractograms of the carbon to nitrogen ratio (C/N) calculated from aniso-

tropic semivariograms for the directions of 0°, 45°, 90° and 135°, with the 
fractal dimension for different scales. 

 

   

   
Figure A14. Fractograms of available phosphorus (P) calculated from anisotropic sem-

ivariograms for the directions of 0°, 45°, 90° and 135°, with the fractal di-
mension for different scales. 

DF < 3 
DF ≥ 3 

0° 

DF < 3 
DF ≥ 3 

45° 

DF < 3 
DF ≥ 3 

90° 

DF < 3 
DF ≥ 3 

135° 

DF < 3 
DF ≥ 3 

0° 

DF < 3 
DF ≥ 3 

45° 

DF < 3 
DF ≥ 3 

90° 

DF < 3 
DF ≥ 3 

135° 



80 

 

   

   
Figure A15. Fractograms of sum of bases (Bases) calculated from anisotropic semi-

variograms for the directions of 0°, 45°, 90° and 135°, with the fractal di-
mension for different scales. 

 

   

   
Figure A16. Fractograms of cation exchange capacity (CEC) calculated from aniso-

tropic semivariograms for the directions of 0°, 45°, 90° and 135°, with the 
fractal dimension for different scales. 
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