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RESUMO 

Em virtude do carbono pirogênico (PyC) apresentar uma enorme resistência aos 

processos de degradação natural, o qual mantém esse carbono dentro de um ciclo de longo 

prazo em sistemas florestais. As medidas desses estoques são limitadas, uma vez que as 

atuais estimativas nacionais não incluem o PyC na contabilidade dos estoques de carbono 

florestais. Diante dessa perspectiva, nosso estudo objetivou quantificar os estoques de 

carbono pirogênico e avaliar a composição química da matéria orgânica em duas áreas: 

uma frequentemente afetada pelo fogo e exploração seletiva de madeira (fragmentos 

florestais) e outra que consiste em área de preservação ambiental (Ilha de Maracá) 

composta por diferentes tipos florestais (Ombrofilas, Decíduas e Semidecíduas) que se 

diferem quanto suas características hidro-edáficas. Ambas as áreas estão situadas na zona 

de contato savana-floresta no Norte a Amazônia (Roraima-Brasil). Para a realização desse 

estudo, o perfil de conteúdos de carbono pirogênico foi determinado através do método 

de combustão térmico (CTO-375) e a qualidade da matéria orgânica por realizada por 

meio de técnicas espectroscópicas (FTIR e 13CRMN) e termodegradativas (TGA). Essas 

técnicas permitem acessar indiretamente o histórico de incêndios e a influência do 

material carbonizado na estabilidade do material orgânico no solo, permitindo 

compreender a frequência e intensidade dos grandes incêndios ocorridos em Roraima, os 

quais são relevantes para a compreensão da dinâmica espaço-temporal das áreas de 

ecótono. As florestas sazonais dos fragmentos florestais dispersos nas savanas de 

Roraima apresentaram estoques médios de carbono pirogênico maiores (1,33±0.65 Mg 

ha-1) do que o continuo florestal da ilha de Maracá (1,14±8,13 Mg ha-1) acumulando cerca 

de 83% mais PyC, em virtude dessas ilhas dispersas sofrerem constantemente com 

episódios de incêndios em períodos de clima mais seco. Na ilha de Maracá, grande parte 

do PyC advém da entrada exógena advinda das queimadas nas áreas adjacentes a ilha. A 

razão PyC/TOC obtidas nesse estudo, revelam a contribuição relativa do PyC para os 

pools de TOC (carbono orgânico total) apresentado valores consistentes com a faixa de 1 

a 6% encontrados na literatura. As análises espectroscópicas de infravermelho (FTIR) e 

de ressonância magnética nuclear de 13C (13C RMN) mostram que apesar do material 

orgânico desses solos apresentarem alta labilidade, em virtude da elevada proporção de 

grupos O-alquil-C (carboidratos), também revelaram proporções significativas de 

aromáticos, os quais se correlacionaram com o teor de PyC nos dois gradientes avaliados 

nos fragmentos florestais (p < 0.001, r= 0.72 e p < 0.0001, r= 0.59 para os gradientes 

borda e interior respectivamente). As análises termogravimétricas (TGI) revelaram a 

presença de estruturas mais termoestáveis até uma Tº de 650º C, porém não mostraram 

diferença estatística entre os diferentes ambientes avaliados (borda e interior, para os 

fragmentos florestais) e os diferentes tipos florestais que compõe a ilha de Maracá 

(ombrófilas, decíduas e semidecíduas). Nossos resultados são importantes para a abertura 

de uma discussão mais ampla dentro do contexto dos estoques regionais de PyC e uma 

projeção na argumentação dos relatórios nacionais que verificam temporalmente as 

emissões e os reservatórios de carbono no Brasil. 

 

Palavras-Chave: Carbono pirogênico. Queima de biomassa. Ciclo do carbono. Técnicas 

espectroscópicas. 
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ABSTRACT 

Because pyrogenic carbon (PyC) is exceptionally resilient to natural degradation 

processes, which keep this carbon within a long-term cycle in forest systems, 

measurements of these stocks are limited, as current national estimates do not include 

PyC in accounting for forest carbon stocks. Given this perspective, our study aimed to 

quantify the pyrogenic carbon stocks and evaluate the chemical composition of organic 

matter in two areas:  one often affected by fire and selective logging (forest fragments) 

and another consisting of environmental preservation area (Ilha de Maracá) composed of 

different forest types (Ombrofilas, Deciduas and Semideciduas) that differ in their hydro-

edaphic characteristics. However, the fields are located in the savanna-forest contact zone 

in the North Amazon (Roraima-Brazil). For this study, the pyrogenic carbon 

concentration profile was determined by the thermal combustion method (CTO-375) and 

the quality of organic matter by spectroscopic (FTIR and 13CRMN) and 

thermodegradative (TGA) techniques. These techniques allow indirect access to the 

history of fires and the influence of carbonized material on the stability of organic 

material in the soil, allowing to understand the frequency and intensity of large fires that 

occurred in Roraima, which are relevant for understanding the Spatio-temporal dynamics 

of the areas ecotone. Forest fragments dispersed in the savannahs of Roraima had higher 

average pyrogenic carbon stocks (1.33 ± 0.65 Mg ha-1) than the continuous forest of 

Maracá Island (1.14 ± 8.13 Mg ha-1) accumulating about 83% more PyC, as these 

scattered islands regularly suffer from fires in drier weather. On Maracá Island, much of 

PyC comes from the exogenous inflow from burning in areas adjacent to the island. The 

PyC/TOC ratio obtained in this study reveal the relative contribution of PyC to TOC (total 

organic carbon) pools presented values consistent with the range of 1 to 6% found in the 

literature. Infrared (FTIR) and 13C nuclear magnetic resonance (13C NMR) spectroscopic 

analyses show that although the organic material of these soils has high lability, due to 

the high proportion of O-alkyl-C (carbohydrate) groups, they also revealed proportions 

significant of aromatics. The aromatics groups correlated with PyC content in the two 

gradients evaluated in forest fragments (p <0.001, r = 0.72 and p <0.0001, r = 0.59 for 

border and interior gradients respectively). Thermogravimetric analysis (TGI) revealed 

the presence of more thermostable structures up to a Tº of 650º C but showed no statistical 

difference between the different environments evaluated (border and interior, for the 

forest fragments) and the different forest types that make up the Maracá Island 

(ombrophilous, deciduous and semideciduous). Our findings are essential for opening a 

broader discussion within the context of regional PyC stocks and projecting the 

argumentation of national reports that temporarily check emissions and carbon pools in 

Brazil. 

 

Keywords: Pyrogenic carbon. Biomass burning. Carbon cycle. Spectroscopic techniques. 
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1 INTRODUCTION 

 

The potential of carbon transfer from forest biomass to the atmosphere, as well as its 

influence on global climate conditions, can be assessed by the sizing of frequency and 

scale of the occurrence of forest fires (CORDEIRO, 2000). Pyrogenic carbon (PyC) is a 

general term describing thermochemically altered (pyrolyzed) carbon derived from 

incomplete combustion of organic matter during the burning of biomass or fossil fuels, 

which generates a mixture of materials with different physical properties (BIRD et al., 

2015). Depending on their size, PyC particles may be present in the atmosphere, soil, 

sediment, ice, terrestrial, or oceanic water bodies (SCHMIDT; NOACK, 2000; 

SIMPSON; HATCHER, 2004). 

PyC is generally dominated by aromatic structures (fused aromatic rings) whose sizes 

tend to increase with increasing temperature, leading to the formation of thermally altered 

micrograph sheets. This thermochemically-reorganized material gives PyC degradation a 

variable degree of stability, making it remain in the environment for extended periods 

(COHEN-OFRI et al., 2006; PRESTON; SCHMIDT, 2006; KOELMANS et al., 2006). 

Once deposited in the soil, the fact that PyC is relatively inert makes this an excellent 

geochemical marker and one of the best indicators for paleo fires (FORBES et al., 2006; 

PRESTON; SCHMIDT, 2006). The PyC, therefore, represents a portion of carbon with 

long residence time in the environment, can be considered as a carbon sink within the 

cycle of this element in geological scale (KULBUSH; CRUTZEN, 1995; LIM; 

CACHIER, 1996). 

Paleo-fires reconstruction has been gaining increasing attention in climate change 

studies at global and regional scales, as the history of burning in a region provides a link 

between climate, vegetation type, and climate events burning (SMITH; NOACK, 2000). 

From an environmental point of view, PyC and other particles originating from 

combustion operate through indirect mechanisms for cooling and warming of the 

atmosphere, as well as in the redistribution of rain and snow. Many of these mechanisms 

occur by increasing the cloud reflectivity, assisting in cooling, or by accelerating cloud 

evaporation, causing a warming of the Earth's surface (IPCC, 2007). 

From the analytical point of view, the fact that graphitic carbon is considered a 

continuum material, with different dimensions, causes problems in their quantification. 

Along with the increasing interest in PyC, the number of techniques available to isolate, 

quantify, and characterize PyC in a range of sample matrices (e.g., soils, sediments, rocks, 
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water, and aerosols) has grown substantially in the past decade. These techniques can be 

grouped into two major classes — destructive (e.g., chemical and thermal) and non-

destructive (e.g., spectroscopic and optics) methods. Thus, to elucidate the understanding 

of the PyC global cycle in terms of residence time and remineralization pathways, as well 

as the PyC alteration and transport pathways that link production sites (sources) to 

intermediate and final storage sites become needed. 

Despite the input of information about the distribution of PyC along with soil profile, 

most of the Amazon is lacking research that evaluates the storage potential of this carbon 

in different phytophysiognomies in the region. These incipient data occur due to the 

difficulty of sampling PyC in the soil profile due to the lack of a standard method that 

captures the different fractions of the PyC degradation continuum. Thus, the most 

significant information gaps in the Amazon relapse on the dispersed forest systems in the 

contact zone between the continuous forest and the large savanna fields fire-impacted that 

occur throughout the region. 

This study aims to quantify the PyC stocks in different forest types in the savanna-

forest contact zone (Northern Amazon), a region profoundly affected by selective logging 

and fire recurrence, and to evaluate the degree of aromaticity of organic matter in these 

environments by the determination of functional groups by spectroscopic and 

thermodegradative techniques. The knowledge of such characteristics becomes important 

since most studies related to PyC stocks in the Amazon have highlighted the relevance of 

these carbon pools in forest systems in the central area of the Amazon basin. 

These forest fragments are natural and defined as areas of ecological stress that 

originated during the Quaternary period (HUBER et al., 2006; PINHEIRO; MONTEIRO, 

2010) and are very representative, covering 12,773 km2 of the savanna region of Roraima 

(BARBOSA et al., 2007). In the specific case of these forest fragments, recent studies 

have shown that they are affected by selective logging, fire action, use for livestock 

thermal comfort and subsistence agriculture (SANTOS et al., 2013). 

Despite its importance, in the Second Communication of Brazil to the United Nations 

Framework Convention, the carbon stock contained as PyC of forest fragments of the 

Amazon biome was disregarded, being indicated as part of the stocks present in 

continuous forest systems. (BRASIL, 2010). Not considering these values represents: not 

understanding the dynamics of pyrogenic carbon in forest soils and its role in the recovery 

of these dystrophic soils from the Amazon region, as PyC increases the carrying capacity 

and, consequently, fertility in these forest environments. This also shows the importance 



18 
 

of including these regional carbon stocks in greenhouse gas inventories, especially for 

Amazonian savannas, often impacted by understory fires. 

 However, information on these PyC stocks is needed to expand the values of national 

greenhouse gas inventories that Brazil has to present in its report as a party to the United 

Nations Framework Convention on Climate Change. (BRASIL, 2010). These estimates 

will highlight the importance of these seasonal forest fragments as potential mitigators of 

the greenhouse gas, improving the understanding of their role in the Amazonian region. 

Last but not least, recurring adjustments in the National Inventory values with the 

inclusion of PyC reduces the uncertainties related to forest systems throughout the 

Amazon region and allows the understanding of the Spatio-temporal dynamics of 

ecotones in the Roraima region. 
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1.1 Main Objective 

 

This work aims to quantify the pyrogenic carbon stocks and their distribution along 

with the 1m depth profile and to evaluate the chemical composition of organic matter in 

two areas located in the northern Amazon (Roraima, Brazil). The first consists of forest 

fragments of different sizes, often impacted by understory fire and selective logging, 

located in the arc of deforestation in the Brazilian Amazon. The second consists of an 

environmental preservation area composed of three forest types that differ in their hydro-

edaphic characteristics and are not often impacted by fire. 

 

1.1.1 Specific Objectives 

 

 Evaluate the distribution pattern of pyrogenic carbon stocks as a function of 

fragment size; 

 

 Estimate pyrogenic carbon stocks as a function of border and interior sections; 

 

 Verify changes in stocks as a function of soil physical and chemical properties; 

 

 Evaluate the distribution pattern of pyrogenic carbon stocks according to the 

hydro-edaphic characteristics of each forest type; 

 

 Evaluated the quality (lability and refractory) of organic matter using 

spectroscopic (13C NMR and FT-IR) and thermo-degradative techniques. 
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2 PYROGENIC CARBON STOCKS AND ITS SPATIAL VARIABILITY IN 

AREAS OF SAVANNA-FOREST CONTACT ZONE IN NORTHERN AMAZON 

 

Abstract 

Forest fires convert the organic matter located in the surface layers and roots in Pyrogenic 

carbon (PyC), but little is known about its distribution and accumulation along of the 

vertical profile in the forest fragments soils in the Amazon. These forest fragments are 

characterized as low-altitude forests (~ 90 m above sea level) that are frequently impacted 

by understory fire, deforestation, selective logging and livestock. Due to the frequency of 

fires that plague the region in the driest periods of the year (December to March), these 

fragments are important long-term carbon reservoirs with an essential role in the global 

carbon balance and mitigating greenhouse gases by stocking carbon above and below 

ground. Estimates of pyrogenic carbon stocks remain uncertain in forest fragments that 

are being continually affected by fire, making it necessary to quantify their stocks and 

their distribution in the soil column. The objective of this study is to estimate the 

refractory carbon stocks derived from PyC accumulated in the soil profile of seasonally 

different forest fragments. Sixty-nine soil cores (1 m depth) were collected in 12 forest 

fragments of different sizes considering the border and interior gradients. The average 

TOC and PyC contents for the border and interior gradients were 0.84% and 0.009% 

respectively. The PyC/TOC ratio increased in depth, averaged 1.32%, and was consistent 

with results from other studies using the same quantification method (CTO-375). The 

PyC stocks at the border (1.04 ± 0.04 Mg ha-1) differed significantly from the interior 

(1.46 ± 0.03 Mg ha-1), which represents a weighted average stock of 1.37 ± 0.65Mg ha-1. 

The pyrogenic carbon had no direct correlation with the size of the forest fragments. The 

vertical distribution indicates an exponential model, where the depth range from 0 to 30 

cm contains 70% of stored PyC. Our results are a strong indication that the PyC 

accumulated in the vertical profile of soils that compose Savanna-Forest contact zones in 

the Amazon represents a significant carbon pool, which needs to be considered in the 

Brazilian and global reports on carbon stocks and fluxes. 

Keywords: Carbon stock; Seasonal forests; Spatial distribution; Forest fires. 

 

 



21 
 

2.1 Introduction 

 

Increased deforestation in the Amazon led to a fragmentation of the forest that is 

inserted in a matrix of agricultural land creating border conditions within the forest 

(BARBOSA and FEARNSIDE, 2005). According to Barbosa et al., (2019), the opening 

of the canopy due to selective logging creates favorable conditions for fires due to a drier 

and warmer climate. These forest fragments dispersed in the savannas of northern 

Amazon behave as essential carbon reservoirs of fast and slow cycling, acting as 

mitigating sources of greenhouse gas emissions by storing carbon in the soil. A highly 

recalcitrant fraction of soil carbon defined with pyrogenic carbon (PyC) almost always 

forgotten due to sampling difficulties has been receiving the most attention due to its slow 

cycling in the environment (CORDEIRO, 2008). It is also an efficient indicator of fires 

due to its relative biochemical resistance to decomposition through geological time 

(SCHIMIDT and NOACK, 2000; HAMMES et al. al., 2007). 

Resulting from incomplete burning of biomass and fossil fuels, PyC is best 

understood as a continuum model of combustion with chemically heterogeneous, carbon-

rich materials and aromatic structures (GOLDEBERG, 1985). The formation of the PyC 

in natural environments occurs through exothermic reactions, in temperatures that range 

between 280ºC and 500ºC (HAMMES et al., 2007). Different conditions (e.g., substrate 

heterogeneity, vegetation type, and climate) may influence the amount and type of PyC 

produced. 

 The PyC formation occurs in two distinct ways: the first one consists in the 

recondensation of the volatile compounds giving rise to a highly graphitized PyC-soot; 

and the other is the generation of PyC-charcoal from the solid residue (GÉLINAS et al., 

2001). According to Schmidt (2000), even though it is considered biochemically inert, 

PyC can undergo degradation on the Earth's surface through two mechanisms: 

photochemical and biochemically. However, the reasons for the deterioration of PyC may 

vary about particle size, chemical composition, environmental conditions, and the study's 

time scale.  

Despite its purely terrestrial origin, PyC can be found in soils and sediments and 

is transported to the oceans through waterways and atmospheric mechanisms 

(BRODOWSKI et al., 2005; KOELMANS et al., 2006). This carbon form is a significant 
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sink in the global carbon cycle and affects the thermal balance of the Earth’s by indirect 

mechanisms because it heats the environment due to the efficiency that the PyC absorbs 

sunlight, leading to global warming (BOOTH and BELLOUIN, 2015).  

As for estimates of PyC stocks, according to Forbes et al. (2006), they are low 

compared to the total carbon present in the biosphere. Despite its great importance, this 

refractory carbon pool is not accounted for the IPCC guidelines for the global emissions 

and atmospheric CO2 sinks (IPCC, 2006; SANTIN et al., 2015). This is mainly due to the 

degree of uncertainty arising from the high variability of the spatial distribution and the 

nature of biomass exposed to fire in different ecosystems (GLASER et al., 2002; 

PRESTON and SCHMIDT, 2006). Thus, understanding the spatial distribution of PyC in 

the vertical profile of the soil in the Amazon becomes essential. It still has a large area of 

intact forests where realistic estimates of carbon stocks increase necessary to improve 

understanding of the role of the region in global climate regulation (NOGUEIRA et al., 

2015, TURCIOS et al., 2016). 

In general, the PyC dispersed in the vertical profile of the forest’s soils that are 

not disturbed by recent deforestation (<50 years) comes from two processes. The first one 

is the fire that occurred along the different period in the Amazon (CORDEIRO et al., 

2008), and the second is post-1970s forest fires, where severe droughts accompanied by 

selective logging contributed to the decline of the increase in understory fires.   The PyC 

is relatively more stable in the subsurface layers, while modern fires have caused an 

additive effect on the surface layers (e.g. 40 cm). This effect is enhanced in the set of 

seasonal and ecotone forests, which constitute a large part of the forest area located in the 

so-called "Deforestation Arches" in southern and Northern Amazon (FEARNSIDE et al., 

2009).  

As a result of these types of forest being subjected to intense selective logging and 

sensitive to abrupt droughts, there is a high incidence of forest fires in this region (BARNI 

et al., 2015, SILVA et al., 2018). However, estimates of the carbon stock derived from 

PyC in these forests reduce uncertainties and improve understanding of the sources and 

sinks of carbon in the Amazon (TURCIOS et al., 2016; CARVALHO et al., 2018). 

The objective of this study was to estimate the carbon stocks derived from the PyC 

compartment contained in the vertical profile of forests seasonally affected by the fire and 

selective logging in the arch of deforestation in the northern Brazilian Amazon. This area 
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was and continues to be affected by wildfires, which may provide important clues to the 

spatial environment and the vertical variability of PyC (fossil and modern) stocks. The 

results open space for a broader discussion within the context of national reports that 

temporarily check carbon emissions and reservoirs in Brazil. Also, PyC promotes a better 

understanding of fire recurrence in northern Amazon as an excellent geochemical fire 

marker. 

2.2 Material and Methods 

 

2.2.1 Study area 

 

The study was conducted in the settlement of the Nova Amazônia I (PANA I) 

project in an area of approximately 440 km2 located 35 km northwest of the city of Boa 

Vista, capital of the state of Roraima (Fig. 1). 

Figure 1: Location of the study area indicating the PANA-I boundaries and the spatial distribution of the 

fragments in the state of Roraima, Brazil 

 

Source: Prepared by the author, 2019. 
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This area is located in the forest-savanna contact zone of the Branco- Rupununi 

river region, close to the border with Guyana and Venezuela (BARBOSA et al., 2007). 

Thirty-four remnants (forest fragments or forest islands) of semideciduous seasonal 

forests were mapped. The fragments are naturally scattered over a landscape of low relief 

and altitude (~90 m a.s.l) and often suffer from understory fire, deforestation, plant 

extractivism, and livestock grazing. In general, the tree community of these forest islands 

is composed of the families Fabaceae (SENSU LEWIS and SCHRIRE, 2003) and 

Sapotaceae, and high abundance of pioneer species such as Pouteria 

surumuensis (SANTOS et al., 2013; JARAMILLO, 2015). 

The PANA I forest fragments are predominantly settled in yellow Oxisol (Table 

S1). Their organic matter content decreases in-depth, and bulk density varies from 1.21 g 

cm-3 (0-10 cm) at 1.44 g cm-3 (20-40 cm) (FEITOSA et al., 2009) (Figure S2). Data from 

the National Institute of Meteorology of Brazil (INMET) in the city of Boa Vista indicate 

that the annual precipitation range from 1500 to 1700 mm, and the driest months are 

between December and March. The average yearly temperature (27.8 ± 0.6ºC) with Aw 

climate classification of Köppen is compatible with the climate of savanna areas found in 

the north of the Amazon (BARBOSA et al., 2012b). 

2.2.2 Sample Design 

 

Twelve forest fragments (sites or sample units) in the PANA I region were 

mapped and categorized by size: large (20-60 ha), medium (10-20 ha), and small (≤ 10 

ha). In each fragment, two or three equidistant transects were arranged in the north-south 

direction, where each one contained different subsamples along its centerline. The 

samplings were arranged equidistantly along of transects to capture the variability in PyC 

stocks between the border (established at a fixed point 17 m from the border of each 

fragment with the savanna) and interior (established between 100-150 m from the limit 

with the savanna). The distance of the marginal stretch of forest fragment, along with 

changes in species composition and abundance were the criteria used to differentiate 

“border” from the “interior” of each forest fragment. The length of the transects varied 

according to the area of each sample unit (Fig. 2). 
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Figure 2: Scheme of transects and sampling points where soil collections were made to a depth of 1 

meter, considering the edge “B” and interior “I” of each forest fragment. 

 

Source: Prepared by the author, 2019. 

The soils were sampled in each transect using a “Bipartite Root Auger” 

(Eijkelkamp), which is composed of a cylindrical tube with 8 cm of diameter and length 

adjusted to 10 cm. Each collection was performed in a 0 to 1 m depth profile divided into 

six intervals (0-10, 10-20, 20-30, 30-40, 40-50 and 90-100 cm). 

The use of several subsamples of soil core was considered an appropriate way to 

describe the spatial and vertical distribution of soil PyC at each forest fragment 

(MCMICHAEL et al., 2012). The fire (old and modern) produces significant amounts of 

PyC that are randomly and not uniformly dispersed (BIRD et al., 2015). A single core for 

a sample would, therefore, be inadequate to estimate soil carbon stocks along the vertical 

profile. In total, 69 soil cores were collected in the 12 forest fragments between December 

2013 and February 2014, which correspond to the dry season in the region. 

2.2.2 Determination of Pyrogenic Carbon 

 

Several techniques for the determination of PyC are found in the literature, each 

quantifying different continuum of materials that form throughout the process of 

incomplete combustion of biomass. The processes are mainly based on the various 

degrees of resistivity and the degradation of each of these fractions. The PyC 

concentration profile was estimated using the thermal method (CTO-375), using a muffle 

furnace (RAYPA PM HM-9) with an oxidizing atmosphere with constant O2 circulation 
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(GUSTAFSON et al., 1997). To estimate the best combustion time, an organic matter 

decay curve of composite samples from different depths of the border and interior 

gradients (Figure 2b) was performed in 24 hours. It is assumed that the constant values 

indicate the degradation of the most labile organic matter and the permanence of the most 

refractory material (Pyrogenic carbon). 

The tests were performed with certified material (Vertisol) (Fig. 3) supplied by 

The Commonwealth Scientific and Industrial Research Organization (CSIRO) Land and 

Water and composite samples from the remnant’s border and interior gradients. The 

values from the certified material were compared to the ones found by Hammes et al. 

(2007). 

Figure 3: (A) Decay curve of the organic matter for the composite samples referring to the border gradient 

and interior of the fragments. (B) Organic matter decay curve for Vertisol certified material (Australian 

clayey soil). 

 

Source: Prepared by the author, 2019. 

The oxidation process was carried out with 500 mg of soil that was heated at 375ºC 

for 24 hours with constant flux of O2. After the heat treatment, the samples were analyzed 

in a carbon analyzer (Shimadzu TOC analyzer) with a module for solid samples (TOC-

5000A and SSM-5000A). 

2.2.3 PyC stock calculation 

 

PyC stock was calculated in mass per unit area (Mg ha-1) for each depth range (0-

10, 10-20, 20-30, 30-40, 40-50 and 90-100 cm). All values were adjusted for soil density 

along the vertical profile of 1 m, as suggested by Carcaillet and Talon (2001). Bulk 

0 1 0 2 0 3 0 4 0

0 .0

0 .2

0 .4

0 .6

0 .8

O x id a tio n  T im e  (h )

%
O

r
g

a
n

ic
 c

a
r
b

o
n

% P y C /C O  (V e rt is o l)

0 1 0 2 0 3 0 4 0

0 .0 0

0 .0 2

0 .0 4

0 .0 6

0 .0 8

O x id a tio n  T im e  (h )

%
O

r
g

a
n

ic
 c

a
r
b

o
n

% P y C /C O  (b o rd e r )

% P y C /C O  ( In te r io r )

(B )(A )



27 
 

density (Figure S2) was estimated, according to Feitosa (2009) using a horizontal 

collection of undisturbed samples obtained by the Kopecky method (EMBRAPA, 1997). 

The PyC stocks at each depth not directly sampled (50-60, 60-70, 70-80, 80-90 cm) were 

estimated indirectly using an exponential regression model with the highest coefficient of 

determination (R2) for each fragment. We used the final interval of 90-100 cm as a proxy 

to calibrate the curve of the models obtained in each fragment following an exponential 

model. Finally, the PyC stocks for each forest fragment were calculated as an arithmetic 

mean of the set of subsamples for each depth interval. 

2.2.4 Data Analysis 

 

The data set was submitted to Analysis of Variance. The PyC stocks between the 

border and interior were compared and then adjusted to obtain an overall average that 

represents the PyC stock for each sampled fragment. The calculated PyC stocks 

(dependent variable) were related to the area of each forest fragment (independent 

variable) to verify the general spatial pattern of carbon deposits based on the current size 

of these fragments. A one-way analysis of variance (ANOVA0.05; Bartlett's test0.05) was 

performed to verify differences in means and deviations of PyC stocks along the vertical 

soil profile of all fragments (vertical variability). All analyses were performed using 

GraphPad Prism 7.0 software. 

2.3 Results 

2.3.1 Soil TOC and PyC contents and PyC/TOC ratio 

 

The TOC values measured for border and interior gradients ranged from 0.34 to 

2.27% (Fig. 4a), with an average value of 0.84%. While PyC values ranged from 0.004 

to 0.014% with an average value of 0.0094% (Fig. 4b). The PyC/TOC ratio for border 

and interior gradients ranged from 0.53 to 1.78%, with an average value of 1.32% (Fig. 

4c). In both gradients, an increase in the PyC/TOC ratio observed with increasing depth 

with the highest values observed from the 50-100 cm layer. 

 

 

 



28 
 

Figure 4: Total organic carbon content (% TOC), pyrogenic carbon (% PyC) and ratio (% PyC / TOC) 

for the border and interior gradient. 
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Source: Prepared by the author, 2019. 

 

2.3.2 Pyrogenic carbon stocks 

 

 All forest fragments, both the border and the interior, contained PyC along the 

soil profile to 1 m depth, indicating that fire (old and modern) events have been relatively 

recurrent in these seasonal ecosystems. The PyC stocks at the border and in the interior 

were 1.04 Mg ha-1 ± 0.04 and 1.46 Mg ha-1 ± 0.03, respectively, with the highest stocks 

of PyC observed in the interior of these fragments (t paired, P > 0.05) (Fig. 5). 
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Figure 5: Pyrogenic carbon stock total (Mg ha-1) by the border and the interior to the forest islands scattered 

in the savanna of Roraima. Different letters indicate significant difference between means (t paired; P 

<0.05). 
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Source: Prepared by the author, 2019. 

 

The average PyC stock weighted considering both gradients was 1.37± 0.65 Mg 

ha-1 (Table S3). There was high variability between the PyC stocks in both the border and 

interior of the 12 forest fragments analyzed (Bartlett's test0.05, P < 0.05). Moreover, forest 

fragment size was a weak predictor of PyC stock due to high variability within each 

fragment (Fig. 6). 
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Figure 6: The relationship between Pyrogenic carbon stocks (Mg C ha-1) and seasonal forest fragments 

area (ha) in Roraima: Y = 0.004422 + 1.154 × X (n = 12; F0.05 = 0.7217; P = 0.005; R2 = 0.06731). 
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Source: Silva, 2019 

 

2.3.2 Vertical Variability of Pyrogenic carbon Stocks 

 

 The PyC stocks differed along the vertical profile at the border (one-way 

ANOVA, F0.05 = 3.052, P <0.05) and in the interior of the fragment (one-way ANOVA, 

F0.05 = 1.524, P <0, 05), with the highest PyC stocks (0.404 Mg ha-1 in border and 0.552 

Mg ha-1in interior) located in the first 30  cm (Fig. 7).  
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Figure 7: Vertical distribution of the Pyrogenic carbon stocks sampled in the soil profile (1 m depth) for 

the Interior (a) and Border (b) gradients in forest fragments located in the Roraima Forest-Savana ecotone. 

Boxplots indicate median values of the first and third quartiles, and bars indicate intervals (maximum and 

minimum) for the data of the 12 sampling units, divided into all 10 cm intervals in the profile up to 1 m 

depth. Points outside the maximum and minimum range bars represent outliers. The values of 50 to 90 cm 

depth were estimated by regression, assuming the observed exponential model. 

 

Source: Prepared by the author, 2019. 

 

On the other hand, the lower stocks of PyC (0.06 Mg ha-1 in border and 0.122 Mg 

ha-1 in interior) observed in the deeper layers (90-100 cm). The distribution of the PyC 

along the vertical profile of the soil was calculated as an exponential model with a high 

heterogeneity of variances in the values observed at the different depths (Bartlett's 

test0.05, P <0.0001). The pattern of decreasing concentration of PyC stocks with depth 

followed the following model: 

Y=0.1768 × exp-0,007 × X (R2=0.9188) 

 

Where Y = stock of PyC (Mg ha-1) and X = midpoint of depth interval (cm). 
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2.4 Discussion 

2.4.1 Contribution of soil PyC to TOC 

The TOC values for this study area are consistent with some values found for 

Amazon soils. Mazzeto et al. (2015) found an average content of 1.92% very close to 

those found in this study. Marques et al. (2016) when analyzing the TOC in forest Oxisols 

of central Amazon, also found values very close to those found in the present study 

presenting C levels ranging from 0.34 to 2.97%. Already PyC was very close to those 

found by Liu et al., 2016 (average 0.011%) and low when purchased with northern US 

farmland (ranging from 0.29-0.92%) (KURTH et al., 2006). 

The PyC/TOC ratio found in this study (1.32% average) when compared to studies 

using the same quantification method (CTO-375), this level of PyC is very close to that 

of the Swiss soil monitoring network s which ranged from 1 to 9% of TOC, but constituted 

a considerable portion of TOC in line with previous studies where PyC generally 

represented from 1 to 6% of TOC (GONZÁLEZ-PÉREZ et al., 2004). However, 

relatively lower values may be due to the CTO-375 method is leading to complete 

oxidation of aromatic structures with a ring number of less than 6. Non-destructive 

methods like solid-state spectroscopic techniques (13C NMR) have found up to 30% PyC 

relative to TOC (SKJEMSTAD et al., 1996). Another factor that may have contributed to 

this low ratio would be the remobilization of PyC to other areas away from its production 

site by wind action or leaching during precipitation periods, thus reflecting the low ratio 

obtained in this study. 

The increase in PyC/TOC ratio with depth observed in this study was also 

followed by Zhan et al. (2013) for soils of the Loess Chinese plateau. The proportion may 

increase with depth as a result of recent no-PyC surface additions, while PyC remains 

broadly constant with soil depth (QI et al., 2017). 

2.4.2 Pyrogenic carbon stocks 

The PyC stocks observed down to 1 m deep shows incidence of fire (old and 

modern) over space and time have been determinant to the PyC accumulation in seasonal 

forest soils in the northern Amazon. The average weighted stock of PyC (1.37 Mg ha-1) 

taking into account the gradients (border and interior) sampled in these forest fragments 

in Roraima were 53% lower than those observed by Kuhlbusch and Crutzen (1995), and 
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20% by Forbes et al. (2006). They reported an average stock of 2.5 to 6.5 Mg ha-1 of PyC 

in areas of tropical forest deforested in the Amazon, respectively, and are close to the 

reports by González- Pérez et al. (2004) that reported an average PyC stock (1.8 Mg ha-

1) in the region of Andalusia, in the Mediterranean (Table 1). 

Table 1. Average Pyrogenic carbon stocks (Mg ha-1) at different study sites. 

Source: Prepared by the author, 2019. 

Our results show the order of magnitude of PyC content in this forest 

compartment, which cannot be neglected in regional estimates of carbon stocks. On the 

other hand, for Carvalho et al. (2018), the complete combustion of the biomass exposed 

to fire in aerosols and particulates is 20%, but local differences in the integrity of the 

combustion can affect the PyC stocks. It should be emphasized that the deposition of 

aerosols present in the smoke during the fire episodes contributes to the increase of the 

PyC stocks in the soil for long periods, a fact that may justify the values obtained in this 

study. 

The formation of PyC in the study region is due to the burning of modern biomass 

that occurs after the deforestation of a variety of areas throughout the Brazilian Amazon 

(FEARNSIDE et al., 1999). It is observed that the largest PyC stock is interior the 

fragments and not at the border, a fact that can be justified by the type of plant material 

that dominates different parts of the forest. While the borders have fast combustion 

biomass (grasses, leaves, twigs and other low-density materials), in interior these 

fragments there is slow combustion biomass (denser materials, characterized for dead 

biomass of fallen logs on the forest floor).  

According to Asner et al., (2005) and Silva et al., (2018), selective logging in the 

Brazilian Amazon has produced border effects within the forest, leading to the formation 

of a microclimate (warmer and drier) by the opening of the canopy and increasing the 

Study area PyC (Mg ha-1) Reference 

Areas of Amazon Rainforest 2,5 Kuhlbusch e Crutzen, (1995)  

Region of the Mediterranean 

(Andalusia) 
1,8 González-Pérez et al.,(2004) 

Areas of Amazon Rainforest 6,5 Forbes et al., (2006) 

forest fragments dispersed in 

savannas 
1,37 This study 
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probability of fires in these areas. Santos et al. (2013) in the study islands indicated this 

condition, what may be an indication that soot formed after the fire migrates to the interior 

of the fragments carried by the wind, justifying an increase in this PyC stock. 

Our values for PyC stocks suggest that its accumulation is not correctly related to 

the size of the forest fragment, but shows a significant variability among its stocks, 

indicating that other factors, such as type of biomass, substrate heterogeneity, intensity 

and duration fire are essential factors (SCHMIDT, 2000; RAMANATHAN, 2007; BIRD 

et al., 2015). 

These factors were also presented by Turcios et al. (2016) as consistent and 

correlated with the stock of charcoal dispersed along with the vertical profile of the forest 

fragments observed in this study. In this case, the authors indicated that modern fires in 

the forest-savanna contact zone in Roraima are frequent, presenting low intensity and 

random occurrence, as specified by Barbosa and Fearnside (2005), leading to the 

production of different types of carbon compounds (e.g. PyC) that are deposited in the 

soil at different time scales.  

This source of PyC may also be linked to sporadic deforestation of small portions 

of the fragment for subsistence agriculture (both present and former) (e.g. SANTOS et 

al., 2013). It is important to note that, regardless of the mixture of processes (e.g. 

understory fire and tillage); the PyC formed in the soil comes from a proportion of 

biomass affected by fire in the depositional environment (POWER et al. 2008). 

 

2.4.2 Vertical Variability of Pyrogenic carbon Stocks 

 

Differences in PyC distributed patterns along the vertical soil profile are consistent 

with studies carried out by Carter et al. (1998), Glaser et al. (1998), Turcios et al. (2016), 

and Carvalho et al. (2018), where the highest concentration of PyC and charcoal  found 

in the layers closest to the soil surface (0-30 cm). Our values for 1m depth interval were 

58% higher than the mean values reported by Bird et al. (2015) for temperate, tropical 

warm climate regions (0.15 Mg ha-1) and boreal wetland regions (0.05 Mg ha-1) (Table 

2). 
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Table 2. Pyrogenic carbon stocks in the superficial layers (0-30 cm) in different regions. 

Área de Estudo Depth (cm) PyC (Mg ha-1) Reference 

Tropical wetland region 0-30 0,15 Bird et al., (2015) 

Hot temperate regions 0-30 0,1 Bird et al., (2015) 

Forests of wild pine in 

Siberia 
0-30 0,01 Czimczik et al., (2003) 

Wet boreal regions 0-30 0,05 Bird et al., (2015) 

Forest fragments 

dispersed in savannas 
0-30 0,44* This study 

               * Mean obtained in this study. 

                   Source: Prepared by the author, 2019. 

 

PyC stocks in the depth range of 30-100 cm are generally more sparse. Studies 

suggest that the distribution of PyC in the soil, both lateral and vertical, is highly variable 

and seems to reflect the amount of oxidation-susceptible biomass, clay content and the 

effects of erosive and alluvial processes, so that finely fragmented materials are mobile, 

presenting a behavior similar to that of the clay and silt fraction (SKJEMSTAD et al., 

1999, Dai et al., 2005; Qi et.al., 2017 ). However, the correlations of PyC with the silt and 

clay fraction were not robust for this study, indicating that other processes such as, 

bioturbation, uprooting after the fall of trees with subsequent erosion and leaching and 

subsurface burning has greater influence on the distribution of PyC in the soil profile. 

(DITTMAR et al., 2012; KNICKER, 2011). 

 Another fact that can also justify this pattern of distribution is that in areas of 

recurrent fires the PyC surface becomes aged with the overtime (millenniums); becoming 

more oxidized, fragmented and distributed along the profile, and accumulating at depths 

above 70 cm along the time, leading to high heterogeneity in the vertical distribution of 

this refractory component.  

However, the vertical model (up to 1m depth) of PyC distribution in the soil found 

in our study does not correspond and cannot be taken as a standard for the entire Amazon. 

It only indicates that the distribution of PyC in the soil profile of these seasonal forests 

supports the higher concentration of PyC in the layers closer to the surface. This indicates, 

therefore, that such patterns vary according to regional historical factors such as fire 

frequency, climate change and land use in each location. 
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2.5 Conclusion 

The PyC stocks derived from the incomplete combustion of plant residues deposited 

in the soil of the forest fragments affected by recurrent fires and selective logging in the 

northern Amazon show significant spatial variability in PyC stocks. The border gradient 

most impacted by fire presented smaller stocks than the interior, which has slow 

combustion materials and more substantial input of charred material from the border. In 

both gradients, PyC stocks decayed in-depth, and the highest stocks were within the first 

30 cm of the soil. These results are relevant because of the point of the distinctions in the 

long-term carbon stocks (hundreds of years for decomposition) in the vertical soil profile 

of this region of the north of the Amazon. Our study opens space for a broader discussion 

within the context of the national reports that temporarily check carbon emissions and 

reservoirs in Brazil, considered a priority for incorporation into global carbon models. 
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3 PYROGENIC CARBON IN AMAZON SOILS: DISTRIBUTION AND STOCKS 

DEPEND ON THE HYDRO-EDAPHIC CONDITIONS THAT SUSTAIN 

DIFFERENT FOREST TYPES IN NORTHERN AMAZON 

 

Abstract 

 

Pyrogenic carbon (PyC) is considered one of the most stable components found within 

soil, accounting for an expressive amount of refractory organic matter. Despite PyC 

significant attributes of soil composition, it has not been included in any global carbon 

cycle model. To provide a better understanding of PyC and its role in the Amazon carbon 

cycle, this study main objective was to go beyond the few existing estimates of PyC global 

distribution and specifically quantify PyC soil stocks. In particular, we assessed PyC 

stocks in different forest types dispersed throughout the Savanna-Forest contact zone, an 

area located in the northern Brazilian Amazon. Taking advantage of soil profiles 

measuring one meter in-depth, we sampled 30 permanent plots arranged along the eastern 

portion of Maracá Island, an ecotone forest gradient composed of seasonal and 

ombrophilous forests with differing hydro-edaphic conditions. Our results show that PyC 

contributes 1.92% of soil TOC by the PyC/TOC ratio obtained in this study, showing a 

tendency to accumulate in depth. We calculated PyC stocks about both the hydro-edaphic 

conditions of each forest type considered (ombrophilous, deciduous and semideciduous 

forest). Our results showed that the decidual seasonal forest had the highest stock of PyC 

(1.27 Mg PyC ha-1), with a higher contribution of the 0-50 cm layer. In conclusion, these 

results indicate that forests hydro-edaphic features control the distribution of PyC in soil 

profiles and that atmospheric deposition accounts for the majority of PyC entrances into 

the soil of the Maracá Island, reducing our uncertainties regarding PyC stocks in Amazon 

ecotone areas and improves our understanding of forest stocks variability with fire 

history. 

Keywords: Seasonal forests; Black carbon stocks; Global carbon cycle; Vertical 

distribution. 
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3.1 Introduction 

 

Pyrogenic carbon (PyC) is a general term for waste resulting from fire, but it is 

also considered a continuous of products resulting from the incomplete combustion of 

biomass and fossil fuels (MASIELLO, 2004). The PyC has a heterogeneous distribution 

occurring in soils, ice, lake and marine sediments, and in the atmosphere in the form of 

aerosols (SCHMIDT & NOACK, 2000; LIU et al.: 2012). Studies show that the PyC 

constitutes around 1% to 60% of the soil organic carbon (SOC) (PONOMARENKO et 

al., 1999; GLASER et al., 2000; GONZÁLEZ-PÉREZ et al., 2004). As a product resulting 

from fire, PyC can be used as an indicator of old forest fire (old) and recent (modern) due 

to its relatively inert nature, what results in a long time of preservation (MASIELLO, 

2004; NGUYEN E LEHMANN, 2009; LIU et al., 2013). 

PyC stocks are considered as a long-term carbon form important for the global 

balance of carbon, since their production is an efficient mechanism for carbon 

sequestration (KULHLBUSH and CRUTZEN, 1996) and can be transported by wind and 

water through atmospheric and fluvial transports, and remobilization occurs 

concomitantly through these processes (SCHMIDT and NOACK, 2000). The exogenous 

entry of PyC in detailed interpretations should also be considered.  

Despite the evident importance of calculating PyC stocks in soil, including the 

fact that some authors believe such reservoirs may be quite substantial in size (SANTIN 

et al., 2015, BIRD et al., 2015), the IPCC guidelines (2007) have not evaluated the 

magnitude of these stable carbon reservoirs. In the Amazon, from a qualitative 

understanding of charcoal particles found in the vertical column of soils in mature forests, 

strong evidence has shown that much of the carbonaceous pyrogenic material comes from 

the historical interaction between humans and the environment (CARVALHO et al., 

2018), which was almost always linked to the high frequency of fires in the Holocene 

(SANTOS et al., 2001; CORDEIRO et al., 2014; MCMICHAEL et al., 2017). 

Quantitative estimates of PyC stocks become a priority due to the global 

importance of the Amazon region so that a better spatial representation of these stable 

carbon stocks is necessary (TURCIOS et al., 2016; CARVALHO et al., 2018). The lack 

of quantitative information on PyC stocks stems from the real lack of understanding of 
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the influence of the factors controlling its spatial and vertical distribution among different 

forest types in Amazon (GLASER et al., 2003). 

The lack of more accurate data, with a lower margin of uncertainties linked to the 

distribution, consumption rates, fuel quality and factors that actually affect the rates of 

accumulation and vertical degradation, what makes accounting for these inventories 

infeasible by the IPCC (FORBES et al., 2006; REISSER et al., 2016). In fact, there are 

problems with the standardization of sampling methods and the analysis and 

specialization of PyC. There is no doubt that improving the interpretation of the aspects 

that determine the spatial and vertical distribution of PyC stocks is a crucial part of the 

effort to reduce uncertainties and improve our estimates of refractory carbon deposits in 

this forest compartment. Thus, the objective of this study was to estimate the PyC stocks 

derived from biomass burning (old and modern) dispersed in the vertical soil column of 

an ecotone forest area in northern Brazilian Amazon, inferring its spatial and vertical 

distribution in function of the primary source of ignition and the dominant forest types, 

which are closely associated with different hydro-edaphic characteristics.   

 

3.1 Materials and Methods 

 

3.1.1 Study area 

 

The study was carried out at the Maracá Ecological Station (ESEC Maracá), 

located in Roraima, Brazil’s northern Amazon state. The station is a federally protected 

area, formed mainly by the Maracá Island and the other small river islands along the 

Uraricoera River, (Fig. 8). Maracá has a total area of 110,000 ha, 65 km long and width 

ranging between 15 and 25 km, and it is located physically in the north-central portion of 

Roraima (3° 15' - 3 ° 35' N and 61° 22' 61° - 58' W), between the counties of Alto Alegre 

and Amajari. 
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Figure 8: Study area indicating the sample grid and the set of permanent plots located in the eastern sector 

of Maracá Island, state of Roraima, northern Brazilian Amazonia 

Source: Prepared by the author, 2019. 

According to the Köppen classification, reviewed by Peel et al. (2007), Maracá is 

situated in a climatic transition zone formed by the Savanna subtype climate (Aw) and 

Monsoon subtype climate (Am), in which both subtypes form the humid tropical climate 

(A). The average annual rainfall on the island is 2086 ± 428 mm. The Aw climate, 

predominant in the northeast of Roraima, is marked by an uneven distribution of rain as 

well as the defined dry period between October and March. Most of the rainfall in this 

region occurs between the months from May to August (BARBOSA, 1997; COUTO-

SANTOS et al., 2014). 

The relief in Maracá ranges from floodplains, areas subject to seasonal or 

permanent flooding, to high ground, with altitude ranging from 250 m to 330 m, located 

mainly in the western portion. However, predominate areas lowland with a maximum 

altitude of 100 m and moderately dissected (MCGREGOR and EDEN, 1989).  

Due to the variation of these three factors, several types of soils were identified in 

Maracá, being Ultisol soils with low base saturation and texture ranging from sandy to 

clayey are the most abundant, which are among the Amazon soils that present lowest base 
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saturation. There are few records of anthropic interference in Maracá. Largely there are 

no traces of human occupation on the island (HEMMING 1994), only the eastern portion 

of the island, was inhabited by indigenous people until the late nineteenth century, who 

were expelled by farmers remained until the mid-1970s (THOMPSON et al., 1992). 

The distinct hydro-edaphic conditions that represent the different forest types 

along this ecotone zone, determine the Maracá rich forest mosaic (NORTCLIFF and 

ROBISON, 1998, NASCIMENTO et al., 2017; BARBOSA et al., 2019). 

Maracá is combination of Ombrophilous and seasonal forests form the savanna-

forest contact zone (ecotone) located in the northern portion of Amazon (BARBOSA et 

al., 2007, MILLIKEN and RATTER, 1998). Ombrophilous forests occupy flood-free 

areas located in flat relief (75 ± 4 m a.s.l), with predominance of yellow and red-yellow 

Ultisols with low Fe2 + levels. Deciduous seasonal forests are at low altitude (60 ± 6 m 

a.s.l.) where poorly drained (seasonally flooded) soils are characterized by high 

percentages of silt, Al3+ and Fe2+ and formed by Gray hydromorphic associated with 

Ultisol (yellow). Semideciduous seasonal forests occupy the sparse (75 ± 5 m a.s.l.) 

formed by red and dark red Ultisol without seasonal flooding, with predominance of deep 

rock fragments (petroplintites and quartzites). (Table S4). 

 

3.1.2 Experimental design and data collection 

A sample grid defined by the Brazilian Biodiversity Research Program - PPBio 

(PEZZINI et al., 2012), measuring 25 km2, and consisting of 30 permanent plots on 

Maracá Island eastern region served as the soil sampling site. To minimize sample 

heterogeneity during soil sampling, a 250 m central transect following the areas natural 

elevation contours was established in the center of each plot (MAGNUSSON et al., 2005). 

As specified by Carvalho et al. (2018) two collected subsamples along the transect of 

each plot were used to estimate pyrogenic carbon stocks.  

The collection of the subsamples was carried out using a "bipartite root auger" 

(Eijkelkamp, Giesbeek, The Netherlands). Each subsample was obtained from vertical 

collections (0-100 cm depth) divided into sections of 10 cm. One sample value represents 

the average of two subsamples obtained in each depth section, resulting in 30 composite 

samples, each with 10 depth sections. 
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The different forest types present in the 30 plots were classified in accordance with a 

Brazilian vegetation classification system (BRAZIL-IBGE, 2012), adopting as a 

reference by Nascimento et al. (2017) preliminary forest inventory. Each forest type 

differs in its hydro-edaphic characteristics, with areas subject to seasonal or permanent 

flooding, which are determinant in the characterization of the different types of soil found 

on the island (Table S3).  

Thus, the type of soil that composes the mosaic is divided as follows: ombrophilous  

(n= 13), semi-deciduous forests (n= 8) and  deciduous forest (n= 9) (CARVALHO et al., 

2018). 

 

3.1.3 Determination of Pyrogenic Carbon 

The Pyrogenic carbon concentration (PyC) profile was estimated from the thermal 

method (CTO-375) (GUSTAFSSON et al., 1997), made using a muffle furnace (RAYPA 

PM HM-9) in an oxidizing atmosphere with constant O2 circulation. In order to estimate 

the best burning time, a curve of organic matter decay of composite samples of the 

different depths was performed for each forest type (Fig. 9) in the 30 hours period. 

Figure 9: Curves of decay of organic matter: (A) Decay curve of organic matter of the composite samples 

from different forest types located on Maracá Island. (B) Organic matter decay curve for Vertisol certified 

material (Australian clayey soil). 
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Source: Prepared by the author, 2019. 

Assuming that the confirmation of constant values indicates a more labile organic 

matter and permanence of more refractory material (Pyrogenic Carbon). The values of 

the decay curve were compared to the values found by Hammes et al. (1997). The 
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oxidation process was carried out with a 500 mg soil sample heated to 375ºC for 24 hours 

with an O2 constant flux. After the thermal treatment, the samples were analyzed in a 

Carbon Analyser (Shimadzu TOC analyzer) with a module for solid samples (TOC-

5000A and SSM-5000A). 

 

3.1.4 Data Analysis 

 

The PyC stocks along the vertical soil profile (0-100 cm) were estimated as the 

arithmetic mean of the two subsamples with the subsequent conversion to units of mass per 

unit of area (Mg/ha), considering the bulk density (g cm-3) as a conversion factor suggested 

by Carcaillet and Talon (2001). The soil density was measured by the Kopecky ring 

(EMBRAPA, 2011). 

A variance analysis (ANOVA one way, P = 0.05) was applied to verify significant 

differences in PyC stocks in different forest types (well-drained ombrophilous and well 

and poorly drained Seasonal). The homogeneity of variances for PyC stocks along the 

vertical profile of soils in the three forest types was tested (Barlett's test, P = 0.05). The 

analyses were performed with R (R Core Team, 2016) and Graphpad Prism 7.0 software. 

 

3.2 Results 

 

3.2.1 TOC, PyC, and PyC/TOC contents 

 

TOC contents for the different forest types found in Maracá Island varied widely 

from 0.21% ± 0.02 to 1.31% ± 0.08 with an average content of 0.44% ± 0.21 (Fig.10a) 

with the superficial layers presenting the highest TOC contents, accumulating 47% more 

compared the subsurface layers. In all forest types, there is a tendency to decrease TOC 

levels with depth. PyC contents ranged from 0.004% ± 0.002 to 0.011% ± 0.002 with an 

average value of 0.008% (Fig. 10b). The PyC/TOC ratio ranged from 0.4% to 3.3%, 

showing an down trend, with an average value of 1.98% (Fig.10c). 
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Figure 10: Total organic carbon content (% TOC), pyrogenic carbon (% PyC) and ratio (% PyC / TOC) 

for the different types forest. (OF= Ombriphilous Forest, SF= Semeideciduous Forest, DF= Deciduous 

Forest). 

Source: Prepared by the author, 2019. 

3.2.2 Pyrogenic carbon stocks and spatial variability 

Pyrogenic carbon stocks were evaluated at 1 m depth and ranged from 0.8 to 1.3 

Mg ha-1 in the different forest types, with an average stock measuring 1.14 ± 0.82 Mg ha-

1 (Fig. 11, Table S5). The deciduous (poorly-drained) seasonal forest had the highest stock 

(1.27±0.59 Mg ha-1), accumulating 72% more PyC than semideciduous (well- drained) 

seasonal forest, and more 69% Ombrophilous forest (well drained). 
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Figure 11: Variation in PyC stocks (Mg / ha-1, mean SD, 1 m depth) in relation to forest types of Maracá 

Island. Different letters indicate significant difference between means. OF= Ombrophilous forest, SF= 

Semideciduous forest, DF= Deciduous forest. 

 

O
F

S
F

D
F

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5
P

y
C

 (
M

g
 h

a
-1

) a

b

b

 

Source: Prepared by the author, 2019. 

3.2.3  Vertical variability  

 

The PyC distribution along the vertical profile varied heterogeneously within the 

ombrophilous forest (fig. 12a) (Barlett’s test; p = 0.0147); however, the PyC distribution 

in deciduous and semi-deciduous forests presented no significant heterogeneous 

variability along with the vertical profile. In contrast, PyC distribution found within the 

deciduous forest (fig. 12b) shows a trend of accumulation in depth while semideciduous 

forests present the distribution of a more homogenous profile (fig. 12c). The highest 

stocks of PyC found in the deciduous (poorly-drained) rainforest were concentrated in the 

subsurface layers of the soil, especially between 50 and 80 cm depth (44%), and showed 

an increasing trend along with the profile.  

In the Ombrophilous forests (well-drained), however, the highest stocks of PyC 

were observed in the layers between 30 and 60 cm (47%). In the semideciduous (well-

drained) seasonal forest, the highest PyC stocks were concentrated in-depth intervals 

between 40 and 80 cm (52%) and presented a homogeneous pattern of PyC distribution 

along the vertical profile of the soil. 
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Figure 12: Vertical distribution of the PyC stock (Mg PyC ha-1; 1 m depth) in different forest types of 

Maracá Island: (a) Ombrophilous, (b) Seasonal - deciduous and (c) Seasonal - semideciduous. Box plots 

indicate the 75% (upper limit) and 25% (lower limit) percentiles of the data, and the values of the medians 

(center line). The center bars indicate the range (maximum and minimum) of the average soil PyC stocks 

in each depth section. Hollow circles represent outliers. 
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Source: Prepared by the author, 2019. 
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3.3 Discussion 

3.3.1Contribution of soil PyC to TOC 

 

PyC constitutes a considerable proportion of soil TOC, and the PyC/TOC ratio for 

the Maracá forest mosaic (average 1.98%) is in agreement with (CORNELISSEN et al., 

2005) and Gao et al. (2016) where PyC corresponded to from 1 to 5% and 0.12 to 4% of 

TOC respectively, and high when related to Amazonian soils where the average ratio 

value at 1 m depth was 0.06% (KOELE et al. 2017).  Because Maracá Island is an 

environmentally protected area with no record of intense fires in recent years, exogenous 

soot entry due to burning of adjacent areas may be contributing to this slight increase in 

the PyC/TOC ratio.  The increase in this depth ratio may be due to the entry of non-

carbonized material into the soil surface that oxidizes with increasing depth, while due to 

its slow degradation, PyC remains constant throughout the profile (ZHAN et al., 2013; 

QI et al., 2017). 

3.3.2 Pyrogenic carbon stocks and spatial variability 

 

The PyC stocks found in the contact zone for the forest continous are of great 

importance since different hydro-edaphic conditions support different stocks found 

dispersed in the soil column. These results are consistent with studies carried out in the 

savanna-forest and transition zone of Roraima (TURCIOS et al., 2016; CARVALHO et 

al., 2018). These studies indicate that the frequency of fire, mainly in the eastern portion 

of the study area, is characterized by human activities (modern: surface layers). Until the 

1970s the area was occupied by small producers whose main agricultural practice was the 

felling of trees followed by the successive application of fire, interspersed with a drier 

period in the past (old: layers deeper), which shows a significant variation in PyC 

accumulation along the soil column.  

Our mean values for PyC stocks (1.14 Mg ha-1) are 50% lower than those 

estimated by Turcios et al. (2016) (2.24 Mg ha-1) in seasonal forest fragments dispersed 

in the Savannas of Roraima and 31% lower than those observed by Koele et al. (2017) 

when estimating the PyC stocks in forest soils in the Amazon Basin. They reported a 

mean stock of 3.62 Mg ha-1 PyC for all Amazon and corroborate with mean stock 

estimated by Carvalho et al. (2018) in the same site under study (1.59 Mg ha-1). 
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These differences observed in these reported values are mainly due to 

environmental conditions that define each forest type (e.g. hydro-edaphic conditions) and 

fire-history, which should be considered factors that control the PyC stocks throughout 

the forest continuous under study. Pointedly, our results indicate that the soils of Maracá 

Island present a significant carbon pool of high aromaticity (PyC) that has been neglected 

in the estimates of the flux and carbon stock in the Amazon. 

PyC stocks have high spatial variability that also directly influence regional 

estimates. This high variability is related to the high spatial variation and of the amount 

of combustible material to be burned. According to Preston and Schmidt, (2006) the 

spatial variability of PyC stocks related to different historical fire regimes, and 

consequent wind and atmospheric deposition; meaning the resulting soot particles created 

during burning events can be carried and distributed over large distances from which they 

originated. Also, it should be emphasized that the areas around Maracá are more likely to 

be used in agricultural activities, suffering than with the recurrent application of fire to 

clean the area. 

For Carvalho et al. (2018), hydro-edaphic conditions of differing forest types 

contribute spatial variation of PyC stock. Periodically flooded forests (e.g. deciduous 

forests) may contain high amounts of PyC when compared to forests with well-drained 

soils (ombrophilous and semideciduous forest). This is due to the absence of oxygen in 

flooded areas limiting microbial activity and ensuring greater preservation of PyC in these 

areas (FREEMAN et al., 2001; GAO et al., 2016). 

Therefore, the PyC in Maracá soils potentially reflects possible events of local and 

adjacent fires, influencing in the island local distribution, as well as the entry by external 

sources potentially influencing large areas. Another possible source of PyC may be linked 

to the biological transformation of total organic carbon (TOC) into more condensed 

aromatic structures, although the mechanisms governing this process remain unknown 

(GLASER and KNORR, 2008).  

 

3.3.3 Vertical variability 

 

The hydro-edaphic of the Maracá forest types catalyze the distribution of PyC 

along with the vertical profile within the soil (1 m depth). Like previous studies (DAI et 

al., 2005; LEHMANN et al., 2008), we observed that when compared to other forest types 
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the deciduous forest accumulated more PyC, with the highest contents at subsurface 

layers (50-80 cm), and present a tendency of PyC accumulation with upper layers. Several 

factors have explained PyC vertical distribution pattern within Maracá deciduous forest 

soil: bio or argilliturbation events, shifting agriculture practices, climate changes (high-

intensity fire events between the glacial and interglacial phases) and uprooting during the 

fall of the trees. Fluctuations in the water table may have led to the dissolution of PyC in 

the soils of the floodplain, which explains this variability in the stocks. For example, 

Naisse et al. (2015b) exposed PyC (biochar) to wetting/drying and freezing/thawing 

cycles and noted substantial losses (10-40% C) by leaching of dissolved and small 

particulate PyC (<20 µm). 

 In addition to its high aromaticity, which may also explain the PyC preservation 

rate along the soil profile, and the high average precipitation observed in the study area 

(2086 ± 428 mm), rainfall conditions contributed to the reduction in the rate of PyC 

mineralization due to absence of oxygen (NGUYEN and LEHMANN, 2009). More 

humid conditions within the seasonal forests prevent PyC loss by re-combustion, 

increasing their residence time in the soil (GLASER and AMELUNG, 2003; KANE et 

al., 2007). All these possible inferences indicate that, over time, the periodically flooded 

forests in Maracá (e.g. Deciduous) favored the hydrological transport of PyC through the 

vertical profile. 

For Carvalho et al., (2018) the absence of a more consistent decay pattern in 

relation to PyC stocks in seasonal and ombrophilous forests in Maracá is different from 

the one found by Turcios et al. (2016), and it was assumed by Koele et al., (2017) as a 

general model for the entire Amazon. This model should be used cautiously for regional 

estimates of PyC stocks because it is not suitable for all types of soil in the region, and 

may lead to an error bias in the estimates of these stocks in the Amazon. 

Thus, understanding the pedogenic processes that govern the movement of PyC 

in the vertical profile of the soil becomes very important when associating the different 

types of forests in the Amazon to the stocks of PyC found in the depth of 1 m of the 

evaluated soils. 
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3.4 Conclusion 

 

Based on our results, we can conclude that the hydro-edaphic conditions that 

denote each type of forest favor the distribution of the PyC along the soil profile of 1 m 

in depth. Besides, the PyC presented in deeper layers is probably more stable than PyC 

encountered in subsurface layers.   

In deeper layers, the PyC stocks represent a significant long-term carbon pool that 

is propitiated by the pedogenic characteristics of the Maracá different forest types. We 

believe that our findings foster a more comprehensive depiction of the PyC stock 

variability that is found within the soil profiles of Amazon forest ecosystems. We also 

consider that evaluating factors that affect PyC stock estimates is critical to the formation 

of accurate carbon-cycle models for the Amazon region. 
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4 IMPACT OF BURNING ON THE CHEMICAL COMPOSITION OF ORGANIC 

MATTER FROM FOREST FRAGMENTS IN NORTHERN AMAZON 

(RORAIMA, BRAZIL) 

 

Abstract 

After forest fires, the incorporation of pyrogenic organic material (PyMO) into soil 

organic matter (SOM) increases its aromaticity. The role of PyMO as a major constituent 

of the slow turnover SOM pool has received more attention. Given this problem, the 

purpose of this study was to investigate the impact of burning on the SOM composition 

on soils of dispersed forest fragments in the savanna-forest contact zone in Roraima 

considering two gradients: border and interior of each forest fragment. Twelve composite 

samples were taken for each depth section (0-10, 10-20, 20-30, 30-40, 40-50 and 90-100 

cm) (n = 6) for border and (n = 6) for interior. The concentration of SOM was performed 

with 10% HF solution and subsequently evaluated by elemental thermogravimetric and 

13C CPMAS NMR spectroscopic analysis. The mass fraction recovered after treatment 

with HF (27 to 78%  border and 29 to 70%  interior) correlated with the original soil C 

content. No relevant difference in aromaticity index (IC=C/IC-H) was observed for the 

studied gradients, but a tendency to increase with depth is observed. The aromaticity 

index also correlated with Pyrogenic Carbon/ total organic carbon ratio (PyC/TOC). The 

contents of alkyl C structures (22 to 25% border and 19 to 29% interior) were high, 

evidencing medium intensity fires in the study area. The thermo-stability of SOM showed 

no statistical difference between the studied gradients. However, the higher values of the 

thermogravimetric index can be attributed to the incorporation of aromatic groups derived 

from pyrogenic organic matter due to the frequent burning in the region under study. 

Thus, the combination of spectroscopic and thermo-degradative techniques are useful in 

providing the chemical composition of organic matter in the soil. 

Keywords: Forest fires; Aromaticity; Elemental composition; FTIR; Savannas. 
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4.1 Introduction 

 

Seasonal ecosystems are present within both continuous and dispersed forest 

boundaries in the savannas of these areas, forming forest fragments that correspond to 

approximately 30% of the Roraima savanna region (BARBOSA et al., 2007). In the 

specific case of these forest fragments, recent studies show that they are affected by 

selective logging, fire action, use for livestock thermal comfort and subsistence 

agriculture. (SANTOS et al., 2013).These factors have direct impacts on the quality of 

soil organic material (SOM). 

Soil organic matter represents a biochemically active environmental compartment 

that has an impact on primary production and biodiversity (KNICKER et al., 2006). 

During episodes of forest fires, the vegetation and litter suffer changes such as 

condensation and cyclization of organic structures (ALMENDROS et al., 2003). Both 

quality and quantity of SOM are affected during these episodes, especially in regions with 

recurrence during dry and hot periods such as the Roraima savannas. 

 The effects of forest fires in the SOM can vary widely depending on factors such 

as fire intensity and duration, the amount and flammability of biomass added to the soil 

(ZIMMERMAN et al., 2017; GERKE, 2019). In soils, pyrogenic organic material 

(PyrMO) behaves as an essential carbon reservoir (C) due to its high aromatic nature, 

which reduces decomposition. PyrMO residence time over decades and centuries (BIRD 

et al., 2015) indicates possible loss of this more refractory material by microbial activity. 

Incubation studies have shown microbial attack on the aromatic-C of the 

carbonized material due to the concomitant increase in C-carboxyl (DE LA ROSA et al., 

2018). An additional intrinsic effect of fire on quantity and quality SOM is the immediate 

decrease in microbial biomass in the soil surface due to the death of most living organisms 

at temperatures between 50 and 120 ° C (VAZQUEZ et al., 1993; NEARY et al., 1999). 

Given this perspective, the effects of fire on SOM and the amount of carbonized 

waste deposited on the soil are receiving continuous attention. (KUHLBUSCH & 

CRUTZEN, 1995; SKJEMSTAD et al., 1999; SCHMIDT & NOACK, 2000; LÓPEZ-

MARTIN et al., 2016). Most research focused on fire-induced changes in soil molecular 

organic constituents has focused mainly on heat-induced transformations in 
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lignocellulosic material during controlled experiments of carbonization in the laboratory 

(KNICKER et al., 1996; BOSTICK et al., 2018; LÓPEZ-MARTÍN et al., 2018).  

Reports that emphasize alterations in SOM due to fire in natural systems still need 

further studies (KNICKER et al., 2005a; LEAL et al., 2019), and the conclusions are 

divergent, depending of the local factors, making it difficult to postulate on one 

generalized model of the effect of fire duration on SOM. 

To clarify the changes that SOM suffer during fire events, infrared and nuclear 

magnetic resonance spectroscopic techniques (13C-NMR) coupled with 

thermodegradative techniques provide useful information on the chemical composition 

study of SOM, because they are based on the decomposition temperature of various 

functional groups (ROSA et al., 2005; LEAL et al., 2015).  

The disperse forest fragments in the Roraima savanna are settlement on acid and 

low fertility Oxisols that suffer recurrent fires due to the dry and hot climate, as well as 

selective logging. Thus, the objective of this study was to evaluate the impact of burning 

on the content and quality of organic matter in two gradients (border and interior) of 

twelve forest fragments by chemical, spectroscopic and thermodegradative techniques. 

4.2 Materials and Methods 

 

4.2.1 Study area 

 

This study was carried out on 12 forest fragments (Table S1) located in a savanna-

forest ecotone zone in an area of approximately 440 km2, bordering Guyana and 

Venezuela, 35 km northwest of Boa Vista, capital of the state of Roraima, Brazil (Fig.13). 
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Figure 13: Geographic localization and soil collection points in the savanna-forest contact zone 

 

Source: Prepared by the author, 2019. 

 

The twelve fragments are semideciduous forests disperse over a low relief landscape 

(~90 m a.s.l), settled under yellow oxisols with organic matter content decreasing with 

depth (Table S1). The bulk density of these soils ranges from 1.21 g cm-3 in the superficial 

layers to 1.44 g cm-3 in the deepest layers (FEITOSA et al., 2016).  

According to the National Institute of Meteorology of Brazil (INMET)  the city of 

Boa Vista, present annual precipitation ranging from 1500 to 1700 mm and temperature 

is of 27.8 (± 0.6ºC) with a dominant Aw climate (Köppen classification), compatible for 

savanna areas of the northern Brazilian Amazonia (BARBOSA et al., 2012b). 

All fragments studied are often impacted by understory fire, where their borders tend 

to be more affected by fire about the interior. This should be noted due to microclimate 

reasons where the plant material that permeates the borders dries out faster and assumes 

rapid combustion, while in the interior the biomass on the forest floor is more protected 

of sunbeams and needs a larger time to be completely able to burn (BIDDULPH and 
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KELLMAN, 1998). However, in drier years the fire sweeps the islands completely. This 

occurs since forest fragments are losing their natural crown coverage and becoming more 

exposed to the litter dryness at an accelerated rate. 

4.2.2 Sampling and experimental design 

 

Between December 2013 and February 2014, twelve forest fragments mapped and 

categorized by size (large 20-60 ha, medium 10-20 ha and small ≤ 10 ha) were collected, 

totalling 69 collection sites, along with the 1 m deep profile in six layers: 0-10, 10-20, 20-

30, 30-40, 40-50 and 90-100 cm. The subsamples were collected along with the two or 

three equidistant transects oriented in the north-south direction to encompass the 

variability in the quality of organic material between the borders and interior of each 

fragment. (Fig. 2, p. 24). The collection of the subsamples was carried out using a 

"bipartite root auger" (Eijkelkamp, Giesbeek, The Netherlands), it is composed of a 

cylindrical tube of 8 cm and diameter of 15 cm long. 

For this study, subsamples of each fragment were mixed to form a composite 

sample referring to the layer in the border (n = 6) and interior (n = 6) gradients resulting 

in a total of twelve composite samples. 

 

4.2.3 10 % HF concentration treatment and elemental analysis 

 

The soil samples were treated with 10 % hydrofluoric acid (HF) solution to 

concentrate the SOM (GONÇALVES et al., 2003).  About 5 grams of soil was treated 

with 30 mL of 10% HF under mechanical agitation for 2h with subsequent centrifugation 

for 10 min at 3000 rpm. After separation of the supernatant, the procedure was repeated 

5 times until the residue turned dark in color. The remaining sediment was washed 3 times 

with deionized water with the pH of the last wash being around 4. Then the samples were 

dried at 60° C for 24 hours in vacuum oven and then weighed. 

 The C and N contents of the composite soil samples (C and N) (Flash Elmer 1112) 

were determined in duplicate by dry combustion. The mass fraction recovered after HF 

treatment (MR) was calculated by relating the mass obtained after HF treatment (MHF) to 

the initial mass (Msoil) according to the equation: MR = (MHF/Msoil) × 100 . 
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4.2.4 FT-IR Spectroscopic analysis  

 

 SOMHF samples were analyzed by Fourier transform infrared spectroscopy 

(FTIR) (Shimadzu FTIR 8300) on KBr pellets (1 mg sample : 100 mg KBr) using 32 

scans and a resolution of 4.0 cm-1 within the range of 4.000 to 400 cm-1. The absorption 

band attributions were made according Tan (1996). The aromaticity index (IC=C / IC-H) 

was calculated (CHEFETZ et al., 1996), which relates the absorption intensity around 

1.640 cm-1 for the presence of aromatic groups with that of 2.920 cm-1 attributed to 

aliphatic groups (Table S6) (DICK et al., 2008a). 

 The intensity value was obtained using the instrument software after adjusting the 

general baseline of the spectrum at three to four points (approximately at 3.800, 1.750, 

980 and 500 cm-1). To measure the intensity of the aromatic groups, a baseline between 

1.696 and 1.530 cm-1 was established and, for the aliphatic groups, between 3.000 and 

2.800 cm-1. Previously the analyzes, the samples were dried at 40° C under vacuum for 

24 hours. 

 

4.2.5 13C-NRM CP/MAS spectroscopy 

 

SOMHF 13C-NMR CP/MAS spectra were obtained on a Bruker DSX 200 

(50.3MHz) spectrometer using a 7 mm OD zirconium rotor with Kel-F caps (6.8 kHz), 

with a contact time of 1ms, 90 ° 1H pulse width of 6.6 µs and pulse delay between 200 

and 300 ms. Depending on the signal to noise ratio, 4.800 to 1.100 scans have been 

accumulated and a 100 Hz line width is employed. 

 Chemical shifts were reported in relation to tetramethylsilane scale (=0 ppm), 

which was adjusted with glycine (carboxyl C = 176.04 ppm), and their respective 

assignments were made according to Knicker & Ludeman (1996): (0-45 ppm), alkyl C; 

(45-60 ppm), N-alkyl C; (60-110 ppm),  O-alquil C; (110-140 ppm), aromatic C; (160–

185 ppm), carboxyl C, and (185–220 ppm), carbonyl C. The relative proportion (%) of 

the signal of each functional group was obtained by integrating the respective spectral 

region with the device software.  

The following indexes were calculated, relating the respective areas: degradability 

(alkyl C/O-alkyl C) ratio (BALDOCK et al., 1997): (0-45 ppm) / (45-100 ppm); 

carbonization (aromatic C/alkyl C) (KNICKER et al., 2006): (110-160 ppm) / (0-45 ppm). 
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The SOM 13C NMR spectra of the two gradients were obtained at three depths. 

The spectrum pattern of the samples is generally similar and main functional groups 

identified are show in the table 2. 

The low C content of the layer of 90-100 cm in the interior sample (Table 4) led 

to a high signal/noise spectrum, and therefore the relative distribution of C functional 

groups from this sample will not be included in the discussion. 

 

4.2.6 Thermogravimetric analysis 

 

Thermogravimetric analysis (TA Instruments, TGA-Q50) of SOMHF was 

performed under oxidizing atmosphere, employing about 5 to 10 mg of sample. The initial 

weight was stabilized at 30° C and the heating ramp was 20° C min-1 to 950° C. The 

thermodecomposition curves were divided into regions according to the decomposition 

of different structures (CRITTER and AIROLDI, 2006). SOMHF thermostability (TGI) 

was estimated by the ratio of mass loss in the 420-600° C interval to that of the 105-420° 

C temperature interval (Mp420-600 / Mp105-420). The TGI indicates the proportion between 

the less and the more thermolabile structures. Considering that thermolability is inversely 

related to chemical recalcitrance, higher values of the TGI represent a higher chemical 

recalcitrance of the SOM structure (BENITES et al., 2005). 

 

4.2.7 Statistical analysis 

 

 The obtained data were submitted to analysis by standard deviation and linear 

correlations (Pearson correlation) using the correlation coefficient (r) to evaluate the 

statistical significance at 1%. 

 

4.3 Results and Discussion 

4.3.1 C and N content and effect of demineralization  

 

C content varied between 1.58 and 0.27 % and did not differ markedly between 

border and interior (Table 3). N content ranged between 0.12 at surface and 0.02 at 90-

100 cm depth. These values are coherent for weathered soil from the Amazon region 
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(REIS et al., 2018). Accordingly, C/N decreased with depth in both studied environments 

and in general, ranged between 13.5 and 8.9. These values are typical for well-humified 

soil organic matter, and the lowest values observed at around 1 m indicate enrichment of 

N compounds due to the enhancement of microbial compounds (HANKE and DICK, 

2017).  

C/N values (15 to 16) were verified at 0-15 cm of a subtropical Cambisol under 

pasture after one year of vegetation fire (POTES et al., 2012) where traces of pyrogenic 

organic matter (PyOM) were identified. Probably, the high precipitation and temperature 

in Roraima lead to rapid degradation of PyMO.  

Table 3. C, N content and C/N of soil, mass recovery (MR), after HF treatment, aromaticity index (IC=C / 

IC-H) determined by FTIR in soils of the savanna-forest contact zone in Roraima. 

Gradient Depth C N C/N MR IC=C/IC-H 

 (cm) %   %   

 0-10 1,58±0,1 0,12±0,0 12,99±0,2 33,10 3,3 

 10_20 1,19±0,3 0,08±0,0 13,49±1,6 18,18 3,9 

Border 20-30 0,72±0,0 0,06±0,0 11,65±0,2 19,08 4,9 

 30-40 0,57±0,0 0,05±0,0 11,17±0,1 17,08 4,3 

 40-50 0,44±0,0 0,04±0,0 10,87±0,6 16,42 4,1 

  90-100 0,29±0,0 0,03±0,0 8,88±0,2 15,52 4,5 

 0-10 1,56±0,0 0,12±0,0 12,51±0,3 24,20 2,2 

 10_20 0,90±0,1 0,07±0,0 11,50±0,3 22,60 3,9 

Interior 20-30 0,62±0,0 0,05±0,0 10,68±0,0 17,48 5,2 

 30-40 0,55±0,1 0,05±0,0 10,55±0,7 20,44 4,2 

 40-50 0,51±0,1 0,05±0,0 10,23±0,7 18,53 5,4 

  90-100 0,27±0,0 0,02±0,0 9,70±0,6 20,24 5,6 

Source: Prepared by the author, 2019. 

The recovered mass after HF treatment varied between 15 and 33 %. The values 

were lower than the sand content, and the two parameters were not correlated as expected, 

but correlated with soil C (r= 0.80, p < 0,0001) (Fig.14). For subtropical Oxisols a 

positive correlation between MR and Clay content is usually observed (r= 0.92) 

(DALMOLIN et al., 2006; DICK et al., 2005) confirming that HF solution solubilizes 

mainly kaolinite and Fe- and Al-oxides.  
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Figure 14: Relationship between the proportion of recovered mass (MR) and soil carbon content (CSoil) 

for the border + interior gradients 
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Source: Prepared by the author, 2019. 

4.3.2 Chemical Composition of SOM evaluated by FTIR and 13C NMR CP/MAS 

 

The SOMHF FTIR spectra evaluated for the border and interior gradients showed 

the same pattern (Fig. 15) and the following bands and  their respective attributions were 

identified: a broad band at 3.377 cm-1, due to -OH stretching;  two bands at 2.922 cm-1 

and 2.855 cm-1 due the aliphatic C-H stretching; 1.722 cm-1 attributed to the C=O 

stretching of carboxylic groups; a band at 1.647 cm-1 resulting from the C=C stretching 

of the aromatic groups; a band at 1.566 cm-1, due to deformation of the N-H and stretching 

C=N; a band at1.375 cm-1, due to aliphatic C-H; band at 1.244 cm-1 due to C-O stretching 

and to OH deformation of carboxylic groups; a band of low intensity around 1.070 cm-1 

due to C-O stretching of carbohydrates; and a band at 1.034 cm-1 resulting from Si-O 

vibrations of inorganic material that was not removed by HF treatment.  Particularly in 

the spectra of border samples for layers below 10 cm and interior for layers below 30 cm, 

the contribution of the inorganic group is relevant as indicated by the "shoulder" to the 

right of the 1.074/1.070 cm-1 band. 

 

 



60 
 

Figure 15: Soil FTIR spectra after 10% HF (SOMHF) treatment for border (a) and interior (b) gradients of 

forest fragments dispersed in the Savanna of Roraima, Brazil 
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Source: Prepared by the author, 2019. 

 

The aromatic index IC = C/IC-H (which informs about the degree of saturation of the 

organic material) ranged from 3.3 to 4.5 on the border and from 2.2 to 5.6 on the interior, 

showing a tendency to increase in-depth (Table 1). A similar behaviour was observed in 
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a subtropical Litolic Neossol subjected to burning (POTES et al., 2010), which was 

related to a dilution effect on the soil surface by the input of non-burned vegetation 

residues. 

In subtropical Oxisols under native vegetation, the gradual increase in the 

aromaticity of organic matter up to 1 m depth was attributed to the translocation of 

aromatic compounds originated from ancient burning events, which functionalized over 

time, which favored their migration along with the profile (DICK et al., 2005).  

The Functionalization of aromatic structures resulting from vegetation burning 

may occur within a relatively short period after the fire event (KNICKER et al., 2013). In 

the present study, the high precipitation and temperature must have promoted the 

carboxylation of aromatic structures, whose migration along the profile is favored by the 

medium sandy texture and intense rainfall.  

In a previous study, Pyrogenic carbon (PyC) content of the soil samples analyzed 

presently were determined according to Gustafson et al. (1997), and the proportion 

PyC/TOC ranged from 0.53 to 1.77% in the border gradient and from 0.81 to 1.78 in the 

interior gradient (SILVA et al., 2019 submitted) (Table S7). The average value of the 

aromaticity index in each layer correlated with PyC/TOC proportion in the border (r= 

0.70) and interior (r= 0.59) (Fig. 16), evidencing the contribution of PyC to the 

condensation of SOM structure.  
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Figure 16: Relationship between FTIR aromatic index (IC=C/IC-H) and total Pyrogenic Carbon-Total 

Organic Carbon (PyC/TOC) ratio for the gradients: (A) border and (B) interior sample of soils collected in 

the savanna-forest contact area in Roraima. 
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Source: Prepared by the author, 2019. 

 

In the 13C NMR spectra (Fig. 17) groups are predominant O-alkyl-C (N-O-alkyl 

+ O-alkyl C + di-O-alkyl C), whose proportion decreased in-depth in the border gradient 

(50 to 41%) and increased in-depth in the interior gradient (43 to 53%). Next, the alkyl C 
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groups were the most abundant (22 to 29%), followed by total aromatic (aryl-C + O-aryl) 

(15 to 18%) and carboxylic (8 to 12%) groups.  
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Figure 17: 13C NMR CP / MAS spectra and distribution of C functional groups in SOMHF samples at three 

representative depths (0-10, 30-40 and 90-100 cm) of savanna-forest contact zone corresponding to border 

and interior gradients. (A) Border (B) Interior. 
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In general, the proportion of O-alkyl C groups presently observed is compatible 

with the values previously observed for tropical and subtropical Oxisols (GONÇALVES 

et al., 2003). Therefore, our results indicate that the preservation of biochemically labile 

structures (such as carbohydrates) in well-drained soils under tropical climate is more 

related to the protection of SOM organo-mineral interaction with Fe and Al oxides than 

to the type of vegetation. 

The proportion of aromatic groups is lower than usually observed for soils 

subjected to annual burning (KNICKER, 2006; LEAL et al., 2019). Possibly, in this 

humid tropical environment, soil microbiota and hot and humid climate promote the 

decomposition of condensed structures. The high percentage found in the border gradient, 

which is subjected to periodic burning, shows that organic matter in this region is more 

labile than in the interior gradient, apparently composed of slower-burning material. 

In the 0-10 cm layer spectra, there is a highlighted signal in the region of 151 ppm 

(Fig. 2) assigned to the O-aryl groups and indicating the presence of lignin derivatives. 

The marked signal in the 50 ppm region can be attributed to methoxyl (GERZABECK et 

al., 2006). In the border region, the resonance intensity of aromatic groups decreases in 

the 30-40 cm layer, a fact not observed in the interior.  

This behavior is in agreement with the results obtained by Knicker et al. (2008b), 

which indicate the presence in a higher proportion of O-alkyl C structures in areas 

subjected to recent burning.  

Comparing the two gradients studied, it appears that the border has, on average, a 

higher proportion of O-alkyl C and lower alkyl C groups (Table 2). Consequently, the 

(alkyl C/O-alkyl C) ratio, which informs about the degree of decomposition of SOM, 

showed no statistical difference between the gradients studied (t-test0.05, P = 0.59), 

showing a lower degree of decomposition when compared to Cambisols often impacted 

by fire in southern Spain. 
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The (aromatic C/alkyl C) ratio, which describes the degree of carbonization of 

biomass and the SOM (KNICKER, 2006), also showed no statistical difference in the two 

gradients studied (t-test0.05, P =0.06) but the high values observed at the border in relation 

to the interior (0.94 and 0.82), inferred from this index, supports the hypothesis of effect 

of fire on SOM in this area. 

 

4.3.3 SOMHF thermal degradability 

 

Overall, the SOM of all treatments showed the same term decomposition curve 

pattern (figures not shown), and five major temperature intervals were established (Table 

5). 

Table 4. SOMHF mass loss (Mp) at five temperature ranges (T), residue (T> 600 ° C), and 

thermogravimetric index (TGI) savanna-forest contact zone in Roraima. Standard deviation (SD) in 

parentheses. 

  Temperature Range (ºC)   

Depth  30-105 105-230 230-420 420-600 

Residue 

>650 TGI(a) 

(cm) Mp %  

  Interior  
0-10 0,21 0,21 2,26 1,55 95,91 0,61 

10_20 0,11 0,13 1,08 1,06 97,6 0,87 

20-30 0,8 0,11 0,95 0,76 98,11 0,72 

30-40 0,09 0,1 0,94 0,8 98,07 0,77 

40-50 0,08 0,11 1,02 0,88 97,91 0,77 

90-100 0,01 0,04 0,3 0,15 99,5 0,44 

mean±SD 0,22(0,29) 0,12(0,06) 1,1(0,64) 0,87(0,45) 97,6(1,2) 0,7(0,2) 

  border  
0-10 0,02 0,03 0,29 0,23 99,45 0,72 

10_20 0,1 0,16 1,31 1,23 97,2 0,84 

20-30 0,24 0,21 1,72 1,94 95,89 1,01 

30-40 1,17 0,18 1,38 1,52 96,73 0,97 

40-50 0,07 0,08 0,76 0,65 98,44 0,77 

90-100 0,02 0,03 0,29 0,17 99,49 0,53 

mean±SD 0,27(0,45) 0,12(0,08) 0,96(0,72) 0,96(0,72) 97,8(1,5) 0,81(0,18) 
(a)Thermogravimetric index: mass loss (4º interval / 2º + 3º intervals) 

Source: Prepared by the author, 2019. 

The mass loss for T≤105° C varied from 0.01 to 1.17%, corresponding to the loss 

of hydration water of the SOM (CRITTER and AIROLDI, 2006). In the second 

temperature interval (105-230° C), the mass loss varied from 0.03 to 0.21%, with the 

highest values observed in the superficial layers (0-30 cm) for both border and interior 

(0.37% and 0.45% respectively). In this temperature interval, structures such as phenolic 
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and carboxylic groups, alkyl and O-alkyl structures and some aromatic alkyl groups are 

decomposed (ROSA et al., 2005; CRITTER and AIROLDI, 2006). 

In the third interval of 230º C < T< 420 ° C the mass loss varied from 0.29 to 

2.26%, and corresponds to the decomposition of more complex aliphatic structures than 

those of the previous temperature group. Already in the fourth interval T (420-600 ° C), 

the mass loss varied from 0.15 to 1.94%, and in this temperature, interval decomposes 

structures with higher thermostability, such as aromatic structures (POTES et al., 2012; 

LEAL et al., 2014). 

Mass loss in the fifth interval ≥600 ° C varied from 95 to 99.5% indicating that 

after treatment with 10% HF solution, the samples were predominantly constituted for 

inorganic material. Probably, this material is composed of sand-sized quartz particles that 

resist to treatment on time employed, and/or ne-precipitated silicates during HF treatment 

(DICK et al., 2008b; POTES et al., 2010; LEAL et al., 2015). 

Alkyl organic structures and oxygen and nitrogen-containing functional groups 

decompose at temperatures below 400ºC, while more complex structures are more 

resistant to thermodegradation and their presence causes mass losses at higher 

temperatures (CRITTER and AIROLDI, 2006). In general, PyrMO suffers the greatest 

mass loss at temperatures above 500ºC. Thus, more condensed structures require 

decomposition temperatures above 650ºC. (HSIEH and BUGNA, 2008). 

The thermogravimetric index (TGI) tends to increase in depth, indicating an 

increased of thermostability, as already observed from 13C-NMR data to a depth of 40 cm 

(Table 2). Although no statistical difference was found between the studied gradients (t-

test, P = 0.273), the highest values were observed in the border gradient following the 

trend observed for the aromatic C/alkyl C ratio, obtained by 13C-NMR. 

 

4.4 Conclusion 

Our results are the first to show the impact of fire on the quality of organic matter 

in the region. The observed increase of aromaticity with depth in this study is attributed 

to the percolation and functionalization effect of aromatic compounds. The organic matter 

in these soils often affected by fire are easily decomposed due to high proportions of O-

alkyl C groups (e.g. carbohydrates). However, the organic matter this study site has a 
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lower degree of decomposition when compared to soils often impacted by fire in southern 

Spain. The organic matter of both gradients showed a significant amount of aromatic 

structures; however, the degree of carbonization when compared with studies conducted 

in the region of Andalusia Spain, were relatively lower and may indicate recurrent but 

moderate intensity fires. 
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5 INFLUENCE OF PYROGENIC MATERIAL ON THE CHEMICAL 

COMPOSITION OF SOIL ORGANIC MATTER IN DIFFERENT FOREST 

TYPES OF NORTHERN OF AMAZON 

Abstract 

The input of carbonized material in the soil organic matter increases its stability by 

increasing the aromatic content. In this work, our objective was to investigate the impact 

of drifted carbonized material on soil organic matter of Maracá Island (Amazon) by 

infrared spectroscopy and thermo-degradative techniques. Soil samples under three 

different forest types (ombrophilous, deciduous, and semideciduous) were collected at six 

layers (0-10, 10-20, 20-30, 30-40, 40-50, and 90-100 cm). Organic matter concentration 

was performed with a 10% HF solution before infrared analyses. The recovered mass 

fraction (from 40 to 70%) correlated with the original soil carbon content. The direct 

correlation between relative intensities (RI1070) relating to carbohydrates groups and clay 

content; indicates organo-mineral interactions between these two groups. Regarding 

thermo-degradative analyzes, the thermogravimetric index in the forest types presented 

statistical difference, with the ombrophilous forest appearing the highest thermostability. 

Thus, exogenous input of soot resulting from burning in a non-fire affected system 

increases the degree of aromaticity of the MOS and its thermostability. 

 

Keywords: Organo-mineral; continuous forest; carbohydrates; spectroscopic analysis. 
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5.1 Introduction 

 

Soil organic matter (SOM) is one of the most important natural resources and the 

basis of soil fertility (CAMBARDELLA, 2018). From the point of view of chemical 

composition, the most recalcitrant fraction of SOM, which consists mainly of 

hydrophobic structures, has greater decomposition resistance and can resist on the soil 

for thousands of years (LUTZOW et al, 2006; SINESI and LOFFREDO, 2018). The 

input of carbonized material into an ecosystem may promote changes in the chemical 

composition of SOM by adsorption, leading to the formation of recalcitrant structural 

domains, including fully dysfunctionalized condensed aromatics present in soot, and 

fire-surviving alkyl structures (DYMOV and GABOV, 2015). 

Currently, there are wide varieties of analytical techniques available for 

conducting complex matrices studies such as SOM. Among these techniques we can 

mention the Fourier Transform Infrared (FTIR) and the thermos-degradative that have 

been successfully used to characterize the effects of charred particles on SOM 

(BADÍA et al., 2014a; WIEDEMEIER et al., 2015). Thus, characterization of the 

chemical composition of SOM by these techniques usually requires pretreatment with 

hydrofluoric acid; the dissolution of minerals by this method may be accompanied by 

partial loss of SOM (GONÇALVES et al., 2003).  

This lost fraction corresponds to those low molecular weight hydrophilic 

compounds, which are associated with the minerals of the inorganic matrix, solubilize 

in acid medium and are removed by washing with water (DICK et al., 2005). 

Due to its restricted accessibility to fire, due to the barrier established by the 

Uraricuera River, the Maracá Island  located in northern Amazon, it is a federal 

protection unit formed by a mosaic of ombrophilous and seasonal forests inserted in 

the savanna-forest ecotone zone that differ in their hydro-edaphic conditions. This 

forest area has received significant amounts of charred material from adjacent areas, 

which are constantly suffering from burning. 

From this perspective our objective was to evaluate: i) to evaluate the behavior of 

six-layer soil samples in the different forest types (ombrophilous, deciduous and 

semideciduous) in the face of demineralization with HF; ii) evaluate the impact of this 
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carbonized material on SOM by infrared and thermos-degradative spectroscopic 

techniques. 

5.2 Materials and Methods 

 

5.2.1 Site description, experimental design and soil sampling 

 

The experimental area is located on Maracá Island, ecological station under 

Brazilian national protection. It is located at the north-central portion from Roraima State, 

(3 ° 15 '–3 ° 35' N and 61 ° 22 '- 61 ° 58' W) occupying an area of 110,000 ha.  The climate 

is a transition between Savanna subtype (Aw) and the monsoon subtype (Am) of humid 

tropical climate (Fig.18). 

Figure 18: Geographical location of collection points in Maracá Island 

 

Source: Prepared by the author, 2019. 

 

According to Maracá weather station, the average annual rainfall is 2086 ± 428 

mm, unevenly distributed. The warmest months are from December to March and the 

humid months from May to August. The wind direction is northeast to southeast, and the 

average temperature is 27.5º C. 
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Maracá Island is an ecotone zone formed by the contact of continuous forest 

formations characterized by the presence of an ombrophilous mosaic and seasonal forests 

(deciduous and semideciduous forest) that differ in soil drainage (MILLIKEN and 

RATTER, 1998; NORTCLIFF and ROBISON, 1998; BARBOSA et al., 2007). 

Ombropphilous (well-drained) forest soils are classified as yellow and red-yellow 

Ultisols, while deciduous (poorly-drained) forests are characterized by seasonally flooded 

yellow ultisols. The soils of semideciduous forest are classified as dark red Ultisols, 

without seasonal flooding, due to the presence of rocky fragments (petroplintites and 

quartzites) from 50 cm deep. Soil samples were collected between July and October 2015 

in a set of 30 permanent plots in the northern portion of the island of Maracá. The transects 

were arranged in six tracks forming a sample grid of 25 km2 (PEZZINI et al., 2012). 

To evaluate the chemical composition of soil organic matter, the samples were 

collected along a central line: one at 80 m and the other at 160 m from the starting point 

of the plot. Subsample collection was performed using a “bipartite root auger” 

(Eijkelkamp, Giesbeek, The Netherlands). Each subsample was obtained from vertical 

collections (0-100 cm deep) in six layers: 0-10, 10-20, 20-30, 30-40, 40-50 and 90-100 

cm. For this study, six composite soil samples were taken in each forest type 

(Ombrophylous n = 6, Seasonal Deciduous n = 6  and Seasonal Semideciduous n = 6), 

totalling eighteen composite samples.  

5.2.2 10% HF solution treatment and elemental analysis 

 

Soil samples were treated with 10 % (v/v) hydrofluoric acid (HF) solution to 

concentrate the SOM (GONÇALVES et al. 2003). Approximately 5 grams of soil samples 

were treated with 30 mL of 10% HF under mechanical agitation for 2 hours and thereafter 

centrifuged for 10 min at 3000 rpm.  

After separation of the supernatant, the procedure was performed 5 more times 

until the residue became dark in color. Concentrated SOM (SOMHF) was washed 3 times 

with deionized water with the pH of the last wash being 4. Samples of SOMHF were oven 

dried at 60 ° C until dryness and then weighed. 

C and N contents in soil composite samples before treatment (C and N) were 

determined in duplicate by elemental analysis (Flash Elmer 1112). The mass fraction 

recovered after HF treatment (MR) was calculated by relating the mass obtained after HF 
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treatment (MHF) to the initial mass (Msoil) according to the equation: MR = (MHF/Msoil) × 

100.  

5.2.3 Spectroscopic analysis 

 

SOMHF samples were analyzed by Fourier transform infrared (FTIR) 

spectroscopy (Shimadzu FTIR 8300 spectrophotometer) performed on KBr pellets (1 mg 

sample: 100 mg KBr) employing 32 scans and 4cm-1 resolution in the range of 4000 to 

400 cm-1. To avoid the interference of remaining quartz particles, the dark upper part of 

the oven-dried sample after HF-treatment, was carefully separated with a spatula and used 

for the KBr pellet. The assignment of absorption bands ware performed according to 

Farmer (1974) and Tan (1996). The aromaticity index (IC = C/IC-H) was calculated 

(CHEFTEZ et al., 1996), where the absorption intensity of around 1640 cm-1 is related to 

the presence of aromatic groups with that of 2920 cm-1 attributed to aliphatic groups 

(DICK et al., 2008a).  

The intensity value was obtained using the instrument software after adjusting the 

general spectrum baseline at three to four points (approximately at 3,800, 1,750, 980, and 

500 cm -1). For the intensity of the aromatic groups measurement, a baseline between 

1,696 and 1,530 cm-1 was established and, for the aliphatic groups, between 3,000 and 

2,800 cm-1. Before FTIR analyses, the samples were dried at 40 ° C under vacuum for 24 

hours.  

 

5.2.4 Thermogravimetric analysis 

 

Thermogravimetric analysis (TA Instruments, TGA-Q50) of SOMHF was 

performed under oxidizing atmosphere, employing about 5 to 10 mg of sample. The initial 

weight was stabilized at 30° C and the heating ratio was 20° C min-1 to 950 ° C. The 

thermodecomposition curves were divided into regions according to the decomposition 

of different structures (CRITTER and AIROLDI, 2006). The chemical condensation of 

SOMHF was estimated by the ratio of mass loss in the third temperature range (420–600° 

C) to that in the second temperature range (105– 420° C) (Mp420–600 / Mp105–420) (LEAL 

et al., 2015). 
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5.2.5 Statistical analysis 

 

The data were submitted to standard deviation analysis and linear correlations 

(Pearson correlation) using the correlation coefficient (r) to evaluate the statistical 

significance at 1%. 

5.3 Results and Discussion 

5.3.1 C and N content and effect of demineralization  

 

C and N content varied from 0.22 to 1.32% and 0.02 to 0.08%, respectively (Table 

6). C and N content decreased with depth in all sampled environments. These levels are 

compatible with those observed for Red Yellow Ultisol under open rainforest (ARAÚJO 

et al., 2011) and Yellow Oxisol of sandy texture under a native forest of the Amazon 

region (JOHNSON et al., 2001). 

The highest C content was found in the semideciduous forest decreasing in the 

following order: semideciduous > deciduous > ombrophilous. This result may be related 

to the larger contribution of residues from the aerial part of the forest in this environment 

about others due to deficiency in the water balance. (KUPERS et al., 2019). 
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Table 5. C, N and C/N (mean ± standard deviation) content of different types forest types in Maracá Island. 

Forest Type Depth  C  N C/N  MR 

 (cm) % 

Ombrophilous 0-10 0,90±0,01 0,06±0,00 14±0,77 70 

Ombrophilous 10_20 0,55±0,03 0,04±0,00 13±0,02 50 

Ombrophilous 20-30 0,42±0,04 0,04±0,00 11±0,14 60 

Ombrophilous 30-40 0,32±0,04 0,03±0,00 11±0,46 60 

Ombrophilous 40-50 0,33±0,00 0,03±0,00 12±0,01 51 

Ombrophilous 90-100 0,22±0,02 0,02±0,00 9±0,84 50 

Deciduous 0-10 0,91±0,05 0,06±0,01 16±0,68 67 

Deciduous 10_20 0,61±0,05 0,04±0,00 14±0,19 63 

Deciduous 20-30 0,48±0,06 0,04±0,18 12±0,23 60 

Deciduous 30-40 0,43±0,03 0,04±0,00 12±0,17 50 

Deciduous 40-50 0,42±0,04 0,03±0,00 12±0,90 56 

Deciduous 90-100 0,24±0,00 0,03±0,00 9±1,01 50 

Semideciduous 0-10 1,32±0,19 0,08±0,01 17±0,66 61 

Semideciduous 10_20 0,65±0,08 0,05±0,04 13±0,03 55 

Semideciduous 20-30 0,52±0,02 0,04±0,07 15±1,21 55 

Semideciduous 30-40 0,34±0,00 0,03±0,00 11±0,62 40 

Semideciduous 40-50 0,31±0,03 0,03±0,00 12±0,23 53 

Semideciduous 90-100 0,32±0,00 0,03±0,05 12±0,60 43 

C and N: C and N contents determined by dry combustion in a CN elemental analyzer. 

               Source: Prepared by the author, 2019. 

 

C/N ratio varied from 9 to 16, being higher in the superficial layers (0-10 cm), 

with a tendency to decrease with the depth. On average, the highest C/N values were 

observed under semideciduous forest (mean value: 13), which is 35% higher about other 

environments. In general, in the subsurface layers, the highest C/N ratio values were also 

observed under semideciduous forest. These values are consistent with those noted in 

oxisols under forest in the western of Amazon (MOREIRA and MALAVOLTA, 2004). 

The lower C/N values in depth indicate enrichment of nitrogenous structures along the 

profile.  

The 10% HF treatment was effective in the dissolution of silicates and oxides, and 

mass recovery (MR) varied between 40 and 70% (Table 1). This method solubilizes 

mainly clay fraction minerals, while quartz particles of the sand fraction tend to resist 

dissolution (GONÇALVES et al., 2003).  
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MR correlated with soil sand content in the forest continuous (r=0.70) (Fig.19), 

indicating that the remaining mass in these samples is determined by the sand content 

Dick et al. (2008b). 

Figure 19: Relationship between the proportion of recovered mass (MR) and soil carbon content (CSoil) 

for the continuous forest in Maracá Island. 
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Source: Prepared by the author, 2019. 

 

5.3.2 Spectral behavior of SOMHF 

 

The FTIR spectra of the different SOMHF samples showed the same pattern and 

are characteristic of humified organic matter (POTES et al., 2010)(Fig. 20). The main 

absorption bands are assigned as follows: a broad band at 3.389 cm-1 due to O-H 

stretching; two bands at 2.922 cm-1 and 2.850 cm-1 due the aliphatic C-H stretching; 1720 

cm-1 attributed to the C=O stretching of carboxylic groups; a band at 1.630 cm-1 resulting 

from the C=C vibration of the aromatic groups; band at  1.540-1.553 cm-1 assigned to C-

N and/or N-H band at 1.300 and 1400 cm-1 due to aliphatic C-H; band at 1.244 cm-1 due 

to C-O stretching and to OH deformation of carboxylic groups; a band of low intensity 

around 1.072 cm-1 due to C-O stretching of carbohydrates.  

The fact that the band around 1.540 to 1.553 cm-1 is visible in almost all spectra 

indicates the occurrence N-containing groups in the SOM along the whole profile and 

supports the observed low C/N values (table 6). 
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Figure 20: FTIR spectra of the different forest types: (A) Ombrophilous, (B) Deciduous and (C) 

Semideciduous forests. 
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Source: Prepared by the author, 2019. 

The relative intensities calculated from the FTIR spectra are given in Table 7.  
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Table 6. FTIR spectral relative intensities, aromatic index and clay content (mean ± standard deviation) of 

the different forest types of Maracá Island. 

Forest Type Depth  RI2922 RI1720 RI1647 RI1540 RI1370 RI1070 IC=C/IC-H Clay  

 (cm)    (%) 

Ombrophilous 0-10 11,8 23,6 21,7 12,4 10,6 19,9 1,8 8,4 

Ombrophilous 10_20 11,9 15,4 26,6 11,2 10,5 24,5 2,2 10,8 

Ombrophilous 20-30 10,9 16,7 21,2 12,2 9,6 29,5 1,9 13,5 

Ombrophilous 30-40 11,7 16,4 24,0 13,5 8,8 25,7 2,1 10,6 

Ombrophilous 40-50 13,0 16,0 25,2 14,5 10,7 20,6 1,9 18,1 

Ombrophilous 90-100 12,0 15,7 26,9 18,5 13,9 13,0 2,2 32,2 

  Mean+SD 11,8±0,6 17,3±2,8 24,3±2,1 13,7±2,3 10,7±1,5 22,2±3,9 2±0,2 15,5±8,7 

Deciduous 0-10 14,2 19,8 23,4 11,2 11,7 19,8 1,6 8,2 

Deciduous 10_20 16,1 18,3 24,7 15,1 12,9 12,9 1,5 9,8 

Deciduous 20-30 12,6 15,4 21,7 11,9 10,5 28,0 1,7 14,8 

Deciduous 30-40 10,2 16,6 23,6 15,3 12,7 21,7 2,3 19,6 

Deciduous 40-50 11,9 20,3 22,0 11,3 8,5 26,0 1,9 21,2 

Deciduous 90-100 11,3 13,0 18,3 12,2 10,4 34,8 1,6 34,0 

  Mean+SD 12,7±1,6 17,2±2,5 22,3±1,9 12,8±1,6 11,1±1,4 23,9±6,9 1,8±0,3 17,9±9,4 

Semideciduous 0-10 14,0 19,6 22,4 12,6 11,9 19,6 1,6 8,5 

Semideciduous 10_20 12,5 14,0 26,5 11,0 10,3 25,7 2,1 10,1 

Semideciduous 20-30 12,5 14,1 21,1 13,3 10,9 28,1 1,7 17,1 

Semideciduous 30-40 11,7 21,6 22,2 12,3 8,2 24,0 1,9 14,6 

Semideciduous 40-50 13,0 16,9 22,1 12,3 9,1 26,6 1,7 16,1 

Semideciduous 90-100 17,3 13,0 17,3 10,5 8,0 34,0 1,0 27,6 

  Mean+SD 13,4±0,9 16,5±3,2 21,9±2,6 12±0,8 9,7±1,3 26,3±4,4 1,7±0,4 15,6±6,8 

RI: relative intensities of SOM groups determined by Fourier Transform Infrared Spectroscopy (FTIR) after 

sample demineralization with 10 % HF (v/v); AI: aromatic index calculated by RI1630/RI2950-2840; Clay: 

clay content after ultrasound dispersion and determination by pipette method. 

Source: Prepared by the author, 2019. 

 

The RI1647 values in the different forest types varied from 17.3 to 26.9%, with the 

highest mean value for ombrophilous forests (24.3±2.1). The aromaticity index in the 

ombrophilous and deciduous forest ranged from 1.8 to 2.2 and from 1.5 to 2.3, 

respectively, tending to increase with depth. These high depth values for this forest type 

may be due to result of the presence of lignified and/or charred material (e.g.PyC) 

resulting from burning in the areas adjacent the Maracá Island (Table S8), leading to the 

deposition of soot via the atmosphere (LIN et al., 2014). The soil drainage condition in 

these two forest types may have led to the distribution of PyC along the profile via 

percolation and/or translocation and leading to an increase in aromaticity along the 

profile. A previous study has determined particles of pyrogenic material in this study area 

(CARVALHO et al., 2018; SILVA et al., 2019 submitted), making this association 
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plausible. Our results for IC=C/IC-H were very close to those found by Dick et al. (2008) 

when analyzing the chemical composition of organic matter in burned pastures. 

In the semideciduous forest, a slight tendency to reduce the aromatic index was 

observed. This may be because these forests have well-drained soils, as well as the 

presence of rocky fragments from the 50 cm deep layer acting as a barrier to the dispersion 

of lignified and or pyrogenic carbon. 

The RI of carboxylic groups (RI1720) ranged from 13 to 23.6%. In general, all 

forest types showed a tendency to decrease with depth, probably due to the decomposition 

of carboxylated compounds (less recalcitrant) by microbial activity and/or oxidation 

(NELSON and COX, 2002). 

The RI of the N compounds (RI1540) ranged from 10.5 to 18.5 % and increased 

gradually at depth only in the ombrophilous forest (Table 1). This increase was associated 

with a decrease in the C/N ratio in-depth, confirming relative enrichment in N structures 

of microbial origin, which suggests an increasing degree of humification (HANKE and 

DICK, 2017). 

The three forest types (ombrophilous, deciduous, and semideciduous) the RI of 

the carbohydrates range from 12.9 to 34.8%, which increases with depth (Table 2). The 

higher abundance of these groups, when compared to other well and poorly drained soils 

(Hanke and Dick, 2017), is related to the contribution of vegetation biomass. At depth, 

the proportion of this group increase due to reduced microbial activity with an increase 

in depth (ARAÚJO et al., 2019). 

A positive linear correlation was observed between RI1075 and clay content (Fig. 

21). This result suggests that the C-O groups that are part of carbohydrate-like structures 

(primary and secondary alcohols), which are more polar than other C-O groups, interact 

with the polar sites of mineral surfaces. 
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Figure 21: Linear regression between clay content and relative intensity of RI1070 of considering the three 

forest types. 
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Source: Prepared by the author, 2019. 

 

Other authors (SCHÖNING et al., 2005; HANKE et al., 2015) have observed the 

interaction between carbohydrate-like structures and the clay-mineral surface. 

 

5.3.3 Thermogravimetric analysis 

 

In general, the SOM of all treatments showed the same thermo-decomposition 

curve pattern (thermograms not shown), and five main temperature intervals were 

identified (Table 8). 
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Table 7. SOMHF mass loss (Mp) at five temperature ranges (T), residue (T> 600 ° C) and 

Thermogravimetric index (TGI) in the different forest types in Maracá. ). Standard deviation (SD) in 

parentheses. 

  Temperature Range (ºC)   

Depth  Ombrophilous Forest  

(cm)   Mp %   

 30-105 105-230 230-420 420-600 Resíduo TGI 

0-10 0,06 0,1 1,59 1,6 98,21 0,95 

10_20 0,01 0,06 0,52 0,27 99,09 0,47 

20-30 0,01 0,03 0,29 0,13 99,52 0,41 

30-40 0,03 0,07 0,63 1 98,85 1,43 

40-50 0,02 0,05 0,65 0,38 98,85 0,54 

90-100 0,02 0,03 0,24 0,13 99,55 0,48 

mean±SD 0,03(0,02) 0,06(0,03) 0,65(0,49) 0,59(0,41) 99(0,5) 0,71(0,40) 

       

  Temperature Range (ºC)   

Depth  Semideciduous Forest  

(cm)   Mp %   

 30-105 105-230 230-420 420-600 Resíduo TGI 

0-10 0,18 0,2 2 1,08 96,5 0,49 

10_20 0,04 0,09 1,1 0,49 98,25 0,41 

20-30 0,04 0,08 0,63 0,21 99,03 0,29 

30-40 0,05 0,09 0,69 0,39 98,71 0,5 

40-50 0,01 0,03 0,58 0,26 98,99 0,43 

90-100 0,01 0,01 0,23 0,08 99,64 0,33 

mean±SD 0,06(0,01) 0,08(0,07) 0,87(0,62) 0,42(0,35) 98,5(1,1) 0,41(0,08) 

  Temperature Range (ºC)   

Depth  Deciduous Forest  

(cm)   Mp %   

 30-105 105-230 230-420 420-600 Resíduo TGI(a) 

0-10 0,26 0,26 1,58 0,92 96,85 0,5 

10_20 0,07 0,12 0,99 0,46 98,13 0,41 

20-30 0,03 0,15 0,81 0,34 98,38 0,35 

30-40 0,03 0,06 0,59 0,31 98,98 0,48 

40-50 0,02 0,02 0,6 0,24 99,11 0,39 

90-100 0,01 0,02 0,19 0,08 99,67 0,38 

mean±SD 0,07(0,10) 0,11(0,09) 0,79(0,47) 0,39(0,29) 98,5(0,98) 0,42(0,06) 
(a) Thermogravimetric index: mass loss (4º interval / 2º + 3º intervals) 

Source: Prepared by the author, 2019. 

 

The weight loss for T <105º C varied between 0.01 and  0.06% in the 

ombrophilous forest, from 0.01 and 0.18% in semideciduous forest, and 0.01 and 

0,26% in deciduous forest, corresponding to the loss hygroscopic water from organic 

matter (CRITTER and AIROLDI, 2006).  

In the second temperature interval (105º C < T < 230º C) in which preferentially 

occurs the decomposition of more thermolabile structures (alkyl and O-alkyl), Mp 
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varied from 0.03 and 0.1% for ombrophilous forest, from 0.01 and 0.2% in 

semideciduous forest and 0.02 and 0.3% in deciduous forest. 

From de 230º C to 420ºC, the weight loss varied between 0.24 and 1.59% in 

ombrophilous forest, from 0.23 and 2% in semideciduous forest and from 0.19 and 

1.58% in deciduous forest, indicating more significant mass loss compared to the 

second interval, due to the decomposition of more thermostable structures such as 

aromatic structures. 

In the 420º C to 600º C range, mass loss varied from 0.13 and 1.6% in 

ombrophilous forest, from 0.08 and 1.1% in semideciduous forest and 0.08 and 0.92 

% in deciduous forest, with the most significant losses mass occurring in the first 10 

cm of soil. In this temperature range, highly thermostable structures, even condensed 

aromatic structures, decompose (CRITTER and AIROLDI, 2006). 

In general, the lowest mass losses were found in the deepest layers (90-100 cm), 

and that is related to the lower content of C in deeper layers (Table 1). Despite the HF 

treatment, the residual mass for T > 600° C was substantially high and varied between 

99.7 and 96.5% in the studied sites. These high values are due to the high content of 

sand fraction and low content of C. Quartz, the main component of sand fraction, is 

not dissolved by the HF treatment. Besides, neo-precipitated minerals during HF- 

treatment possibly contribute to these results (DICK et al. 2008b).  

The thermogravimetric index (TGI), which informs the proportion between the 

less thermolabile and more thermostable structures, was higher in the ombrophillous 

forest and differed from the others (Bartlett’s test, P = 0,0001). This indicates that the 

SOM of this type forest is more recalcitrant; showing an increase of thermostable 

structures (e.g. after the incorporation of soot) and a higher proportion of aromatic 

groups lignin derivatives from forest soils (SHRESTHA et al., 2008), confirmed by 

the high value of the aromaticity index for this forest type.  
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5.4 Conclusion 

The organic matter of the different forest types in Maracá Island presented high 

proportions of carbohydrate and carboxylic groups (RI1070 and RI1720) relative to the other 

functional groups given by relative intensity and is, therefore, a material of easy lability. 

The positive correlation between clay and carbohydrate content (RI1070) reflects 

an important protection mechanism of the organic matter from microbial attack. 

Higher TGI values in ombrophilous forests in relation to the other forest types that 

make up the forest continuous indicate the presence of more thermostable structures, 

probably due to the presence of lignin-derived aromatics and/or PyC, observed in depth 

along the soil profile given the relative intensity around RI1640 for aromatics and the 

increased aromatic index with depth. 
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6 FINAL CONSIDERATIONS 

In the terrestrial system, the fire has become of global importance, and its intensity 

and recurrence tends to increase under climate change scenario. The results obtained in 

the present thesis provide essential information to enhance the known border about the 

pyrogenic carbon stocks in the vertical profile of soils under seasonal dispersed forests in 

the Roraima savannas and forests with different hydro-edaphic conditions. 

Thus, in addition to contributing to estimates of forest carbon stocks, the 

quantification of pyrogenic carbon allowed indirect access to the history of fires, 

providing us with more accurate information of the frequency and intensity of the major 

fires in Roraima, which are relevant for understanding the Spatio-temporal dynamics of 

ecotones. The main conclusions obtained in this work were:  

 PyC stocks in dispersed forest fragments in the savannas of Roraima showed 

significant spatial variability and a decay pattern along the vertical soil profile. 

Forest fragments appeared to have a weighted average stock of 1.37 Mg ha-1, 

with the highest values in the first 30 cm accumulating about 70% more PyC 

than the deepest layers. 

 The interior of the forest fractions accumulate more PyC (72%) about the 

borders because the material that composes this gradient is of slow 

combustion. 

 The organic matter of the forest fragments soils is easily decomposed when 

compared to other regions, also with fire recurrence, due to the high proportion 

of O-alkyl-C (carbohydrate) type structures. The aromaticity (IC=C/IC-H) 

increased in depth because of the percolation of functionalized aromatic 

structures. 

 The climatic conditions of the region lead to the high rate of residues 

decomposition and enrichment of refractory structures. 

 The correlation of aromatic index with PyC shows the influence of this 

carbonized material on the stability of soil organic matter, especially on the 

borders of these fragments that are most affected by the fire. 

 The hydro-edaphic conditions of the different forest types that make up the 

Maracá Island favored the distribution of PyC along the soil profile, 
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accumulating about 1.14 Mg ha-1 PyC showing a tendency of accumulation in 

depth. 

 The deciduous (poorly-drained) forest had a high stock of PyC, accumulating 

about 72% more than the other forest types. 

 The organic matter of this forest continuous is also dominated by labile 

structures given by relative intensities (RI1070 and RI1720); clay-organic 

complexes, provided by the direct correlation of RI1070 and clay content, 

protect these structures. 

 The aromaticity index increased in depth in ombrophilous and deciduous 

forest (well-drained and poorly-drained, respectively) due to the distribution 

of aromatic structures via percolation and or translocation. 

 In the semideciduous forest, the aromaticity index decreases with depth, which 

may be due to the presence of rocky fragments from the 40 cm layer. 

 The thermogravimetric index (TGI) in the ombrophilous forest was higher 

than the other forest types, indicating the presence of more thermostable 

structures resulting from lignified and/or PyC materials. 

Fire is a globally important disturbance in the terrestrial system; its recurrence in 

vegetation should increase in some regions under future climate scenarios. Despite 

current efforts to reduce anthropogenic emissions of PyC, natural burning of 

vegetation by substantial biomass input will continue to be an important key event in 

the global carbon cycle. Assessing PyC stocks quantitatively is not an easy task, and 

it depends on a more integrated view, including multiple PyC sets and fluxes, so that 

simultaneously acquired quantitative data is needed for the full spectrum of PyC 

produced (e.g., the PyC present on-site and emitted into the atmosphere). The creation 

of emission factors for the production of PyC from the emission of gases and aerosols 

becomes necessary, as this would allow the direct incorporation of PyC into the 

carbon emission models. 

The assessment of the types and relative proportions of all PyC generated would 

allow not only a robust estimation of total PyC produced, but also the determination 

of their characteristics and residence time, which is not only determined by chemical 

recalcitrance, but also by physical properties and environmental factors. These factors 

become important in more realistic estimates of residence time for different types of 

PyC and accurate assessments of their role as a C sink. 
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Total understanding of PyC intermediate pools and their fluxes, still need to be 

quantified to understand how much PyC is actually lost (e.g., mineralized) and how 

much is just moving between reservoirs. 

PyC relationship with soil physical and chemical parameters becomes 

fundamental to understand the processes that govern its distribution and accumulation 

of the vertical soil profile. Also, considering the characteristics of PyC (e.g., the 

recalcitrant nature of some fractions combined with their high susceptibility to water 

erosion), PyC erosion-deposition could be one of the main mechanisms of soil PyC 

preservation that needs to be better understood. 

Substantial efforts have been made to measure and model post-fire soil erosion 

and redistribution by soil and geomorphological communities. Still, PyC has so far 

not been examined as a component of these fluxes. Thus, an understanding of how 

PyC has transported away from production sites, but also where it is deposited, is 

essential for quantifying PyC fluxes and their ultimate role as long-term C sink. 

These results could open space for a broader discussion within the context of 

regional reports that temporarily check emissions and carbon pools in Brazil. Thus, a 

closer collaboration between the often distinct research communities specializing in 

fire behavior and combustion, fire emissions, fire history, biogeochemical cycling, 

soil erosion, and sediment fluxes could provide the know border and data required for 

incorporating PyC in such models. This integration would bring us closer to a robust 

global assessment of PyC from vegetation fire. 
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8 APPENDICES 

8.1 APPENDICE  

SUPPORTING INFORMATION 1 

Chemical and physical properties of forest island soils distinct by depth interval. The data in the 

table represent the mean values for the six sampled intervals (cf. Turcios et al., 2016). 

Gradient Attribute Depth (cm) 

  0-10 10_20 20-30 30-40 40-50 90-100 

 pH 5,46 5,24 5,09 5,03 5,01 5,20 

 Ca+2 (cmolcdm-3) 2,85 1,80 1,30 1,03 0,93 0,70 

 Mg+2 (cmolcdm-3) 1,12 0,76 0,62 0,58 0,60 0,66 

Border K+1 (cmolcdm-3) 1,33 0,66 0,27 0,25 0,21 0,28 

 Al+3 (cmolcdm-3) 0,06 0,11 0,13 0,15 0,15 0,06 

 P+3 (cmolcdm-3) 11,02 6,55 4,67 2,23 1,56 0,30 

 SB (cmolcdm-3) 5,29 3,22 2,19 1,86 1,75 1,61 

 MOS (g kg-1) 35,13 24,04 17,34 14,43 10,88 5,96 

 Sand (%) 69,60 66,94 63,18 59,36 54,32 46,37 

 Silt (%) 11,22 11,77 12,48 12,59 14,59 16,01 

  Clay (%) 19,19 21,29 24,34 28,06 31,09 29,29 

        

 pH 5,51 5,31 5,20 5,11 5,14 5,25 

 Ca+2 (cmolcdm-3) 3,00 1,89 1,21 0,99 0,93 0,86 

 Mg+2 (cmolcdm-3) 1,00 0,76 0,68 0,59 0,64 0,57 

 K+1 (cmolcdm-3) 1,24 0,41 0,29 0,24 0,21 0,22 

Interior Al+3 (cmolcdm-3) 0,03 0,06 0,08 0,09 0,09 0,05 

 P+3 (cmolcdm-3) 14,74 9,85 7,95 4,96 4,75 4,16 

 SB (cmolcdm-3) 5,23 3,06 2,18 1,82 1,78 1,52 

 MOS (g kg-1) 38,91 22,65 14,99 11,50 9,90 9,09 

 Sand (%) 69,92 65,29 61,51 57,88 54,78 47,17 

 Silt (%) 11,26 12,88 11,96 11,93 13,15 14,23 

  Clay (%) 18,81 21,84 26,53 30,19 32,08 30,27 
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8.2 APPENDICE  

SUPPORTING INFORMATION 2 

 

 

 Estimation of soil density (g cm-3) in the vertical profile of 1 m observed in forest fragments 

dispersed in the savanna-forest of Roraima, northern Brazilian Amazonia. Exponential model 

derived from Feitosa data (2009) Y = 1.285 + 0.030 × ln (X) (R2 = 0.9968); where Y = soil density 

(g cm-3) and X = midpoint of the depth interval (cm). 
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8.3 APPENDICE  

SUPPORTING INFORMATION 3 

 Average of Pyrogenic carbon stocks, regardless of the gradient (Border and Interior) for the 12 fragments sampled. The values in italics were estimated by 

regressions (exponential model) for each fragment individually. 

Sampling Unit 

Fragment Size 

(ha-1) 0-10 10_20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 

Total Mg 

ha-1 

1 1.252 0,375 0,128 0,139 0,142 0,133 0,122 0,114 0,107 0,101 0,131 1,492 

2 2.693 0,151 0,283 0,153 0,086 0,116 0,129 0,126 0,123 0,121 0,140 1,427 

3 5.285 0,257 0,045 0,159 0,146 0,150 0,128 0,127 0,126 0,125 0,134 1,397 

4 7.307 0,594 0,073 0,148 0,319 0,232 0,090 0,080 0,072 0,066 0,025 1,699 

5 11.589 0,062 0,029 0,072 0,033 0,048 0,045 0,045 0,045 0,044 0,051 0,473 

6 11.641 0,030 0,037 0,057 0,037 0,042 0,046 0,047 0,048 0,049 0,000 0,394 

7 12.125 0,365 0,239 0,143 0,177 0,146 0,175 0,169 0,164 0,160 0,183 1,921 

8 15.798 0,311 0,134 0,190 0,134 0,137 0,168 0,164 0,161 0,159 0,233 1,791 

9 30.598 0,214 0,220 0,225 0,227 0,229 0,230 0,231 0,232 0,233 0,234 2,275 

10 44.685 0,064 0,316 0,290 0,250 0,213 0,122 0,255 0,255 0,255 0,040 2,059 

11 50.282 0,129 0,149 0,226 0,127 0,057 0,109 0,102 0,096 0,091 0,100 1,185 

12 57.230 0,090 0,049 0,029 0,032 0,036 0,025 0,023 0,021 0,020 0,017 0,343 

Mean (Mg ha-1) 
  0,22 0,14 0,15 0,14 0,13 0,12 0,12 0,12 0,12 0,11 1,37 

SD 
 

0,17 0,10 0,08 0,09 0,07 0,06 0,07 0,07 0,07 0,08 0,66 
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8.4 APPENDICE  

SUPPORTING INFORMATION 4 

Hydro-edaphic description of 30 permanent plots used in soil samples in one ecotone area (Roraima, Maraca island) located in north Bralizian Amazon and 

chemical characteristics of sampled soils, as descripted in Carvalho et al. (2018). The types of forest were redefined from the studies of Nascimento et al. (2017). 

        Profundidade_cm         

Portion 

Type_IBGE_n

ew 

Soil 

Drainage 

Altitude 

(m 

a.s.l.) 

pH 

H2O 

Ca 

cmolc 

dm-3 

Mg 

cmolc 

dm-3 

Al cmolc 

dm-3 

K 

cmolc 

dm-3 

P mg 

dm-3 

Fe mg 

kg-1 

Zn mg 

kg-1 

MOS g 

kg-1 %Clay %Silt %Sand 

SB_cmol

c dm-3 

L1_0500 Ombrophilous Well 71,87 4,6 0,1 0,1 0,6 0,1 2,1 67,1 5,2 5,3 20,9 9,7 69,5 0,2 

L1_1500 Ombrophilous Well 77,81 4,7 0,1 0,1 0,6 0,1 1,6 53,7 5,2 3,7 22,3 10,9 66,8 0,2 

L1_2500 Seasonal Poor 57,7 5,5 0,2 0,3 0,4 0,1 1,3 311,3 3,0 9,8 14,7 14,7 70,6 0,5 

L1_3500 Seasonal Poor 54,92 5,0 0,1 0,2 1,0 0,1 2,1 291,6 6,9 13,0 28,4 21,3 50,2 0,4 

L1_4500 Seasonal Well 77,93 5,1 0,2 0,4 0,4 0,1 1,6 107,7 5,3 7,7 26,2 14,2 59,6 0,6 

L2_0500 Ombrophilous Well 69,82 4,6 0,1 0,1 0,8 0,1 1,9 78,3 3,9 6,8 24,5 9,8 65,7 0,2 

L2_1500 Seasonal Well 74,51 4,7 0,1 0,1 0,9 0,1 1,9 79,7 6,1 7,7 30,0 13,2 56,8 0,2 

L2_2500 Seasonal Poor 61,16 5,0 0,1 0,2 0,4 0,1 1,7 177,1 3,5 8,5 13,8 8,4 77,8 0,3 

L2_4500 Seasonal Well 81,15 4,8 0,2 0,3 0,6 0,1 1,6 71,8 4,4 7,3 31,9 10,7 57,4 0,5 

L3_0500 Ombrophilous Well 78,53 4,6 0,1 0,1 0,6 0,0 1,8 56,7 2,7 7,8 20,6 8,8 70,6 0,2 

L3_1500 Ombrophilous Well 75,7 4,8 0,1 0,0 0,4 0,0 1,9 67,8 1,6 7,5 9,2 8,6 82,2 0,1 

L3_2500 Ombrophilous Well 78,45 4,9 0,1 0,1 0,3 0,0 1,2 37,1 1,7 5,5 8,5 4,9 86,6 0,1 

L3_3500 Seasonal Well 72,6 4,7 0,1 0,1 0,5 0,1 1,7 214,6 2,3 8,6 10,4 9,7 79,9 0,2 

L3_4500 Seasonal Well 81,19 4,8 0,1 0,2 0,9 0,1 1,1 111,5 3,5 4,8 23,6 9,0 67,4 0,3 

L4_0500 Ombrophilous Well 72,6 4,5 0,0 0,0 0,8 0,0 1,7 145,7 3,9 7,8 19,2 9,0 71,7 0,1 
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L4_1500 Ombrophilous Well 79,2 4,5 0,1 0,1 0,7 0,0 1,7 125,2 3,4 9,8 18,4 8,6 73,1 0,1 

L4_2500 Seasonal Poor 64,81 5,1 0,1 0,4 0,5 0,1 2,0 221,9 2,3 9,3 15,6 16,5 67,9 0,5 

L4_3500 Seasonal Poor 63,07 5,4 0,2 0,3 0,4 0,0 1,6 236,3 2,8 5,0 11,4 8,5 80,1 0,4 

L4_4500 Ombrophilous Well 82,9 5,1 0,2 0,2 0,3 0,1 1,5 65,0 5,1 5,3 21,1 9,7 69,1 0,4 

L5_0500 Ombrophilous Well 72,94 5,0 0,4 0,3 0,4 0,1 2,1 33,5 2,4 7,4 22,1 7,7 70,1 0,7 

L5_1500 Ombrophilous Well 73,82 4,7 0,1 0,1 0,5 0,0 1,9 81,9 3,4 5,9 21,9 9,5 68,6 0,2 

L5_2500 Seasonal Poor 62,77 5,5 0,2 0,2 0,3 0,0 1,2 107,6 6,1 5,8 5,2 7,8 87,0 0,4 

L5_3500 Seasonal Poor 59,52 5,2 0,3 0,4 0,4 0,1 2,2 259,4 4,2 8,4 10,1 8,7 81,2 0,6 

L5_4500 Seasonal Well 67,36 4,9 0,1 0,2 0,8 0,1 1,7 165,1 4,5 7,2 17,7 11,0 71,4 0,4 

L6_0500 Ombrophilous Well 72,66 4,7 0,1 0,1 0,6 0,0 1,6 77,7 4,0 4,2 21,8 6,8 71,3 0,2 

L6_1500 Ombrophilous Well 72,91 5,1 0,4 0,4 0,4 0,1 1,5 54,5 4,6 7,2 31,8 8,8 59,4 0,7 

L6_2500 Seasonal Well 69,3 4,8 0,1 0,5 0,7 0,1 2,3 74,6 10,5 7,9 35,8 10,4 53,8 0,7 

L6_3500 Seasonal Poor 59,92 4,9 0,1 0,2 0,8 0,0 1,0 67,9 1,5 4,3 19,1 9,9 71,0 0,4 

L6_4500 Seasonal Poor 58,19 5,1 0,1 0,6 0,6 0,0 1,8 217,3 5,4 4,8 19,0 10,7 70,3 0,7 
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8.5 APPENDICE  

SUPPORTING INFORMATION 5 

 Pyrogenic carbon Stocks (Mg ha-1) quantified through the soil profile (0-100 cm) and the distance of each sample (permanent plot) from the ignition source 

(UTM / Zone 20 - 372697.8 N; 673724.0 W) in a forest continuum located in the eastern part of Maraca island. 

        Soil Depth_(cm)   

Parcela Type_IBGE_new 

Altitude 

(m a.s.l.) 00-10 10-20 20-30 30-40  40-50 50-60 60-70 70-80 80-90 90-100 Total Geral 

L1_0500 Ombrophilous 71,87 0,0661 0,0950 0,1194 0,1288 0,1471 0,1283 0,0716 0,1021 0,1273 0,0305 1,0163 

L1_1500 Ombrophilous 77,81 0,0661 0,0944 0,1102 0,1288 0,1373 0,1255 0,0743 0,0972 0,1273 0,0324 0,9936 

L1_2500 Seasonal 57,7 0,0525 0,0594 0,0722 0,0752 0,0922 0,0725 0,0783 0,0906 0,0771 0,1394 0,8095 

L1_3500 Seasonal 54,92 0,0673 0,0330 0,0401 0,0918 0,0713 0,0922 0,0363 0,0307 0,0285 0,0259 0,5171 

L1_4500 Seasonal 77,93 0,1636 0,0802 0,0828 0,0786 0,1360 0,1024 0,0888 0,0967 0,1650 0,1858 1,1799 

L2_0500 Ombrophilous 69,82 0,0560 0,0684 0,0387 0,0466 0,0460 0,0581 0,0458 0,1470 0,0488 0,0533 0,6086 

L2_1500 Seasonal 74,51 0,1116 0,1023 0,1163 0,1468 0,1906 0,1620 0,2269 0,1351 0,2146 0,1463 1,5524 

L2_2500 Seasonal 61,16 0,1149 0,0865 0,0963 0,0873 0,1074 0,0690 0,1040 0,1230 0,0415 0,0724 0,9022 

L2_4500 Seasonal 81,15 0,1703 0,1025 0,1089 0,1080 0,1421 0,1205 0,1261 0,1549 0,2170 0,0000 1,2502 

L3_0500 Ombrophilous 78,53 0,0374 0,0827 0,0736 0,0918 0,1035 0,1025 0,0939 0,0962 0,1016 0,0854 0,8687 

L3_1500 Ombrophilous 75,7 0,0296 0,0292 0,0286 0,0321 0,0433 0,0454 0,0428 0,0401 0,0452 0,0508 0,3870 

L3_2500 Ombrophilous 78,45 0,0639 0,0568 0,0988 0,1632 0,0615 0,0587 0,1174 0,0639 0,1509 0,1358 0,9710 

L3_3500 Seasonal 72,6 0,1902 0,0949 0,1312 0,2070 0,1249 0,2074 0,1951 0,1697 0,0000 0,0000 1,3204 

L3_4500 Seasonal 81,19 0,1570 0,0580 0,0568 0,0493 0,1299 0,0843 0,0515 0,0311 0,0000 0,0000 0,6179 

L4_0500 Ombrophilous 72,6 0,1210 0,1716 0,1867 0,1490 0,1259 0,1167 0,0998 0,0937 0,0994 0,0919 1,2557 

L4_1500 Ombrophilous 79,2 0,0767 0,0462 0,0310 0,1504 0,0470 0,0429 0,0658 0,0383 0,0470 0,0662 0,6116 
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L4_2500 Seasonal 64,81 0,1446 0,1325 0,1896 0,1396 0,1856 0,1888 0,1826 0,2170 0,1656 0,1737 1,7197 

L4_3500 Seasonal 63,07 0,0738 0,0403 0,1123 0,0226 0,0303 0,0607 0,0942 0,1257 0,0969 0,1717 0,8285 

L4_4500 Ombrophilous 82,9 0,0478 0,2692 0,2740 0,3663 0,3074 0,2057 0,0559 0,0943 0,1037 0,0551 1,7796 

L5_0500 Ombrophilous 72,94 0,0486 0,1005 0,1477 0,1461 0,1714 0,2185 0,2429 0,2486 0,2277 0,1818 1,7339 

L5_1500 Ombrophilous 73,82 0,0354 0,0485 0,0305 0,0315 0,1163 0,0549 0,1017 0,0255 0,0193 0,0172 0,4807 

L5_2500 Seasonal 62,77 0,0551 0,0411 0,0631 0,0586 0,0611 0,0999 0,0657 0,1019 0,0304 0,0000 0,5768 

L5_3500 Seasonal 59,52 0,2121 0,1456 0,1467 0,1874 0,1499 0,1917 0,1961 0,2200 0,2054 0,1749 1,8298 

L5_4500 Seasonal 67,36 0,1836 0,1469 0,1609 0,1667 0,1624 0,1566 0,2007 0,2524 0,2418 0,1828 1,8547 

L6_0500 Ombrophilous 72,66 0,0762 0,0848 0,1544 0,1663 0,2143 0,1503 0,1674 0,0741 0,0567 0,1773 1,3219 

L6_1500 Ombrophilous 72,91 0,0354 0,0292 0,0330 0,0321 0,0433 0,0454 0,0428 0,0401 0,0452 0,0508 0,3972 

L6_2500 Seasonal 69,3 0,1832 0,1807 0,2186 0,1900 0,2640 0,3055 0,2585 0,3060 0,2843 0,2695 2,4604 

L6_3500 Seasonal 59,92 0,2121 0,1456 0,1467 0,1874 0,1491 0,1926 0,1961 0,2200 0,2054 0,1834 1,8385 

L6_4500 Seasonal 58,19 0,0942 0,1428 0,2285 0,1607 0,2228 0,1117 0,1381 0,1013 0,0711 0,1100 1,3812 
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8.6 APPENDICE  

SUPPORTING INFORMATION 6  

Relative intensities obtained by Fourier transform for border and interior gradients. 

Gradient Depth (cm) RI 2922 RI1705 RI1664 RI1548 RI1227 RI1077 

border 0-10 7,41 22,96 24,44 10,37 11,85 18,52 

border 10_20 6,15 18,46 23,85 14,62 14,62 18,46 

border 20-30 5,19 18,52 25,19 15,56 12,59 19,26 

border 30-40 3,95 13,16 17,11 7,89 5,26 51,32 

border 40-50 6,41 19,23 26,28 11,54 10,90 22,44 

border 90-100 6,45 15,32 29,03 12,10 2,42 32,26 

        

Interior 0-10 6,34 21,13 14,08 14,08 11,27 18,31 

Interior 10_20 6,20 17,05 24,03 10,08 12,40 26,36 

Interior 20-30 4,42 18,58 23,01 13,27 13,27 24,78 

Interior 30-40 6,52 17,39 27,17 13,04 8,70 23,91 

Interior 40-50 5,81 13,95 31,40 13,95 6,98 24,42 

Interior 90-100 4,35 13,04 24,35 10,43 5,22 40,00 
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8.7 APPENDICE  

SUPPORTING INFORMATION 7 

Pyrogenic carbon-Organic carbon ratio (PyC/TOC) for border and interior gradients in the savanna-

forest ecotone zone in Roraima. (Silva et al., 2019, submitted). Standard deviation (SD) in parentheses. 

Gradient Depth (cm) %TOC %PyC PyC/TOC 

 0-10 1,58 (0,08) 0,019 (0,01) 1,25 

 10_20 1,19 (0,28) 0,011 (0,01) 0,89 

Interior 20-30 0,71 (0,01) 0,012 (0,00) 1,69 

 30-40 0,57 (0,00) 0,011 (0,01) 1,84 

 40-50 0,44 (0,03) 0,010 (0,01) 2,31 

  90-100 0,29 (0,01) 0,011 (0,01) 3,73 

 0-10 1,56 (0,02) 0,011 (0,01) 0,69 

 10_20 0,90 (0,01) 0,012 (0,01) 1,32 

Border 20-30 0,61 (0,01) 0,007 (0,00) 1,08 

 30-40 0,55 (0,1) 0,001 (0,01) 1,77 

 40-50 0,51 (0,1) 0,008 (0,01) 1,50 

  90-100 0,27 (0,01) 0,006 (0,00) 2,10 
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8.8 APPENDICE  

SUPPORTING INFORMATION 8 

Pyrogenic carbon-Organic carbon ratio (PyC/TOC) for the different forest types in Maracá Island. (Silva 

et al., 2019, submitted). Standard deviation (SD) in parentheses. 

 

Forest Type Depth (cm) PyC% TOC% PyC/CO 

 0-10 0,004(0,01) 0,90 (0,01) 0,45 

 10_20 0,006(0,00) 0,55(0,03) 1,05 

Ombrophilous 20-30 0,007(0,00) 0,42(0,04) 1,56 

 30-40 0,008(0,02) 0,33(0,04) 2,37 

 40-50 0,007(0,01) 0,33(0,00) 2,22 

  90-100 0,005(0,03) 0,22(0,02) 2,09 

     

 
0-10 0,010(0,01) 1,32 (0,19) 0,73 

 10_20 0,007(0,01) 0,65(0,08) 1,13 

Semideciduous 20-30 0,008(0,00) 0,52(0,02) 1,59 

 30-40 0,009(0,00) 0,34(0,00) 2,64 

 40-50 0,009(0,01) 0,31(0,03) 2,76 

  90-100 0,007(0,02) 0,32(0,00) 2,34 

     

 
0-10 0,011(0,02) 0,91(0,05) 1,23 

 10_20 0,007(0,01) 0,61(0,05) 1,19 

Deciduous 20-30 0,008(0,01) 0,48(0,06) 1,64 

 30-40 0,008(0,00) 0,43(0,03) 1,83 

 40-50 0,009(0,00) 0,42(0,04) 2,12 

  90-100 0,008(0,04) 0,23(0,00) 3,44 
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