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Abstract 

Wildfires affect boreal forest carbon stocks through consumption of the 

vegetation and forest floor, and production of black carbon (BC). This by-product 

of organic matter’s incomplete combustion is an important component of the 

global soil carbon pool. My thesis reveals how fire severity is related to BC 

chemical and physical properties and how it influences both soil organic carbon 

(SOC) and BC stocks in forest floors and mineral soils of fire-affected Quebec 

black spruce forests. This work also attempts to uncover BC storage mechanisms 

in mineral horizons.  

I collected BC samples produced by 2005–2007 wildfires, and compared them 

to laboratory-produced samples. As indicated by 13C NMR spectroscopy, 

elemental analysis, surface area analysis, and scanning electron microscopy, 

formation conditions – mostly maximum temperature – greatly affected BC 

properties, which in turn may determine its potential as a carbon sink. BC 

condensation increased with increasing fire severity, as shown by decreasing 

atomic H/C and O/C ratios. The fraction of aromatic carbon:total carbon of all 

these freshly-produced BC was low, suggesting that they may be susceptible to 

rapid physical alteration and chemical degradation. However, these BC were 

characteristic of early-season fires, which resulted in low temperatures (≤ 250 °C) 

and overall, low fire severity, in forest floors.  

Mineral horizons contained SOC stocks comparable to those in forest floors, 

but their BC stocks were significantly lower. In the fire sites I studied, forest 

floor’s BC stocks were mostly influenced by past severe fires, with the deepest 



 

 

layer containing most of the BC stocks. In mineral soils, SOC and BC 

concentrations were strongly correlated. To further explore the relationship 

between podzolization and BC storage mechanisms, I measured SOC and BC 

content in size and density fractions of podzolic B horizons. While some BC was 

found in unprotected particulate organic matter (POM), the rest was associated 

with organo-mineral and organo-metallic complexes in the micro-aggregate 

protected POM and fine fraction. Podzolization processes result in idiosyncratic 

patterns of SOC accumulation in the mineral subsoil; here I show that patterns of 

BC and SOC accumulation are similar, with the greater BC stocks being found in 

podzolic B horizons. 
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Chapter 1. Introduction 

1.1. Carbon and carbon cycle 

The word “Carbon” derives from Latin carbo, which means coal. Carbon is 

the fourth most abundant (by mass) element in the universe after hydrogen, 

helium, and oxygen, and the 15th most abundant element in the Earth's crust. It is 

a non-metallic and tetravalent chemical element, with an atomic number of 6. The 

most common oxidation state of carbon in inorganic compounds is +4, while +2 is 

found in carbon monoxide and other transition metal carbonyl complexes. 

Because of its abundance, and the unmatched diversity of organic compounds 

combined with their unique ability to form polymers, carbon is the building block 

of all life forms. 

 

1.1.1. Carbon allotropes: the different forms of carbon 

Atomic carbon is a very short-lived species and carbon is stabilized in multi-

atomic structures with various molecular configurations called allotropes. All 

carbon allotropes are solids under normal conditions. They are all chemically 

resistant and require a high temperature to react even with oxygen. The three best 

known allotropes of carbon are amorphous carbon, graphite, and diamond; each 

allotropic form presents very distinctive physical properties.  

Diamond is formed at very high pressures. Each carbon atom in diamond is 

covalently bonded to four other carbons in a tetrahedron. These tetrahedrons 

together form a three-dimensional network of six-membered carbon rings, in the 
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chair conformation. This stable network of covalent bonds and hexagonal rings is 

the reason that diamond is so incredibly strong.  

Graphite is the most thermodynamically stable form of carbon under standard 

conditions. Each carbon atom is bonded trigonally to three others, in a plane 

composed of fused hexagonal rings. The resulting network is two-dimensional, 

where flat sheets of carbon are stacked and loosely bonded through weak van der 

Waals forces. Graphite conducts electricity, due to delocalization of the π bond 

electrons above and below the planes of the carbon atoms. The delocalised 

electrons are free to move but only in the plane of each covalently bonded sheet. 

The amorphous form is a mixture of carbon atoms in a non-crystalline, 

irregular, glassy state, which is essentially graphite but not held in a crystalline 

macrostructure. Nevertheless most amorphous carbon actually contains 

microscopic crystals of graphite-like or even diamond-like carbon. Amorphous 

carbon is the main constituent of substances such as charcoal, coal, soot and 

activated carbon.  

 

1.1.2. Carbon isotopes 

Carbon isotopes are atomic nuclei that contain six protons plus a number of 

neutrons that varies from 2 to 16. There are 15 known isotopes of carbon, three of 

which are naturally occurring isotopes: carbon-12, 13, and 14. 12C and 13C are 

stable, occurring in a natural proportion of about 98.9:1.1.  
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1.1.3. Global carbon cycle 

Under current terrestrial conditions, conversion of one element to another is 

very rare. Therefore, the amount of carbon on Earth (32 x 1023 g; Marty, 2012) is 

essentially constant. The global carbon cycle (GCC) is the biogeochemical cycle 

by which carbon (organic and inorganic forms) is exchanged among the following 

major carbon reservoirs (Figure 1-1): the biosphere (vegetation and other land 

living organisms; organic C), pedosphere (soils; organic and inorganic C), 

geosphere (geological reservoirs and fossil fuels; mostly inorganic C), 

hydrosphere (rivers and oceans; mainly dissolved CO2), and atmosphere (CO2). 

Carbon exchanges between reservoirs occur as the result of various chemical, 

physical, geological, and biological processes. The sum of the active carbon pools 

at the Earth’s surface is about 40 x 1018 g C (Schlesinger and Bernhardt, 2013). 

The examination of the balance of the carbon exchanges (incomes and losses) 

of a specific carbon pool or reservoir can provide information about whether the 

latter is functioning as a carbon source or sink.  
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Figure 1-1. The global carbon cycle [adapted from Cole (2012) and Schlesinger 

and Bernhardt (2013)]. Reservoirs are in Pg C; fluxes in Pg C/year. 

 

Soil organic carbon – importance for the Global Carbon Cycle 

About a third of soil carbon is stored in inorganic forms, such as calcium 

carbonate (Lal, 2008); the rest is organic carbon. Soil organic carbon (SOC) is 

primarily composed of biomass and non-biomass carbon sources. Biomass carbon 

primarily includes various bacteria and fungi. Non-biomass carbon sources reflect 

the chemical composition of plant biomass and primarily include cellulose, 

hemicellulose, lignin and other diverse organic carbon compounds.  
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Soil organic carbon constitutes by far the most important carbon pool in 

terrestrial ecosystems. Globally, soils store around 1100–1600 Pg C (González-

Pérez et al., 2004) in the top one meter, i.e., 3 times the amount found above 

ground in plants and in other living organisms and twice the amount present in the 

atmosphere (Batjes and Sombroek, 1997).  

The main entry of C into the biosphere occurs through photosynthesis that 

results in the uptake of C from the atmosphere by plants (120 Pg/year). About 

60 Pg annually becomes various types of soil organic matter including surface 

litter, creating a substrate, which decomposers respire (heterotrophic respiration) 

back to the atmosphere as carbon dioxide or methane depending on the 

availability of oxygen in the soil. Soils respire or oxidize about 60 Pg/year. Part of 

the C is also lost through plant respiration (autotrophic respiration); further C 

losses are caused by fires, drought, human activities, etc. 

 

Soil carbon storage 

Soil carbon storage is the balance between the input of dead plant material 

(leaf and root litter) and output from heterotrophic respiration. Carbon leaves the 

terrestrial biosphere in several ways and on different time scales. Under aerobic 

conditions, most of the C entering the soil is labile, and therefore respired back 

rapidly to the atmosphere as carbon dioxide (CO2); in anaerobic conditions, 

methane productions prevails. Combustion of soil carbon can also be responsible 

for its quick release (CO2) back to the atmosphere. Generally, only one percent of 

the carbon entering the soil (0.4 Pg/year) accumulates in more stable fractions 

with long mean residence times (FAO, 2004). 
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Soil organic carbon is very heterogeneous (Batjes, 1996). The organic carbon 

can conceptually be divided into active and passive pools. The smaller active pool 

contains organic matter that decomposes in a time frame of years (fast pool) to 

decades (slow pool), whereas the larger passive pool comprises the stable carbon 

pool remaining in the soil for centuries to millennia (FAO, 2004; González-Pérez 

et al., 2004). These mean residence times, or potential decomposition rates, 

represent how fast the carbon is brought back into transferring inside the system. 

The mean residence time is determined not only by soil organic matter (SOM) 

chemical composition but also by its stabilization (Marschner et al., 2008; Kleber, 

2010; Schmidt et al., 2011). The stable carbon fraction is subjected to either 

physical or chemical protection. Carbon could bind to the mineral soil, becoming 

protected by occlusion into microaggregates, sorptive interactions with minerals, 

or it could experience chemical complexation (von Lützow et al., 2006). 

Multivalent metal cations, like Fe3+ or Al3+, can indeed stabilize soil carbon by 

forming organo-metallic complexes that are more resistant to oxidation. 

Because soils represent such a massive pool of carbon, it is crucial to identify 

the different carbon pools in the soil as well as the fluxes between them and the 

atmosphere or the oceans, to better understand the GCC. At the local scale, the 

relative importance of the different carbon pools matters because SOM constitutes 

a major factor in plant growth success (e.g., agriculture, silviculture, etc.). At the 

global scale, the fate of carbon is of particular importance in the context of 

climate change and there is an increasing pressure to sequester carbon so that it 

does not end up as CO2 in the atmosphere, where it is contributing to global 
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warming. When considering long-term carbon sequestration potential it is 

primordial to not only consider the increase of C inputs into the soil but also the 

turnover time of the carbon pool where the storage occurs: C inputs must take 

place in large pools with slow turnover to maximise long-term carbon 

sequestration. 

Local climatic conditions influence soil carbon sequestration and the latter is 

therefore contingent on climate change (FAO, 2004); conversely, changes in the 

size and the turnover rate of the soil carbon pools could possibly affect 

atmospheric CO2 concentration and the global climate (von Lützow et al., 2006). 

 

Influence of climate change 

The GCC has been the focus of much attention in the recent past because of 

its association to global warming. In the past two centuries, with the industrial 

revolution, human activities have critically altered the GCC, and most 

significantly in the atmosphere. The increase in greenhouse gases in the latter has 

been recognized to contribute to climate change (IPCC, 2001). CO2 is the most 

important anthropogenic greenhouse gas. Records from ice cores have shown that 

CO2 levels cannot vary significantly without affecting global temperatures 

(Shakun et al., 2012). Changes in the amount of atmospheric CO2 are 

considerably altering weather patterns and indirectly influencing oceanic 

chemistry.  

The concentration of carbon dioxide in the atmosphere increased from a pre-

industrial level of 285 ppm to about 397 ppm in February 2013 
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(http://co2now.org/). The magnitude of these levels, added to the fact that they are 

rising faster than ever recorded (Crowley, 2000), emphasize how critical a better 

understanding of the GCC and of its effects on the global climate is. Total annual 

carbon emissions from fossil fuel combustion (and cement production) are around 

7.2 Pg and 2 Pg from land-use changes (IPCC, 2007). Half of these emissions 

remains in the atmosphere. The fraction absorbed by the atmosphere has increased 

in the past 50 years (Le Quéré et al., 2009). The remaining 50% is taken up by the 

oceans and the terrestrial biosphere, which act as important carbon sinks. 

The biosphere constitutes a carbon sink that absorbs about 2 Pg/year (Cole, 

2012): the increasing atmospheric CO2 concentration stimulates photosynthesis 

and consequently plant growth (IPCC, 2000). Forests are most affected by this 

phenomenon, but their capacity to function as a carbon sink may be limited. First, 

C sequestration capacity is under the limitation of nutrient availability (Oren et 

al., 2001) and other biophysical factors. Second, photosynthesis may have a CO2 

saturation point. Third, climate change could induce ecosystem degradation, 

hence reducing C sequestration capacity. Finally, forests do not start sequestrating 

carbon right after establishment and are under the threat of future disturbances. If 

boreal forests have been a steady average sink for two decades (0.5 ± 0.1 Pg 

C/year), it is actually the net result of divergent patterns in the different boreal 

regions caused by natural disturbances and forest management practices (Pan et 

al., 2011). While European Russia and northern Europe became a larger C sink, 

the sink in Canadian forests was reduced by half over the 1990–2007 period. 
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Biomass loss caused by intensified wildfires and insect outbreaks was determined 

as the principal cause of this reduction.  

Uncertainties persist regarding some of the causes, consequences and extent 

of climate change. Whether the terrestrial biosphere will maintain its current role 

as a carbon sink or switch to a carbon source in the future, is highly controversial 

because it relies on the long-term sensitivity of heterotrophic respiration to global 

warming. Global warming could indeed lead to an increase in organic matter 

decomposition, and consequently reduce the capacity of terrestrial ecosystems to 

act as carbon sinks (Schimel et al., 2001). For instance, a study showed that 

forests would turn into carbon sources in the next 50–150 years (Cox et al., 2000). 

But there are also contradictory findings. Jarvis and Linder (2000) obtained 

results from long-term soil warming experiments in a boreal forest opposing the 

idea that heterotrophic respiration is very sensitive to increases in temperature. 

They concluded that forests that were currently carbon sinks would not become 

carbon sources in the near future. 

Global warming-induced changes in the fire regime have raised specific 

concerns about the future evolution of C storage in boreal forests. An increase in 

fire frequency in the boreal region is suspected for the near future (Bergeron and 

Flannigan, 1995; Wotton et al., 2010), but uncertainty remains about the evolution 

of fire severity (Flannigan et al., 2005; van Bellen et al., 2010) and how this will 

affect organic carbon stocks in boreal forests soils, particularly with the 

production of black carbon by these wildfires. 
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Black carbon (BC) in soils and influence on the global carbon cycle 

According to recent studies, BC is an important component of the stable soil 

carbon pool (Kasischke and Stocks, 2000; González-Pérez et al., 2004; Preston 

and Schmidt, 2006), although some other studies caution against assuming that all 

BC is recalcitrant (Harden et al., 2000; Hockaday et al., 2006; Czimczik and 

Masiello, 2007; Hammes et al., 2008; Preston, 2009).  

In some soils, BC constitutes an important part of total organic matter. 

Skjemstad and colleagues (2002) showed that BC represents up to 35% of total 

SOC in American agricultural soils. Similarly BC amounted up to 45% of the 

total soil organic matter in European Chernozems (Schmidt et al., 1999; Schmidt 

et al., 2002) and the ratio BC/OC was as high as 60% in Black Chernozems of 

Saskatchewan (Ponomarenko and Anderson, 2001). If climate and relief have 

been shown to influence the stability of organic matter in Chernozems (Eckmeier 

et al., 2007), fire also plays an obvious role in the formation of these soils 

(Schmidt et al., 1999). In a review on boreal forests, where wildfire is a major 

natural disturbance, Preston and Schmidt (2006) reported BC stocks in boreal 

forest floors of the order of 1000–2000 kg/ha, but considered these numbers as 

likely underestimates of the real stocks. Moreover these estimates do not include 

BC stocks in mineral soils. 

Natural BC accumulation in soil requires several essential factors (Czimczik 

and Masiello, 2007). First, BC production requires a fire, as well as the presence 

of an aromatic precursor, and appropriate combustion conditions, i.e., pyrolysis. 
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Then, mixing mechanisms are required to remove BC from the topsoil and to 

protect it from further oxidation, erosion and/or degradation processes. 

BC production rate is dominated by burning of vegetation (Figure 1-2). 

Tropical forest fires produce around 5 Tg/year; whereas the boreal forest fires 

generate 9–20 Tg/year and savanna fires 4–40 Tg/year. The production rate varies 

widely and estimates also depend on the analytical technique used to measure BC 

(Forbes et al., 2006; Preston and Schmidt, 2006). Kuhlbusch and Crutzen (1995) 

estimated a global BC production of 50–270 Tg BC/year (40–240 Tg BC/year for 

the solid residues; 10–30 Tg BC/year for aerosols). More than 80% of BC 

produced by wildfires remains in solid residues and less than 20% is released with 

smoke (Kuhlbusch and Crutzen, 1995). Shift to agriculture associated with 

permanent deforestation have the largest influence in the global BC cycle and 

contributes to about 50% to the annual BC formation. BC produced by fossil fuel 

combustion accounts for 6–9 Tg C/year (Forbes et al., 2006).  
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Figure 1-2. The global black carbon cycle [adapted from Schmidt et al. (1999), 

using data from Forbes et al. (2006) and Jaffé et al. (2013)]. BC pools are in Pg; 

BC fluxes in Tg/year.  

Fire events affect both the composition and quantity of the terrestrial carbon 

pool. The effect is dependent on different factors such as fire type, maximal 

temperature, and duration of the event (González-Pérez et al., 2004). 

 

1.2. What is black carbon? – A definition 

Black carbon is commonly defined as the highly condensed carbonaceous 

residue produced from the incomplete combustion of biomass (Baldock and 
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Smernik, 2002). Hereafter we will focus on the solid residues. The volatiles later 

solidify to form highly aromatic combustion condensates like soot, which is 

structurally very close to graphite. These often airborne particles have received a 

lot of attention in air quality and other and atmospheric sciences but they 

constitute a different product that is outside the focus in this study. Important 

defining properties of BC are its relative inertness, ubiquity in pyrogenic 

ecosystems (Schmidt and Noack, 2000) and high content of aromatic structures 

(Lehmann and Joseph, 2009). However, an ambiguity persists in determining 

what constitutes BC, as no standard analytical method exists. Masiello (2004) 

proposed to define BC as a continuum. The idea was further explored by Hammes 

et al. (2007) with an inter-laboratory ring trial that aimed to resolve which 

techniques best assessed each part of the continuum. BC is extremely variable and 

it is almost impossible to define clear numerical cut-offs to the BC continuum 

(Lehmann and Joseph, 2009).  

In addition to its potential contribution to the overall SOC pool, the amount of 

BC left on site after fire may affect ecosystem recovery through modification of 

plant community dynamics and by stimulation of the nitrogen cycle (DeLuca et 

al., 2006). BC plays a central role in soil fertility, in particular by stimulating 

microbial activity and nutrient cycling after fire (Wardle et al., 1998; DeLuca et 

al., 2006). Although BC composition and morphological features may contribute 

to the rejuvenating effects of wildfire on soil properties (Certini, 2005), these 

properties, and the extent to which they are affected by formation conditions, 

remain largely unknown.  
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1.3. BC characterization and BC quantitation – solid-state 13C nuclear 

magnetic resonance (NMR) spectroscopy 

Characterization of BC chemical and physical properties is critical for the 

purpose of its quantification (e.g., Hammes et al., 2007; Keiluweit et al., 2010). 

Solid-state NMR spectroscopy is one of the few methods allowing for both 

qualitative and quantitative analysis of soil organic matter samples (Knicker, 

2011); it is also a non-destructive technique. 

 

1.3.1. Fundamental properties (Hore, 1995) 

Both 13C and 1H are nuclei with a spin quantum number (I) of ½, which makes 

them magnetically active as opposed to 12C that has I = 0. The magnetic moment 

of a nucleus is defined by: 

μ = γN I 

where I is the spin angular momentum and γN is the magnetogyric ratio. When an 

external magnetic field, B0, is applied, the nuclear spin vectors align themselves 

with, or opposed to, the external field. For spin-1/2 nuclei with positive 

magnetogyric ratios, the low energy configuration or state has the spin vectors 

parallel to B0 and the high energy state has the spin vectors antiparallel to B0. In 

the NMR experiment one observes transitions between these so-called Zeeman 

states. The frequency of the transition is proportional to the applied magnetic field 

and the magnetogyric ratio of the nuclei:  

ν = γN B0 / 2π. 
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In practice a short intense electromagnetic radio frequency (RF) pulse, 

perpendicular to B0, is applied and its frequency has to correspond to the 

resonance frequency, also called Larmor frequency. 

As already mentioned, when a group of spin-1/2 nuclei are placed in a 

magnetic field, each spin aligns in one of the two possible orientations. If nupper is 

the number of spins in the upper level and nlower the number in the lower energy 

level, Boltzmann statistics tells us that 

(nupper / nlower) = exp (−∆E/kT)  

where k is the Boltzmann's constant, 1.3805 x 10−23 J/Kelvin, and T is the 

absolute temperature in Kelvin. ∆E is the energy difference between the two 

states, and is related to the frequency, ν, by Planck's constant, h = 6.63 x 10−34 J s: 

∆E = h ν. Because ∆E is very small, this ratio is close to one at room temperature. 

The intensity of the NMR signal is proportional to the population difference 

between the states; therefore it is advantageous to work at high magnetic field 

strengths and low temperature.  

The “electron cloud” present around a nucleus creates a magnetic field that 

generally opposes the external field and therefore shields the nucleus of interest. 

The effective magnetic field experienced by the nucleus is reduced, and this 

results in a shift of the specific resonance frequency; the frequency then becomes: 

νi = γ B0/2π (1−σi) 

with σi, the shielding constant. Nuclei in different local environments have 

different and particular resonance conditions. The RF pulse generates a symmetric 

frequency band around the transmitter frequency (set approximately to νi).  
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Following excitation by the RF pulse, the spin system returns to thermal 

equilibrium by re-emitting the absorbed energy. The relaxation process is 

described by two time constants T1 and T2. T1 is the spin-lattice relaxation time 

and describes how the z-component of the nuclear spin magnetization, MZ, returns 

to its thermal equilibrium value M0:  

MZ = M0 (1 – exp (−t/T1))  

T2, the spin-spin relaxation time, describes the return to equilibrium of the 

transverse magnetization, MXY: 

MXY = MXY0 exp (−t/T2) 

In general, T2 is less than or equal to T1.  

All 13C NMR experiments in the present study were conducted with magic-

angle (54.74°) spinning (MAS) to average chemical shielding anisotropy to zero. 

Resonance frequencies of the nuclei are expressed as chemical shifts (δι) in parts 

per million (ppm), with  

δι/ppm = (νi – νref) / νref 

In this study, chemical shifts were externally referenced to tetramethylsilane using 

the adamantane peak at 38.56 ppm (Earl and VanderHart, 1982). 

 

1.3.2. The cross polarization technique 

The abundance (1.1%) and magnetogyric ratio (6.728284 107 rad.s−1.T−1) of 

13C make its detection by NMR spectroscopy much harder than is the case for 1H. 

The cross polarization (CP) technique uses the large natural abundance (99.99%) 

and relatively large magnetic moment of protons to enhance the NMR signals of 
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“rare” or “dilute” spins such as 13C. To establish magnetisation transfer between 

two spins the RF pulses that are applied on the two frequency channels must 

fulfill the Hartmann-Hahn condition (Axelson, 2012):  

γH x B1H = γC x B1C 

This can be achieved by applying adjusted RF fields B1H and B1C during a contact 

time (tc). The spin-lattice relaxation time of hydrogen, T1
H, being much shorter 

than T1
C, CP allows for shorter pulse delay (Axelson, 2012), hence shorter total 

acquisition times. This, added to the transfer of magnetisation from 1H to 13C, 

increases the signal-to-noise ratio. Because of its principle, CP becomes 

impractical when the number of hydrogen present in the sample becomes too low. 

In that case, the experiment will likely not be quantitative. Similarly the 13C signal 

will be most intense if the following condition is fulfilled: 

TCH << tc << T1ρ
H 

 where TCH is the cross-relaxation time. It ensures that proton spin-lattice 

relaxation in the rotating frame is slow during the time cross polarization is taking 

place. TCH generally increases with molecular motion (Hore, 1995) and the 

distance between the 13C nucleus and the protons (Axelson, 2012). Finally the 

spin system must be totally returned to thermal equilibrium before a new RF pulse 

is applied, to avoid saturation. In practice, the pulse delay should be in the order 

of 5 x T1ρ
H (Smernik). 

In the different chapters of this thesis, I used a modified version of the CP 

technique: the variable-amplitude cross polarization (VACP; Peersen et al., 1993). 

This specific pulse sequence (Figure 1-3) optimizes the cross polarization by 
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restoring a broad matching profile to the Hartmann Hahn conditions (Axelson, 

2012). This is achieved by modulating the proton field power during the contact 

time. High-power 1H decoupling (TPPM sequence) was used to suppress 

heteronuclear spin coupling between 1H and 13C. 

 

Figure 1-3. The variable-amplitude cross polarization (VACP) pulse sequence 

with application of ten proton amplitudes [adapted from Peersen et al. (1993)]. 

 

1.3.3. The direct polarization technique and spin counting 

With the direct polarization (DP), also called Bloch-decay, technique, 13C 

nuclei are exposed to short and intense pulses of radiofrequency radiation to bring 

13C magnetisation into the transverse plane (Axelson, 2012). Because it directly 

excites the 13C nuclei, DP experiment is in theory quantitative. However, 

relaxation of 13C magnetisation back to equilibrium is particularly slow (i.e., long 

relaxation time T1
C), necessitating long recycle delays and resulting in particularly 

long acquisition times. 
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The potential to determine quantitative distributions of functional groups is a 

major advantage of solid-state 13C NMR spectroscopy. Following Smernik and 

Oades’ (2000a) methodology, I used spin counting to determine if the DP spectra 

were representative of all the carbon moieties in the samples. Spin counting relies 

on comparing the 13C NMR integrated signal intensity of a sample for which the 

mass and carbon content are known with that of a standard, which is known to 

provide a quantitative signal. In this study, I used glycine as external reference 

material. I determined how much of the expected signal was actually detected in 

the NMR spectra. The C observability, Cobs, corresponds to the fraction of the 

expected NMR intensity actually observed. It is assumed that the intensity of the 

NMR resonances quantitatively reflects the distribution of 13C environments in 

the sample if Cobs = 100% (Smernik and Oades, 2000b). A value < 100% implies 

that part of the potential signal was not detected. By further comparing the 

distribution of the total intensity between the CP and DP spectra I was able to 

determine if the CP experiments were quantitative. 

 

1.3.4. Data analysis 

For each set of samples (series of samples that was to be compared), the same 

processing steps needs to be applied. First the probe background signal needs to 

be subtracted. Background signal can arise from rotors, rotor end-caps and the 

probe itself if these components contain carbon. The rotors I used were made 

from zirconium oxide which contain no carbon and hence do not give rise to any 

background signal. The rotor end-caps were made from a fluoro-polymer (e.g., 
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Kel-F) and can be a significant source of background signal. The stator of a MAS 

probe does not usually contain carbon, but plastics or glues that are sometimes 

present in the probe can generate a significant background signal (Smernik). I 

acquired spectra on an empty rotor, under the same acquisition conditions than the 

rest of the samples to assess the background signal. I then subtracted the 

background free induction decay (FID) from the sample FID.  

The 13C NMR spectra are typically divided into different spectral regions, 

each corresponding to a major type of carbon, as described for instance in 

Baldock & Smernik (2002): ketone (215–190 ppm), carbonyl and amide (190–

165 ppm), O-aryl (165–145 ppm), aryl and unsaturated (145–110 ppm), di-O-

alkyl (110–90 ppm), O-alkyl (90–65 ppm), methoxyl and N-alkyl (65–45 ppm), 

alkyl (45–0 ppm). 

Another concern regarding quantification is the presence of spinning side 

bands (ssbs). The latter occur in solid-state NMR spectra when the rate of magic 

angle spinning (MAS) is lower than the chemical shift anisotropy. The latter is 

proportional to field strength. First order ssbs are most important for carbonyl and 

aromatic resonances; for alkyl and O-alkyl, ssbs are negligible. There are three 

principal ways to handle the spinning side bands. First, the use of high MAS rates 

can remove the ssbs from the region of interest. Second, some pulse sequences 

(e.g., TOSS) can be used to suppress the ssbs. However, this can generate 

quantification problems and I thus chose not to use these pulse sequences. Third, 

ssbs can be corrected for during integration (e.g., Baldock and Smernik, 2002). 

First order ssbs are approximately of equal intensity, and appear on either side of 
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the central band at frequencies shifted by the MAS rate. On a 200 MHz 

spectrometer (B0 = 4.70 T), with a MAS speed of 5 kHz, 13C ssbs emerge 100 

ppm from the central bands. The high ppm ssbs resulting from the aromatic and 

carbonyl resonances generally do not overlap with any resonances in OM 

samples. Signal loss from the central band of these resonances can be corrected 

for by adding twice the intensity of ssbs. However, the low ppm ssbs resulting 

from the aromatic and carbonyl resonances overlap with resonances in the O-alkyl 

and alkyl regions, respectively. To correct for ssbs, the intensity of the high ppm 

ssbs needs to be subtracted. 

 

1.4. Boreal forests 

1.4.1. The different forest biomes 

Forest biomes occupy approximately a third of Earth's land area, and contain 

about 70% of carbon present in living organisms. Based on latitude, three major 

forest types are identified: tropical, temperate and boreal forests. Carbon 

sequestration and release vary substantially by forest, but generalization can be 

made following these forest types.  

Tropical forests are located around the equator. Soils of these forests are 

nutrient-poor and acidic (e.g., Ferralsols in tropical rain forests); they are also 

subject to heavy leaching, in relation to the heavy rains that most of these forests 

are receiving. Decomposition and nutrient cycling occur rapidly, and half of the 

total carbon (270 x 103 kg/ha) is stored in the aboveground vegetation. Species 

diversity is very high.  
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Temperate forests occur in mid-latitudes of both hemispheres. Some are 

dominated by coniferous trees while others are dominated by broadleaf trees; 

there are also a few mixed forests. Overall, temperate forests have much lower 

plant species diversity than tropical forests. Soil characteristics are very 

dependent on parent geological material, precipitation and vegetation types. More 

than one-third of the total carbon (170 x 103 kg/ha) is stored in the vegetation, and 

nearly two-thirds in the soil. Most of these forests are managed. 

 

1.4.2. Boreal forests 

Boreal ecosystems cover 24 x 107 km2, 17% of the Earth terrestrial land area 

but account for 30% of the world soil carbon; they include boreal forests in the 

southern range and treeless tundras in the north. The boreal forest biome is 

restricted to the northern hemisphere and forms a circumpolar belt through 

northern Eurasia and North America, which consists of a broad complex of 

forested and partially-forested ecosystems (Apps et al., 1993). The boundary 

between boreal and temperate forests is not sharp, but occurs instead as a 

transitional zone with mixed forests or as a mosaic of temperate deciduous species 

established on favorable soils while conifers occupy colder sites. Boreal forest 

soils represent a massive global carbon pool estimated at 272 ± 23 Pg (Pan et al., 

2011). Podzols are very common soils in boreal forests: part of the carbon pool is 

found in the podzolic B horizons, while the rest is stored in forest floors. Because 

of the short growing season and low mean temperatures (responsible for slow 

decomposition), boreal forests are often dominated by conifers, and are 
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unproductive compared to forests located in less constraining climates: vegetation 

stores less than one-sixth of total carbon (450 x 103 kg/ha).  

Boreal forests are exposed to large-scale and recurrent natural disturbances 

(e.g., wildfires, insect outbreaks) as opposed to tropical forests where local natural 

disturbances prevail. These major disturbances significantly affect the carbon 

cycle. And because boreal forests constitute the largest carbon pool of terrestrial 

carbon – they generally contain more carbon than temperate or tropical forests – it 

is particularly relevant to study how changes in disturbance regimes triggered by 

climate change/global warming will affect carbon sequestration in these forests.  

Quebec’s boreal forest covers 1.2 million km2, 21% of Canada’s boreal forest. 

With about 800–1000 mm of annual precipitation (at least in the southern range of 

the boreal domain, i.e., in the closed crown forests), Quebec boreal forests are 

amongst the more humid boreal forests. These abundant precipitations are, at least 

partially, responsible for less frequent fires in eastern Canada compared to 

continental Canada, and generally thick forest floors. 

 

1.5. BC storage and degradation 

1.5.1. Is recalcitrance an appropriate notion? 

In ecology, recalcitrance is often associated with variations in decomposition 

rates experienced by different SOM moieties, and is therefore tightly linked to 

microbial decomposition. But agreeing on a common definition is challenging. 

Some frequently used definitions include: recalcitrance as a material property 

(molecular level); recalcitrance as a characteristic of old organic compounds with 



24 
 

slow turnover time; recalcitrance as an operational characteristic of organic 

materials that would be decomposed in the latest stages of an incubation 

experiment and/or would resist a chemical treatment (Kleber, 2010). The accepted 

idea is that those three things are tied up together in the following reasoning: 

organic matter with particular molecular properties (like a high proportion of 

aromatics) would be decomposed in the latest stages of an incubation experiment 

and would therefore achieve long residence time in the system. 

Recalcitrant compounds are resistant to biodegradation for reasons that could 

be biological, environmental or chemical. Biological and environmental reasons 

include: the absence of required nutrients (limiting nutrients); presence of 

unfavourable environmental conditions (e.g., pH, redox potentials, temperature, 

etc.); presence of a substance at high concentration (toxicity); the compound may 

be at too low a concentration; the compound may not be bioavailable (e.g., 

entrapment into microaggregates, complexation, etc.); the microbial population 

does not produce the correct enzymes, or the microorganisms capable of 

degrading the substance are missing from the environment. For chemical factors, 

it is mostly based on structure-function relationships: some chemical structures 

and molecules are resistant to the range of enzymes produced by microorganisms. 

It is often the case with xenobiotic compounds.  

Intrinsic recalcitrance may not exist, rather it is more likely that the fate of 

organic matter in an ecosystem and its residence time may be more controlled by 

the interactions between the nature (chemical properties/molecular structure) of 

organic material, the microbial communities present and abiotic conditions 
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(Kleber, 2010). For instance, Kleber (2010) argues that decomposition rates are 

not directly linked, or at least not only and surely not primarily, to intrinsic 

features of the organic material but rather are dependant on the microbes present 

in the system as well as the additional environmental and abiotic conditions (e.g., 

low temperatures, lack of oxygen, etc.). SOM preservation is therefore probably 

not a molecular property (i.e., recalcitrance), but more an ecosystem property 

(Schmidt et al., 2011). To conclude, it might be time to abandon the concept of 

recalcitrance, especially for carbon cycling modeling purposes, and conceive 

SOM preservation as primarily dependant on environmental conditions (biotic 

and abiotic). Nevertheless, in the context of recalcitrance of soil organic matter, 

fire-derived SOM constitutes a special case. Because of its intrinsic variability – 

resulting from fire variability – adequate micro-organisms capable of achieving a 

complete degradation of those products may be missing from the environment. 

More importantly, the decomposition pathways of fire-derived organic matter are 

still uncertain (Schmidt et al., 2011). 

 

1.5.2. BC degradation  

Stability has often been part of BC definition, and because of its supposed 

resistance to oxidation, BC was first believed to be systematically part of the 

passive carbon pool (e.g., Goldberg, 1985; Kuhlbusch and Crutzen, 1995; 

Schmidt and Noack, 2000; González-Pérez et al., 2004). However, to account for 

discrepancies between BC production and available BC pools, natural degradation 

processes of BC must take place (Masiello, 2004; Czimczik and Masiello, 2007). 
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Considering the estimated production rate proposed by Kuhlbusch and Crutzen 

(1995; 0.05–0.27 Pg/year), and assuming that BC produced by biomass burning 

has been accumulating since the Last Glacial Maximum, BC pool in the 

pedosphere would account for 25–125% of total soil carbon (Masiello and 

Druffel, 2003). This does not match the reported BC contents (maximum 

observed in Chernozemic soils is 35%; cf. p10), suggesting that BC must be 

abiotically or biotically degradable. BC degradation has been observed both in 

incubation experiments and in natural environment, suggesting that under the 

right conditions at least part of the BC could be degraded by fungi and/or bacteria. 

Knowing that pyrogenic ecosystems have been around since the Late Silurian 

period (Paleozoic era), it is likely that some microorganisms have developed the 

appropriate enzymes to degrade BC (Kleber, 2010). 

Many studies have pointed out possible losses through biotic or abiotic 

degradation. The discussion about possible microbial degradation of thermally 

altered biomass has been ongoing for over a century now. Potter (1908) was the 

first to report oxidation of coal and charcoal by microorganisms (bacteria). 

Shneour (1966) ran a 96-day incubation experiment in which a sterilized and an 

untreated soils were mixed with 14C labeled graphite and proved that bacteria 

were actively involved in the degradation of the graphite. Hamer et al. (2004) 

reported a positive priming effect of glucose addition on the mineralization of 

charred biomass and hypothesized that co-metabolism is an important process in 

BC decomposition. 
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The amount and the storage of BC in soils are controlled by a large number of 

variables, such as BC chemical composition (e.g., H/C and O/C atomic ratios 

influenced by the formation temperature) but also the soil and climate conditions. 

These factors also affect BC degradation rate. Baldock and Smernik (2002) tested 

the influence of temperature on the bioavailability of thermally altered red pine 

trees. The chemical changes resulting from the thermal treatment significantly 

reduced the ability of the microbes to mineralise the carbon contained in the 

charred residues. The C mineralisation rate constants decreased by an order of 

magnitude for wood heated to ≥ 200 °C, dropping from 13% with the wood 

treated at 150 °C to below 2%.  

Both Bird et al. (1999) and Hockaday et al. (2007) reported a change in color 

and consistency with ageing of the BC in natural conditions, suggesting that 

microbial degradation processes had altered the nature of the carbon compounds. 

A lower specific surface area and a higher BC/OC ratio were also observed 

(Hockaday et al., 2007). The presence of fungi on the older particles in that study 

could explain BC decomposition: the oxidation of BC to water-soluble 

compounds has been hypothesized to be accelerated by fungal co-metabolism 

(Hockaday et al., 2006). In these two studies (Bird et al., 1999; Hockaday et al., 

2007), BC bigger particles were rapidly degraded into smaller particles, the latter 

becoming more resistant to oxidation. Bird and colleagues (1999) also calculated 

the half-life for BC in a savanna grassland sandy soil and found that under well-

aerated conditions in a seasonal subtropical climate it was less than a century. 
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Cheng et al. (2006) investigated the relative importance of biotic and abiotic 

processes in BC oxidation. They concluded that abiotic processes played a more 

important role than biotic processes in oxidizing BC. In natural conditions, abiotic 

degradation processes are certainly occurring, with for instance, BC oxidation by 

subsequent fires. Other abiotic processes include transport from the system with 

wind and/or water erosion. Chemical oxidation increases the water solubility 

hence promoting abiotic BC loss through water erosion. 

Despite all these proofs, it remains very difficult to tease apart which factors 

are more influential in BC degradation, because of the various settings of these 

experiments, with both lab and field experiments looking at both naturally- and 

artificially-produced BC. 

 

1.6. Objectives and outline of the thesis 

The main objective of my PhD project was to evaluate the amount and the fate 

of black carbon in podzolic soils of fire-affected Quebec black spruce forests, 

along with variable fire severity. Hence, this thesis focuses on the following three 

research objectives: (i) To characterize black carbon chemical and physical 

properties and to assess how the latter are influenced by formation conditions, in 

relation to fire severity, (ii) To determine black carbon stocks and distribution in 

soil profile and investigate possible storage mechanisms in the mineral soil. 

As an opening chapter, this introduction reviews some of the literature 

available on black carbon and looks at some of the important concepts tackled 

later in the thesis. It is followed by four chapters, which address the research 
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objectives, and a final chapter summarizing and concluding this work. The second 

and third chapters focus on the first research objective. Chapter 2 concentrates on 

alterations in fuels submitted to thermal treatment under controlled conditions, 

and the creation of a BC reference set. This experiment was devised to relate the 

observed fire severity to actual formation conditions, a posteriori. In chapter 3, I 

used the methodology developed in the previous chapter to look at variations in 

chemical and physical properties of BC collected in the field, and determine their 

formation conditions. This insight on BC production by wildfire was then used in 

chapter 4 to study BC stocks in forest floors. Chapter 5 completed the work on 

BC stocks by focusing on the mineral soil. Lastly the concluding chapter 

synthesizes and connects all the results from the previous chapters. It also 

indicates some limitations of this study and some future research perspectives. 
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Chapter 2. Laboratory charring conditions affect black carbon properties: 

A case study from Quebec black spruce forest 

A version of this chapter has been submitted for publication to Organic 

Geochemistry. 

 

2.1. Introduction 

Black carbon (BC) is commonly defined as the highly condensed 

carbonaceous residue produced from the incomplete combustion of organic matter 

(Baldock and Smernik, 2002). Important defining properties of BC are its relative 

inertness, ubiquity in pyrogenic ecosystems, and high content of aromatic 

structures (Schmidt and Noack, 2000) although BC produced by wildfires tend to 

be composed of small aromatic clusters (Preston and Schmidt, 2006). However, 

an ambiguity persists in determining what constitutes BC, as no standard 

analytical method exists. Masiello (2004) proposed to define BC as a continuum. 

The idea was further explored by Hammes et al. (2007) with an inter-laboratory 

ring trial that aimed to resolve which techniques best assessed each part of the 

continuum.  

Soil organic carbon (SOC) constitutes by far the most important carbon stock 

in terrestrial ecosystems. Globally, soils store around 1.5 x 1015 kg C (Schlesinger 

and Bernhardt, 2013), i.e. 3-fold the amount found above ground in plants and in 

other living organisms. The C reservoir in boreal forest soils is particularly 

significant; it is estimated at 227 x 1012 kg (Kasischke and Stocks, 2000), which 

represents 17% of all terrestrial C. Studies showed that BC may be a significant 

component of the SOC pool (e.g., Schmidt et al., 1999; Ponomarenko and 



 

39 
 

Anderson, 2001; Skjemstad et al., 2002). Preston and Schmidt (2006) reported BC 

stocks in boreal forest floors of the order of 1000–2000 kg/ha, and considered 

these numbers as likely underestimates of the real stocks. Indeed, in boreal 

forests, the combustion of the thick forest floor layers by wildfire is often 

incomplete and BC is a major outcome. 

In addition to its potential importance in contributing to the overall SOC pool, 

the amount of BC left on site after fire may affect ecosystem recovery through 

modification of plant community dynamics and by stimulation of the N cycle 

(DeLuca et al., 2006). BC plays a notable role in soil microbial activity and 

nutrient cycling after fire (Wardle et al., 1998; DeLuca et al., 2006). 

Unfortunately, there is a lack of knowledge with regards to its composition and 

morphological features, although these may contribute to the rejuvenating effects 

of wildfire on soil properties (Certini, 2005). For instance, porosity directly 

affects the role BC plays in retaining water, nutrients and/or tannins, and its 

potential to provide habitats for microorganisms (Zackrisson et al., 1996; 

Hockaday et al., 2006; Hockaday et al., 2007). Characterization of BC chemical 

and physical properties is moreover critical for the purpose of its quantification, 

as demonstrated by e.g., Hammes et al. (2007) and Keiluweit et al. (2010). At the 

same time, there is an immediate need to introduce the BC pool into global carbon 

models under future climate change conditions (Bergeron and Flannigan, 1995), 

especially since an increase in fire frequency is expected for the boreal region.  

In this study, we focussed on BC properties that directly affect its ability to 

impact on soil functioning after fire, including its elemental and macromolecular 
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composition, and several key physical characteristics, such as porosity and surface 

area. We produced BC samples under controlled conditions and analyzed them 

using a set of diverse methods to (i) identify the range of chemical and physical 

properties of BC as it might be produced in boreal forests and (ii) identify the 

different influences of the formation conditions on these properties under a range 

of fire severity. This study is unique in its attempt to investigate the effects of 

thermal treatments simulating different wildfire conditions on major fuels from 

boreal forests.  

 

2.2. Material and methods 

2.2.1. Creation of reference set 

We created a reference set of laboratory-produced BC samples (n = 88) by 

controlling several key variables, namely: the type of fuel (Hammes et al., 2006), 

the maximum temperature reached during combustion (Baldock and Smernik, 

2002; Brown et al., 2006) and the duration of charring (Baldock and Smernik, 

2002). We also explored the influence of the abundance of O2 available during the 

thermal treatment on BC chemical properties.  

We selected biomass representing the most common fuels available in Quebec 

black spruce-moss forests. These included fresh (L) and partially humified (F) 

layers of Sphagnum sp. and Pleurozium shreberi dominated forest floor, bark, 

branches and needles from black spruce (Picea mariana), cones, branches and 

needles from jack pine (Pinus banksiana Lamb.) and twigs and leaves from 
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Labrador tea (Rhododendron groenlandicum). Similar fuel types are available in 

many boreal forests throughout Eurasia and North America. 

 

2.2.2. Charring conditions 

We chose the temperature and duration of charring associated with each 

charcoalification (Orvis et al., 2005) experiment to mimic, as close as possible, a 

range of plausible wildfire conditions, as they might occur in boreal forests 

(Miyanishi, 2001; Ryan, 2002; Taylor et al., 2004; Rein et al., 2008). Specifically, 

we varied the maximum temperature (MT) from 75 to 800 °C and the duration of 

charring from 0.5 to 24 h. We paired the charring conditions (MT, duration and 

O2) to further analyze their influence (Table 2-A.1). The experiments were 

performed with a muffle furnace under controlled temperature and charring 

duration. The amount of O2 was varied by either placing the fuels in a tin with a 

cap pierced with tiny holes (limited O2 input, i.e. partial pyrolysis) or by tightly 

wrapping them in Al foil before putting them in a sand bath (full pyrolysis). The 

objective of this O2 treatment was to simulate variations in pyrolysis conditions as 

they are likely to occur during a wildfire [BC forms both during the flaming and 

smoldering stages (Schmidt and Noack, 2000)]. However our experimental set-up 

did not allow us to measure differences in O2 content between the SB and T 

experiments. The charring duration refers to the time during which the fuel was 

held at MT. The time taken to reach MT was not included as one of the variables, 

and total time in the furnace varied among charcoalification experiments. The 

higher MTs (≥ 600 °C) were associated with short charring duration (Table 2-A.1) 
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as, during a wildfire, those temperatures are not likely to persist for long periods 

of time. With our muffle furnace, there was no possible adjustment of the heating 

rate. However, the latter was recorded and proved to be relatively constant among 

the different batches (13–19 °C.min−1), so we considered it a fixed parameter. 

Sufficient amount of fuel was used for each BC production to give at least 4 g of 

BC samples. 

 

2.2.3. BC characterization  

The BC samples were finely ground using a mortar and pestle or a mortar 

grinder (RM 100 mortar grinder, Retsch, Haan, Germany). The total amounts of 

C, H and N were determined from dry combustion using a CHN Analyzer (CEC – 

Control Equipment Corporation – Model 440 Elemental Analyzer with auto-

injector). The O content was estimated by difference from the ash free mass of the 

sample obtained after 6 h at 750 °C in a muffle furnace, in accord with ASTM 

Standard D1762-84 (ASTM, 2007). The procedure also provided the total ash 

content. All results reported for carbon, hydrogen, nitrogen and oxygen have been 

normalized to a dry and ash-free basis. 

Physical properties were characterized as follow. The BET (Brunauer et al., 

1938) specific surface area (multipoint) and the size pore distribution were 

characterised from N adsorption and desorption isotherms measured at 77.3 K 

with an Autosorb 1MP surface area analyzer (Quantachrome Instruments Corp., 

Boynton Beach, FL). Prior to analysis, samples were degassed at room 

temperature up to 150 °C (depending on the MT of formation) for 3 to 27 h 
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(average degassing time 20 h). BET surface area was derived from a multipoint 

plot over a range of relative pressure, P/Po = 0.05–0.35 (Sing et al., 1985). 

Calculation of the different pore volumes was done using the pore volume data 

with Autosorb 1 for Windows 1.52. 

BC heterogeneity, notably the size and shape of pores, was assessed using 

scanning electron microscopy (SEM). High-resolution digital images of the 

surface of different BC samples were obtained using a field emission SEM 

instrument (JEOL 6301F – JEOL Ltd.) with magnification ranging from 20 x to 

50000 x. Before being imaged through the SEM instrument, samples were coated 

with Au (Nanotech SEMPrep 2 sputter coater) to increase conductivity.  

 

2.2.4. Spectroscopic analysis 

To characterize BC macromolecular structure, we used a non-destructive 

method: solid-state 13C NMR spectroscopy with magic angle spinning (MAS). 

The 13C nuclei (1.1% natural abundance) provided information about the various 

functional groups in the samples (Axelson, 2012). Usually studies focussing on 

organic matter use cross-polarization (CP) as it generally allows acquisition of 13C 

NMR spectra in less time. However, the CP efficiency for chars is reduced 

(Baldock and Smernik, 2002) because of the absence of particularly mobile 1H 

nuclei (Freitas et al., 1999; Smernik et al., 2002). To verify that our CP spectra 

were representative we used the more quantitative Bloch decay (BD) also called 

direct polarisation (DP) technique (Preston and Schmidt, 2006) on a subset of 

samples.  
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The 13C NMR experiments were conducted with a Chemagnetics CMX 

Infinity 200 Spectrometer. A 7.5 mm Chemagnetics double resonance MAS probe 

was used to spin the samples at 5 kHz at the magic angle (54.7°). Samples were 

packed into a 7.5 mm o.d. zirconium oxide rotor equipped with a Kel-F® drive tip 

and Teflon end cap and spacer. Chemical shifts (ppm) were externally referenced 

to tetramethylsilane (TMS) by setting the high frequency peak for adamantane to 

38.56 ppm (Earl and VanderHart, 1982). Spectra were acquired at 50.3 MHz.  

We used a variable-amplitude CP (VACP) pulse sequence (Peersen et al., 

1993) to obtain the free induction decays (FIDs) of the CP spectra, using a 

spectral width of 30 kHz; 1024 data points were collected over an acquisition time 

of 34.1 ms. All spectra were then zero-filled to 8192 data points. The background 

13C NMR signal, obtained by the acquisition of the spectrum of an empty rotor, 

was subtracted before processing the FIDs. The number of scans acquired for the 

CP spectra ranged from 8432 to 9468. We used a 1 ms contact time, a 90° 1H 

pulse of 4.5 µs duration and a recycle delay of 10 s. Finally, we applied 

Lorentzian line broadening of 60 to 100 Hz before performing the Fourier 

Transform. The spectra were divided into eight spectral regions, each 

corresponding to a major C type, as described by Baldock and Smernik (2002). 

Briefly, the intensity associated with the following regions was quantified by 

integration: ketone C (215–190 ppm), carbonyl and amide C (190–165 ppm), O-

aryl C (165–145 ppm), aryl and unsaturated C (145–110 ppm), di-O-alkyl C 

(110–90 ppm), O-alkyl C (90–65 ppm), methoxyl and N-alkyl C (65–45 ppm), 

alkyl C (45–0 ppm), while using the regions with high chemical shift (290–
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215 ppm) to correct for the spinning side bands. In doing so, we assumed that the 

side bands were of equal intensity on either side of the isotropic peak. While 

likely accurate for the aromatics, this may not be so true for the carbonyls. 

Because our spectra did not show any large carbonyl peak, we decided that it was 

safe to apply this methodology. For part of the statistical analysis, the regions 

were simplified into four regions: carbonyl C (215–165 ppm); aromatic and 

phenolic C (165–110 ppm); O-alkyl C (110–45 ppm); alkyl C (45–0 ppm).  

For the DP spectra, 884 to 888 scans were acquired using a 90° 13C pulse of 

4.5 µs. To allow complete relaxation, the recycle delay was set to 100 s. The FID 

of the background signal was subtracted from the FID of the sample before 

processing; all spectra were zero-filled to 8192 data points and a Lorentzian line 

broadening of 60 to 100 Hz was applied to the FID. Applying Smernik and 

Oades’ (2000a) methodology, we used spin counting to determine if the DP 

spectra were representative of all the C moieties in the samples. Glycine (Fisher 

Scientific, reagent grade) was used as external reference material. The C 

observability, Cobs, corresponds to the fraction of the expected NMR intensity 

actually observed. It is assumed that the intensity of the NMR resonances 

quantitatively reflects the distribution of 13C environments in the sample if Cobs = 

100% (Smernik and Oades, 2000b). A value < 100% implies that part of the 

potential signal was not detected.  

Even though CP experiments are not commonly considered as quantitative, 

we concluded, based on comparison with the respective DP spectra, that they 

represented the distribution of the total intensity quite accurately, further 
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indicating that the majority of the aromatic/quaternary carbons efficiently cross-

polarized. The results (Table 2-B.1) are similar to previous observations (Baldock 

and Smernik, 2002; Knicker et al., 2005). We therefore used the results from the 

VACP spectra for the remainder of the study. 

 

2.2.5. Data analysis 

The analytical methods described above were applied to different subsets of 

samples in order to reduce the cost and time of analysis. Elemental analysis was 

performed on 67 of the 88 samples. The 13C NMR VACP experiment was 

performed on 40 samples [Sphagnum spp.; black spruce (bark; branches + twigs; 

needles); Rhododendron g.], while only a subset of ten BC samples was subjected 

to both VACP and DP associated with spin counting 13C NMR experiments. We 

were not able to acquire 13C NMR spectra for the BC produced at 800 °C because 

of our inability to properly tune the probe containing these samples. This 

phenomenon has been related to the high electrical conductivity associated with 

the alignment of aromatic sheets (Freitas et al., 1999) in such samples. Because 

surface area analysis is time-consuming, only a subset of 14 samples (Sphagnum; 

black spruce branch; Rhododendron g. at specific MTs) was examined. Finally, 

scanning electron micrographs were obtained for 20 samples [Sphagnum spp.; 

black spruce (branch + bark); Rhododendron g. at specific MTs]. 

The different biomass types were grouped into the following four main fuel 

types for part of the statistical analysis: moss (Sphagnum spp. and Pleurozium 
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shreberi), ericaceous shrub (Rhododendron groenlandicum), “wood” (branches 

and bark) and needles from black spruce (Picea mariana).  

We conducted analysis of variance (one- and two- ways) and paired t-tests to 

isolate the influence of the different formation factors, using SAS 9.2 (SAS 

Institute Inc., Cary, North Carolina). The influence of duration of charring and O2 

abundance on BC physical properties was not tested because of time limitations; 

for these two variables, the results presented below only cover chemical 

properties.  

 

2.3. Results and discussion 

2.3.1. Influence of MT 

Yield and chemical composition 

The yield of BC decreased with increasing MT (Table 2-1). Most of the 

distinct decrease in yield (36–50%) between 75 °C and 250 °C can be attributed 

to moisture loss (Melkior et al., 2012). There was another steep decrease between 

250 °C and 350 °C, likely due to the decomposition of hemicellulose and release 

of CO and CO2 (Miyanishi, 2001). The remaining yield decrease for MT ≥ 350 °C 

can be explained by cellulose degradation followed by lignin degradation (Antal 

and Grønli, 2003; Belderok, 2007; Melkior et al., 2012). The additional weight 

loss > 425 °C was smaller (5–13% decrease) and likely caused by the final stages 

of lignin degradation and release of volatile matter (including tar).  

For all fuel types, we observed a progressive increase in C content and a 

decrease in O and H contents with increasing MT (Table 2-1). The atomic H/C 
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ratio values generally agreed with observations from Hammes et al. (2006), who 

reported that an atomic H/C ratio > 0.5 seemed to characterize chars which 

experienced temperatures < 500 °C, whereas chars with H/C < 0.5 were mostly 

formed at higher temperature (≥ 500°C). For all fuels, N concentration first 

slightly increased up to 425 °C and then decreased back to initial level (Table 2-

1). The trend agrees with previous studies (Baldock and Smernik, 2002; Lang et 

al., 2005; Calvelo Pereira et al., 2011), and suggests that at low to intermediate 

temperature (≤ 425 °C), N is included in newly formed unsaturated heterocyclic 

compounds (Knicker, 2007) and is not volatilized until higher temperature. The 

BC ash content also increased with increasing MT and BC produced at 800 °C 

contained significantly more ash than BC formed at lower MT (Table 2-1).  

For temperatures as low as 250 °C, a change in the NMR spectra was 

observed for all fuels (Figure 2-1), with a relative decrease in the signals 

characteristic of carbohydrates (105 ppm, 74 ppm, etc.) compared with the 

materials treated at 75 °C. As MT increased from 250 to 350 °C, there was a shift 

from BC spectra dominated by O-alkyl functional groups (related to cellulose and 

hemicelluloses) to aryl and alkyl dominated spectra. The NMR spectra confirmed 

results from the elemental analysis in that the transition between 250 and 350 °C 

was a key point for the evolution of the samples along the temperature gradient. 

At 350 °C, the relative increase and appearance of broad peaks around 130 ppm 

and 20–25 ppm matched the beginning of char formation (Inari et al., 2007). 

The distinct shoulder around 150 ppm in spectra acquired at MT ≥ 250 °C is 

due to aromatic C linked to O, such as phenols and derivatives (Freitas et al., 
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1999). Above 350 °C, the 13C NMR spectra are dominated by aromatic non-

oxygenated carbons (130 ppm), the latter peak becoming narrower with 

increasing MT.  

The dominance of aryl groups with increasing MT (Figure 2-1) reflects the 

conversion of the fuel macromolecules into small aromatic O-containing 

heterocyclics (Baldock and Smernik, 2002; Chatterjee et al., 2012). Using the 

spectroscopic data, we calculated the degree of aromatisation, which corresponds 

to the ratio of aromatic C (165–110 ppm) to aliphatic and O-containing C (110–0 

ppm) (Keiluweit et al., 2010). When comparing BC formed under strictly 

pyrolytic conditions (SB), the degree of aromatisation significantly increased with 

increasing MT, corresponding to decreasing H/C and O/C atomic ratios (Table 2-

1). This increase in the relative proportion of aryl-C structures is an indicator of 

the increasingly condensed nature of chars (Keiluweit et al., 2010). At 800 °C, the 

formation of structures containing unsaturated carbons such as aromatic rings 

associated with the increase in condensation was indirectly noticeable by our 

inability properly tune the probe containing BC formed at this MT, as reported by 

(Freitas et al., 1999). 

The increase in aromatic content and decrease in atomic ratios observed with 

increasing MT have been associated with increasing resistance to biotic 

degradation (e.g., Baldock and Smernik, 2002; Zimmerman, 2010; Harvey et al., 

2012). This is an important result regarding BC potential as a valuable carbon 

sink after wildfires. 
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Physical properties 

With increasing temperature, we observed an increase in specific surface area 

(by two orders of magnitude between 75 °C and 600 °C) for the black spruce and 

the Sphagnum BC (Table 2-1). Similar observations were made by Hammes et al. 

(2006) in an investigation of grass and wood chars. From comparison with other 

BC studies, they deduced that BC formed at low temperature tends to have low 

surface area (< 25 m2.g−1), while BC formed at high temperatures usually has a 

large surface area (214–336 m2.g−1). As illustrated from SEM, samples produced 

at 75 °C and 250 °C showed little porosity (Figure 2-2). In these samples cell 

structures were also preserved, with the membrane of the bordered pits clearly 

present for the Rhododendron and black spruce branch BC. The largest increase 

in specific SA (both for black spruce branch and Sphagnum) occurred between 

600 °C and 800 °C, and was particularly marked for the wood BC (Table 2-1). 

With this range of MT, we also observed a partial or total destruction of fuel cell 

structure (Figure 2-2). At 600 °C, there was evidence of intermediate melt in the 

structure of BC from black spruce branch. This was likely formed by the 

decomposition and softening of some volatile fractions (Lua et al., 2004), which 

could explain the relatively lower BET surface area vs. the BC from Sphagnum 

(Table 2-1).  

The increase in MT resulted in changes in the distribution of BC porosity 

(Figure 2-3). The shape of the adsorption and desorption isotherms and their 

associated hysteresis loops (Figure 2-4) also helped characterize the type and 

shape of the pores (Han et al., 2006). Type II isotherms with a very small closed 
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hysteresis loop (Figure 2-4a) included BC from Sphagnum at 75 °C, black spruce 

branch at 75 °C and 250°C, and Rhododendron at 250 °C), and was characteristic 

of a porosity dominated by macropores (Figure 2-3). BC from Rhododendron at 

425 °C, black spruce branch, Sphagnum and Rhododendron at 350 °C engendered 

a type H3 non-closed hysteresis loop (Figure 2-4b), indicative of narrow slit-

shaped pores (Bourke et al., 2007). Finally, BC from black spruce branch and 

Sphagnum at 425 °C and 600 °C, and black spruce branch and Sphagnum at 

800 °C generated a type H4 hysteresis loop. The 800 °C BC had a closed loop 

(Figure 2-4c) while BC formed at lower temperatures presented a non-closed 

loop. Slit-like pores are frequently the cause of a type H4 hysteresis loop, and 

these samples, exhibiting the highest measured specific surface areas, were 

dominated by micropores (Figure 2-3). In a review including studies of BC 

produced under controlled conditions from various fuels and at a broad range of 

temperature, Downie et al. (2009) similarly reported an increase in specific SA, 

mostly related to an increase in microporosity with high MTs. 

 

2.3.2. Influence of fuel type  

Yield and chemical composition  

There were no significant differences in BC yield between the various types of 

fuel when considering the entire temperature gradient, and comparing analogous 

charring conditions (Table 2-1). Similarly, atomic ratios and C content were not 

significantly influenced by the type of fuel. BC from black spruce branches 

generated less ash than the BC from other precursor materials. This could be 
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explained by the fact that the non-photosynthetic parts of softwood trees have a 

relatively low ash content vs. other fuels (Ponomarenko and Anderson, 2001). 

However, there was no significant difference in ash content over the whole 

thermal gradient between the various types of fuel. 

The 13C NMR spectra illustrate how fuel type affected the composition of the 

samples exposed to low thermal treatment (Figure 2-5). When only dried (75 °C), 

the different types of fuel gave distinctive spectra exhibiting representative peaks 

attributed to cellulose, hemicelluloses and lignin (Wikberg and Maunu, 2004; 

Inari et al., 2007; Melkior et al., 2012). Based on the relative intensity of the 

different peaks in the Sphagnum spectrum (Figure 2-5), it could be concluded that 

this particular fuel contained a higher proportion of carbohydrates than the black 

spruce wood or the ericaceous shrub. This can be explained by the reduced lignin 

fraction in this particular fuel type.  

Differences among fuel types persisted until a MT of 250 °C to 350 °C 

(Figure 2-1). At 250 °C, the spectrum of black spruce BC looked far more 

complex than the one from Rhododendron and Sphagnum. For all fuels, there was 

a distinct increase in the aromatic and phenolic C content, compared with results 

obtained at 75 °C. The black spruce and Rhododendron had a smaller increase in 

carbonyl C. The appearance of a broad peak centered around 20–25 ppm for all 

fuels indicated a higher alkyl content. This signal was most intense for the 

Rhododendron, and also sharper, suggesting less heterogeneity in the functional 

groups present. Peaks at 65, 74, 84 and 89 ppm in the black spruce BC clearly 

revealed the persistence of the cellulose.  Peaks related to cellulose decreased 
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substantially for the Rhododendron and were totally absent from the Sphagnum 

BC spectrum (Figure 2-1). Hemicellulose (173 ppm) and lignin (56 ppm) 

structures were still visible in the black spruce and Rhododendron BC spectra. 

The near disappearance of the other hemicellulose signals (20 ppm and 102 ppm), 

paralleled by the increase in relative intensity of the peak at 173 ppm, suggests 

carbohydrate degradation with concurrent acetic acid release (Sivonen et al., 

2005). 

At 350 °C, the spectra began to look similar for all fuels, with the broad peak 

in the aromatic and phenolic C region (130 ppm) becoming predominant (Figure 

2-1). The BC from Sphagnum differed from BC produced from other fuels, with 

significant char formation that began at lower temperature (250 °C) than for the 

two other precursor materials (around 350 °C). Once again, this could be related 

to the reduced amount of the more thermally resistant lignin fraction. This result 

is important since this type of fuel represents a large C input to black spruce 

ecosystems as shown previously (Harden et al., 1997; Harden et al., 2000; Yu et 

al., 2002). For MT > 350 °C, there was no difference in the composition of BC 

produced from the different fuels. This is a slightly lower MT than that reported 

by Krull et al. (2009) in their review (500 to 600 °C), but the difference could be a 

result of the different duration of charring in the various studies. 

 

Physical properties  

Here we focus on the differences and/or changes in physical properties that 

are fuel-specific. We observed large differences in BC specific surface area 
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produced from the different feedstocks (Table 2-1). Considering analogous 

thermal treatments (MT, duration of charring, O2 abundance), the black spruce 

wood led to BC with a smaller specific surface area than the one created from the 

ericaceous shrub, which in turn had a smaller specific SA than that Sphagnum 

origin. BC from wood usually had higher SA than BC of grass origin (e.g. 

Keiluweit et al., 2010), as the original vascular structure and the pores created by 

escaping gas combined to produce a porous BC. On the SEM micrographs, the 

carbonaceous skeleton of the former wood capillary structure was clearly visible 

(pores in the range of 10 µm) for the black spruce wood BC produced at high MT 

(Figure 2-2). The higher values for the Sphagnum BC might be more related to 

the higher proportion of very small and rough particles in these samples rather 

than actual porosity. Pore volume distribution was also influenced by fuel type 

(Figure 2-3), with a higher proportion of micropores in the BC from Sphagnum. 

Based on the importance of mosses in boreal forests, the distinctive physical 

characteristics of moss BC are likely to be important for post-fire forest floor 

properties. 

 

2.3.3. Influence of charring duration  

Overall BC yield did not appear to be affected by the differences in charring 

duration. Lua et al. (2004) reported similar results and observed that once charring 

exceeded 2 h, the yield did not decrease further. Duration of charring only 

appeared to significantly influence the H/C ratio for the 600 °C charcoalification 

experiment. Shorter exposure (0.5 h vs. 6 h) did not influence the O/C atomic 
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ratio but resulted in higher H/C atomic ratio (Figure 2-6). Although there was no 

significant difference, BC produced with longer exposure to the MT had a higher 

ash content than BC exposed for shorter time. The evolution of the atomic ratios 

between the BC formed at 600 °C for 6 h with the BC formed at 800 °C for 0.5 h 

indicates that dehydrogenation was the only reaction occurring for the latter 

(Figure 2-6). On the other hand, the main reactions between 600 °C and 800 °C, 

when the charring duration was kept at 0.5 h for both MTs, followed a 

condensation pathway.  

The trend in the evolution of the atomic ratios with increasing MT (Figure 2-

6) is the same as that observed in two independent studies (Baldock and Smernik, 

2002; Keiluweit et al., 2010); however there are some differences worthy of 

discussion. The atomic ratios for our samples differed from those of Baldock and 

Smernik (2002) and Keiluweit et al. (2010) especially at low and intermediate 

temperatures (Figure 2-6). The main difference between the formation conditions 

of all the BC samples was the duration of charring: 1 h for Keiluweit et al. (2010), 

24 h to 72 h (until BC reached a constant mass) for Baldock and Smernik (2002) 

and 0.5 h to 24 h in our study. Charring duration is likely responsible for the 

discrepancy in atomic ratios; our results are indeed much closer to those obtained 

by Baldock and Smernik (2002), as were the charring durations we used. 

 

2.3.4. Influence of oxygen  

The presence of O2 significantly decreased BC yield at 250 °C. At the other 

MT, yield of BC produced in a tin or sand bath were not significantly different 
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(data not shown). This can be explained by the fact that O2 favours more complete 

combustion, reducing the production of char while producing more gas; this is 

exacerbated at lower temperatures. CO2 is indeed one of the most abundant 

gaseous products at the early stages of combustion (Degroot et al., 1988; Behar 

and Hatcher, 1995). 

BC samples produced in tins (with O2) at low temperature appeared as outliers 

from the main trend for a given fuel (Figure 2-6). At 250 °C, the presence of O2 

gave BC with significantly lower H/C values (2 to 3-fold) than those of BC 

produced under fully anoxic conditions (Figure 2-6). On the other hand, the 

influence of O2 on BC produced at higher temperatures was minimal (Figure 2-6). 

Further, its presence did not appear to significantly alter the O/C ratio, or the N 

content or ash content. The latter was unexpected as a more efficient charring 

process (in the presence of O2) should have increased the ash content of the 

residue (Krull et al., 2009). This might be related to the MT as well as the 

duration of charring. During thermal treatment, the fuel experienced two of the 

three following processes: drying (up to 150 °C); pyrolysis (in the absence of O2); 

and oxidation (when O2 was present). Under total pyrolysis conditions, 

condensation was the main pathway along the increasing thermal treatment 

gradient, whereas when O2 was at least partially available, oxidation prevailed 

(Figure 2-6). 
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2.3.5. Relative importance of various formation factors – example of the 

degree of aromatisation 

The degree of aromatisation illustrates the relative influence of the various 

formation factors (Figure 2-7). When there was only dehydration (75 °C; 24 h), 

the degree of aromatisation was very low under both conditions of pyrolysis (with 

or without O2). It increased for BC produced at 250 °C (24 h). At that 

temperature, the presence of O2 greatly favoured condensation (5-fold). If one 

compares the atomic O/C and H/C ratios for these samples (Figure 2-6), in the 

presence of O2 our values were close to those obtained by Baldock and Smernik 

(2002), implying that maximum condensation had been reached. Similarly, 

increasing the duration of charring from 12 to 24 h allowed a greater condensation 

as shown by the decrease in H/C ratio (0.83) (Knicker et al., 2005); although the 

decrease was smaller than in the presence of O2 (H/C = 0.40). From the 13C NMR 

results (Figure 2-C.1), it appears that the presence of O2 preferentially reduced the 

contribution of the O-alkyl C, methoxyl and N-alkyl C, and alkyl C regions. 

Increasing charring duration intensified the contribution of the regions located at 

higher ppm (ketone C, carbonyl and amide C, O-aryl C and aryl and unsaturated 

C; Figure 2-C.2). At 425 °C, the presence of O2 did not have a significant 

influence on the degree of aromatisation (Figure 2-7), which suggests that at 

425 °C a shorter duration of charring (6 h) was enough to achieve maximum 

condensation. Finally, BC formed at 600 °C (0.5 h) was even more aromatic when 

O2 was present, but plateaued under full pyrolysis. Figure 2-6 shows the increase 

in condensation when the charring duration was extended. This suggests a similar 
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behaviour as for the BC formed at 250 °C: short exposure to 600 °C was 

insufficient to reach maximum condensation but the presence of O2 was able to 

compensate.  

 

2.4. Conclusions 

Thermal treatment had a significant influence on both the chemical and 

physical properties of BC originating from various types of fuel. Results obtained 

for this reference set, produced under controlled thermal treatments, confirmed 

the importance of maximum temperature and fuel type as factors influencing the 

composition and physical properties of the resulting BC. Duration of charring and 

abundance of O2 also influenced BC chemical properties. 

As for the chemical properties, the type of fuel was most important for 

temperatures < 250 °C to 350 °C. Then, the main fuel components – namely 

cellulose, hemicelluloses and lignin – started to degrade and the maximum 

temperature became the dominant formation factor. Charring duration affected the 

composition at both low (250 °C) and high (≥ 600 °C) temperature. The presence 

of O2 affected BC composition mainly at low temperature, i.e. 250 °C, and 

resulted in accelerated alkyl C degradation. The H content and yield of BC were 

the two attributes most sensitive to other formation factors besides maximum 

temperature. With increasing temperature, we observed a decrease in yield, 

although at 250 °C, the presence of O2 also provoked a drastic decrease in yield.  

MT was the most influential factor with respect to physical properties. There 

was an important increase in BC porosity (specific surface area and total pore 
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volume) with the more severe thermal treatments. Nevertheless, BC physical 

features appeared to also be under the control of the type of fuel. 
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Tables and Figures 
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Table 2-1. Yield (%) and characteristics of BC produced from three fuel-types [Sphagnum spp., black spruce (BSP) 

branch and Rhododendron g.], under varying maximum temperature (MT), charring duration and pyrolysis type [sand 

bath (SB) without O2; tin (T) with limited O2; nd, not determined]. 

 

Fuel MT 
(°C) 

Charring 
duration 

(h) 

Pyrolysis 
type 

Yielda 
(%) 

Moisture 
content 

(%) 

Ash 
content 

(%) 
Cb, c (%) Hb, c (%) Nb, c (%) Ob 

(%) C/N  Atomic 
H/Cb 

Atomic 
O/Cb 

SSAd 
(m2/g)

Degree of 
aromatisatione

Sphagnum 75 24 SB 99.4 7.3 1.55 46.5 (0.7) 5.66 (0.09) 0.61 (0.01) 47.2 76.3 1.46 0.76 2.5 0.41 

Sphagnum 250 24 SB 53.4 2.5 6.17 70.5   4.25   1.43   23.8 49.2 0.72 0.25 nd 1.78 

Sphagnum 350 12 SB 41.5 1.2 9.02 70.9   4.07   1.45   23.6 48.9 0.69 0.25 13.8 3.27 

Sphagnum 425 6 SB 31.5 6.2 8.87 74.2   2.77   1.59   21.5 46.7 0.45 0.22 231.1 5.59 

Sphagnum 600 0.5 T 27.7 1.3 5.02 88.0 (0.3) 2.52 (0.31) 1.14 (0.05) 8.3 77.3 0.34 0.07 315.0 21.51 

Sphagnum 600 0.5 SB 30.3 1.0 7.61 86.2   2.85   1.27   9.7 67.9 0.40 0.08 nd 8.59 

Sphagnum 800 0.5 SB 18.3 2.5 26.98 84.3 (5.4) 1.35 (0.08) 1.13 (0.04) 13.3 74.6 0.19 0.12 502.9 nd 

BSP branch 75 24 SB 100.2 4.6 1.02 49.5 (1.4) 5.80 (0.25) 0.51 (0.10) 44.2 98.0 1.41 0.67 2.2 0.23 

BSP branch 250 24 SB 63.5 2.1 1.41 64.1 (1.6) 5.08 (0.22) 0.50 (0.11) 30.3 129.0 0.95 0.36 0.6 0.74 

BSP branch 350 12 SB 40.1 0.8 2.73 77.4   4.16   0.72   17.8 107.6 0.65 0.17 5.2 2.65 

BSP branch 425 6 SB 30.6 2.9 3.22 76.2 (8.0) 3.10 (0.53) 0.57 (0.20) 20.1 133.0 0.49 0.20 18.3 10.57 

BSP branch 600 0.5 SB 28.2 2.6 3.30 72.9 (10.6) 2.93 (0.77) 0.53 (0.14) 23.7 137.0 0.48 0.24 89.5 5.91 

BSP branch 800 0.5 SB 23.0 2.6 7.82 89.9 (0.6) 1.47 (0.05) 0.82 (0.01) 7.8 109.0 0.20 0.06 365.7 nd 

Rhododendron 75 24 SB 100.3 4.6 2.28 53.5 (0.1) 6.50 (0.07) 1.65 (0.07) 38.3 32.5 1.46 0.54 nd 0.39 
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Rhododendron 250 24 SB 62.1 1.4 3.74 66.2 (1.658) 4.64 (0.22) 2.31 (0.10) 26.8 28.7 0.84 0.30 1.0 0.90 

Rhododendron 350 12 SB 41.4 2.0 5.45 77.8 (0.1) 4.49 (0.04) 2.03 (0.01) 15.7 38.3 0.69 0.15 12.8 2.53 

Rhododendron 425 6 SB 32.6 0.6 6.23 77.5 (3.3) 3.32 (0.38) 2.55 (0.33) 16.7 30.4 0.52 0.16 3.7 11.33 

Rhododendron 600 0.5 SB 30.5 1.0 6.85 72.3 (12.6) 3.11 (0.36) 2.35 (0.44) 22.2 30.7 0.52 0.23 nd 8.52 

Rhododendron 800 0.5 SB 22.3 6.8 18.44 82.5 (0.2) 1.37 (0) 1.62 (0.03) 14.5 50.8 0.20 0.13 nd nd 
 

a dry wt. basis; b dry wt. and ash-free basis; c average (± SD), n = 3; d multi-point BET specific surface area (SAA) obtained by 

nitrogen adsorption at 77.3 K (7–8 data points); e degree of aromatisation defined by aromatic C/(aliphatic + O-containing C) ratio 

from 13C NMR CP spectra (i.e. ratio of the [165–110 ppm]/[110–0 ppm] regions). 
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Figure 2-1. 13C VACP NMR spectra of black spruce branch, Sphagnum and 

Rhododendron, submitted to different maximum temperatures (MTs) and charring 

durations.  
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Figure 2-2. SEM micrographs of BC from black spruce (BSP) wood (bark and 

branches), Sphagnum and Rhododendron submitted to increasing MT. The 

associated duration of charring is indicated. Magnification is 1000 x unless 

otherwise specified. The specific surface area (SA) in m2.g−1 obtained from N2 

BET multipoint is also shown. 
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Figure 2-3. Distribution of total pore volume (ml/g) between micro, meso and 

macropores for BC produced from black spruce (BSP) branch and Sphagnum at 

various MT values. 
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Figure 2-4. Main types of physisorption isotherms and hysteresis loops: (a) BC from 

Sphagnum at 75 °C, with a type II isotherm; (b) BC from black spruce branch at 

350 °C, with a type H3 hysteresis loop (indicative of narrow slit-shaped pores); (c) 

BC from Sphagnum at 800 °C, with a type H4 hysteresis loop (indicative of 

micropores). A, adsorption; D, desorption. The inserts on the right are ideal 

representations of types of physisorption isotherms or types of hysteresis loops. 
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Figure 2-5. 13C CP NMR spectra of three fuels after a thermal treatment at 75 °C 

for 24 h. Functional groups of the constituent macromolecules (cellulose, 

hemicelluloses and lignin) are tentatively assigned to the main peaks.  
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Figure 2-6. Van Krevelen diagram showing the BC produced here and those from 

Keiluweit et al. (2010) and Baldock and Smernik (2002). Our BC produced in full 

(SB) and partial (TIN) pyrolysis conditions is reported. Values represent an 

average (± standard deviation) for the types of fuel for a given MT and duration 

of charring.  
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Chapter 3. Early season fires in boreal black spruce forests produce black 

carbon with low aromatic content. 

A version of this chapter has been submitted for publication to Global 

Biogeochemical Cycles. 

 

3.1 Introduction 

Worldwide, boreal ecosystems cover 24 x 107 km2, and the associated boreal 

forest soils, which store more carbon per unit area than permafrost soils [Deluca 

and Boisvenue, 2012] represent an immense global carbon pool estimated at 227 x 

1012 kg [Kasischke, 2000]. The boreal forest is characterized by recurring 

wildfires that produce significant amounts of CO2; these forests subsequently turn 

into carbon sources for at least a decade [Bond-Lamberty et al., 2007; Hatten and 

Zabowski, 2009; van Bellen et al., 2010]. The combustion of the thick organic 

forest floor layers by wildfire is often incomplete and black carbon (BC) residues 

are a major by-product. Current climate models predict an increase in fire 

frequency and a potential shift in fire seasonality toward the spring in Canada 

[Flannigan et al., 2005; Wotton et al., 2010]. How present and future 

environmental conditions may affect the stability of boreal soil carbon pools, 

including that of BC residues, is currently poorly understood.  

Differences in biophysical conditions create spatial variation in wildfire 

intensity [Sousa, 1984]. Fire thus results in a mosaic of vegetation and soils 

burned to varying degrees [Turner and Romme, 1994], and consequently produces 

BC residues whose properties vary across the stand and the landscape. Fire 

severity, a component of the fire regime, refers to fire impacts on the terrestrial 
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ecosystem, including both vegetation and soil [e.g., Brown and DeByle, 1987; 

Turner and Romme, 1994; van Wagtendock, 2006]. However, an absolute scale of 

fire severity does not exist, since the degree of severity depends on the local 

ecosystem, where particular environmental and weather conditions further define 

fire behavior. Most fire severity assessments follow Ryan’s [2002] suggestions to 

consider the burn mosaic on three-dimensional levels: (i) the pattern of the burnt 

area over the entire fire perimeter; fire impacts (ii) on the aboveground 

compartment (vegetation) and (iii) on the belowground compartment (soil). 

Furthermore, the environmental conditions responsible for the spatial variation in 

fire regime appear at various scales: broad-scale climatic and weather conditions 

[Flannigan and Wotton, 2001], meso-scale environmental characteristics such as 

surficial geology [Kafka et al., 2001] and topography [Ryan, 2002], and local 

features such as vegetation/fuel conditions [Johnson and Miyanishi, 2001]. 

Spatial variability in fire severity therefore occurs at variable scales, ranging from 

thousands of km² to small patches of a few dm².  

Black carbon is the highly condensed carbonaceous residue from incomplete 

combustion processes of biomass. Because of its intrinsic variability, Masiello 

[2004] proposed that BC is a continuum of material. However, BC consists of so 

many end-products that it is almost impossible to define distinctive classes with 

quantitative boundaries [Lehmann and Joseph, 2009]. BC is generally considered 

an important component of the stable soil carbon pool [Kasischke, 2000; 

González-Pérez et al., 2004; Preston and Schmidt, 2006], although some studies 

caution against assuming that all BC is recalcitrant [Harden et al., 2000; 
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Hockaday et al., 2006; Czimczik and Masiello, 2007; Hammes et al., 2008; 

Preston, 2009]. In addition to its potential importance as a global carbon sink, 

there is evidence that BC plays a central role in soil fertility, in particular by 

stimulating microbial activity and nutrient cycling after fire [Wardle et al., 1998; 

DeLuca et al., 2006]. A detailed knowledge of chemical composition and physical 

properties is a prerequisite to determine BC fate and functions [Keiluweit et al., 

2010] in terrestrial ecosystems.  

In the present study we focused on properties of BC that directly affect soil 

functions, including its elemental and macromolecular composition, as well as 

several key physical characteristics, including porosity and surface area. As 

pointed out by Preston et al. [2006], the entire BC continuum does not present 

chemical properties (e.g., condensed aromatic structures) associated with long-

term stability that would allow it to enter the slow carbon pool. Moreover, 

porosity and surface area directly affect the role BC plays in retaining water, 

nutrients and/or tannins, and its potential to provide habitats for microorganisms 

[Saito, 1990; Zackrisson et al., 1996; Hockaday et al., 2006, 2007]. 

This study aims to provide a more complete characterization of wildfire-

produced BC, knowledge that is scarce in boreal ecosystems), and to explore how 

formation conditions influence BC properties and hence ecosystem function. We 

hypothesized that fire severity would directly affect BC properties, creating a 

continuum of BC. Sites affected by higher fire severity would present more 

aromatic and more porous BC, while BC produced in sites affected by low fire 

severity would have chemical and physical characteristics more similar to the 
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unburned forest floor. In 2005–2007, high fire activity in Northern Quebec caused 

over 1.2 Mha to be burned from the southern Baie-James to the Manicouagan 

regions. This provided the opportunity to study the influence of these early season 

wildfires on BC properties. We collected BC samples and analyzed them using a 

set of analytical methods to: (i) identify the range of variation in their chemical 

(aromaticity) and physical properties (porosity) and (ii) determine how these 

properties may be related to fire severity.  

 

3.2 Materials and methods 

3.2.1. Site characteristics and selection 

The province of Quebec is divided into ten bioclimatic domains, characterized 

by distinct vegetation and climatic conditions [Saucier et al., 2001]. The black 

spruce feathermoss bioclimatic domain covers a third of the provincial territory 

and is divided into the eastern and western subdomains (Figure 3-1). The western 

subdomain is characterized by an average precipitation of 850 mm/year (north) to 

900 mm/year (south), whereas the eastern subdomain receives 1020 mm evenly 

distributed through the year [Bergeron et al., 2004; Cyr et al., 2007]. Mean annual 

temperature [Carrier, 1996] ranges from −2 °C in the north to just above 0 °C in 

the south. The western sector of the domain forms a transition zone between a 

continental climate (southern range) and a subpolar continental climate (northern 

range), while the eastern subdomain experiences a cooler, more humid maritime 

climate, at least in its southern range. The majority of the black spruce 

feathermoss domain is characterized by humo-ferric podzols [Soil Classification 

Working Group, 1998], which have developed on glacio-fluvial sediments/till 
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deposits and generally contain a high proportion of coarse fragments (> 2 mm 

diameter). Veins of clay are occasionally present in the western part of the 

domain, because of the proximity to the Clay Belt [Robitaille and Saucier, 1998]. 

Both subdomains are dominated by black spruce (Picea mariana (Mill.) Britton, 

Sterns & Poggenb.) with ericaceous shrubs (Rhododendron groenlandicum 

(Oeder) Kron & Judd; Kalmia angustifolia L.; Vaccinium angustifolium Ait.), 

feathermoss (Pleurozium schreberi (Brid.) Mitt.) and/or Sphagnum moss 

(Sphagnum sp.) constituting the majority of the understory vegetation. Locally, 

lichens (Cladina rangiferina (L.) Weber) associated with fire moss (Ceratodon 

purpureus (Hedw.) Brid.) and haircap moss (Polytrichum sp.) are present. On 

drier sites, jack pine (Pinus banksiana Lamb.) is often associated with black 

spruce in mixed stands and becomes dominant under the driest conditions.  

A total of 14 fires, ranging in size from 330 to 56000 ha, were selected for the 

present study (Figure 3-1). Sites description and samples collection took place in 

summer 2010. 

 

3.2.2. Fire severity gradient 

Within each fire site, two to four topographic gradients were established 

inside unsalvaged areas. Three 20 m x 20 m square plots were positioned on each 

topographic gradient, and within each plot, nine round microplots of 1.5 m 

diameter were investigated. We created a mixed “vegetation x soil” severity scale, 

designed to assess both the aboveground (aerial severity) and belowground (soil 

severity) impacts of fire at the plot and microplot scale.  
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To estimate aerial fire severity, we evaluated three burn characteristics of the 

trees remaining on the plot: scorch height, abundance of twigs, and presence of 

bark splitting. To quantify the degree of canopy consumption, we rated each 

element based on the magnitude of fire damage, and added the individual ratings 

to obtain an index of aerial fire severity at the plot level. To estimate soil fire 

severity, we evaluated the impact of fire on the consumption of the forest floor 

organic layers (i.e., burning class), and assessed the nature of the main substrate 

present within each microplot. We used four burning classes (unburnt/scorched; 

slightly, moderately and severely burnt; Table 3-1) and five substrate classes 

(burnt forest floor; mineral soil; dead wood; rock; unburnt forest floor). We used 

an additional method to estimate fire severity based on the measurement of the 

amount of forest floor that was consumed during the last fire event. To do so, we 

measured the thickness of the residual organic matter. On five microplots, we 

located the uppermost adventitious root of the black spruce tree taller than 2 m 

and closest to the center of the microplot. In the few cases where no adventitious 

root was found – e.g., well drained sites with shallow organic layers – the top of 

the basal root was used. The distance between the adventitious or basal root and 

the mineral soil surface was used to estimate the thickness of the pre-fire organic 

layer [Kasischke et al., 2008]. Lastly, thickness of the forest floor that was 

consumed by the last fire event was calculated as the difference between the latter 

and the thickness of the residual organic matter. Six soil fire severity classes (0 – 

low – to 5 – high) combining the various burning class x substrate class options 

were created and attributed to each sample (Table 3-1). 
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3.2.3. Field collection of BC samples 

All soils within the selected fires presented a surface layer containing black 

carbon (BC). This thin (around 2 cm) burnt forest floor, which was produced 

during the last fire event, overlaid partially decomposed fibric and unburnt humus 

(F or FH horizons); the sampled material is referred to as fresh BC hereafter. For 

each plot, three fresh BC samples (approximately 20 cm x 20 cm) representative 

of the overall plot soil fire severity, were collected close to the center of a 

microplot. The depth of burn was recorded for each sample and the substrate type 

was also identified where possible (Pleurozium; Sphagnum; Lichen; duff – when 

the forest floor was too decomposed and the main species could not be identified 

anymore). The latter is an important parameter, as it provides information about 

the type of fuel from which the BC was produced. Since the focus of our research 

was on the forest floor, only the following three substrates: burnt forest floor, 

burnt forest floor < 2 cm, and scorched forest floor were sampled for BC (Table 

3-1).  

A subset of the 267 fresh BC samples were collected and characterized. The 

selection process was designed to encompass the entire range of fire severity at 

the sampling locations. Triplicates (or duplicates) of each soil fire severity class, 

as previously defined, were randomly chosen among the collected samples and 

further analyzed. This led to a total of 33 fresh BC samples for detailed analysis 

(Table 3-1). 
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3.2.4. BC set produced under controlled laboratory conditions 

Fresh BC samples collected in the field were compared to a BC reference set 

produced under controlled laboratory conditions [L. N. Soucémarianadin, S. A. 

Quideau, M. D. MacKenzie, G. M. Bernard, R. E. Wasylishen, Laboratory 

charring conditions affect black carbon properties: A case study from Quebec 

black spruce forest, submitted to Organic Geochemistry, 2013]. To produce the 

controlled BC set, we selected biomass representing the most common fuels 

available in Quebec black spruce-feathermoss forests, including Sphagnum sp. 

and Pleurozium shreberi dominated forest floors, bark, branches and needles from 

black spruce, cones, branches and needles from jack pine and twigs and leaves 

from Labrador tea (Rhododendron groenlandicum). The charcoalification 

experiments were performed in a muffle furnace under controlled maximum 

temperature (MT), which varied between 75 and 800 °C for charring durations 

between 0.5 to 24 hours. The amount of oxygen present during BC formation was 

adjusted by either placing the fuels in a moisture tin with a cap pierced with tiny 

holes (tin = partial pyrolysis) or by tightly wrapping them in tinfoil before putting 

them in a sand bath (SB = full pyrolysis). Samples from the BC reference set were 

submitted to the same analyses as the fresh BC. 

 

3.2.5. Characterization of BC chemical properties 

Prior to analysis, the BC samples were finely ground using a mortar and pestle 

or a mortar grinder (RM 100 mortar grinder, Retsch, Haan, Germany). Carbon, 

hydrogen, and nitrogen concentrations were determined by dry combustion using 
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a CE440 Elemental Analyzer (Exeter Analytical, Inc., Chelmsford, MA, USA). 

The oxygen content was estimated by difference from the sample ash-free mass 

obtained after 6 hours at 750 °C in accordance with ASTM Standard D1762-84 

[ASTM, 2007]. This procedure also provided total ash content. 

To characterize BC macromolecular structure, we used a non-destructive 

method: solid-state 13C NMR spectroscopy with magic angle spinning (MAS). 

The 13C nuclei (1.1% natural abundance) provided information about the various 

functional groups present in our samples [Kögel-Knabner, 1997; Axelson, 2012]. 

Usually studies focusing on organic matter employ the cross-polarization (CP) 

technique, as it generally allows for the acquisition of 13C NMR spectra in less 

time. However the CP efficiency for chars is reduced [Baldock and Smernik, 

2002] because of the absence of particularly mobile 1H nuclei [Freitas et al., 

1999; Smernik et al., 2002]. To verify that spectra acquired with CP were 

representative, we used the more quantitative direct polarization (DP) technique 

also called the Bloch decay (BD) technique [Preston and Schmidt, 2006] on a 

subset of samples.  

The 13C NMR experiments were carried out using a Chemagnetics CMX 

Infinity 200 Spectrometer. A 7.5 mm Chemagnetics double resonance MAS probe 

was used to spin the samples at 5 kHz. Samples were packed into 7.5 mm od 

zirconium oxide rotors equipped with Kel-F® drive tips and Teflon end-caps and 

spacers. Chemical shifts in parts per million (ppm) were externally referenced to 

tetramethylsilane (TMS) by setting the high-frequency peak for adamantane to 



86 
 

38.56 ppm [Earl and VanderHart, 1982]. Spectra were acquired at a frequency of 

50.3 MHz.  

To acquire 13C NMR spectra with 1H CP, a variable-amplitude cross-

polarization (VACP) pulse sequence [Peersen et al., 1993] was used. A spectral 

width of 30 kHz was used and 1024 real data points were collected over an 

acquisition time of 34.1 ms. All spectra were then zero-filled to 8192 data points. 

The probe background 13C NMR signal, obtained by acquiring a spectrum of an 

empty rotor, was subtracted before processing the free induction decays (FIDs). 

8580–8624 scans were acquired for the CP spectra. We used a 1 ms contact time, 

a 90° 1H pulse of 4.5 µs duration and a recycle delay of 10 s. Finally, we applied 

Lorentzian line broadening of 60 to 100 Hz before performing the Fourier 

transform. The 13C NMR spectra were divided into eight spectral regions, each 

corresponding to a major type of carbon, as described in Baldock and Smernik 

[2002]: ketone (215–190 ppm), carbonyl and amide (190–165 ppm), O-aryl (165–

145 ppm), aryl and unsaturated C (145–110 ppm), di-O-alkyl (110–90 ppm), O-

alkyl (90–65 ppm), methoxyl and N-alkyl (65–45 ppm), alkyl (45–0 ppm); 

corrections for the spinning side-bands were made using the regions with large 

chemical shifts (290–215 ppm), following the same methodology as Baldock and 

Smernik [2002]. For part of the statistical analysis, the above regions were 

combined and simplified into the following four carbon regions: carbonyl (215–

165 ppm); aromatic & phenolic (165–110 ppm); O-alkyl (110–45 ppm); alkyl 

(45–0 ppm).  
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For the DP spectra, 888 scans were acquired using a 90° 13C pulse of 4.5 µs. 

To allow for complete relaxation the recycle delay was set to 100 s. The FID of 

the background signal was subtracted from the FID of the sample before 

processing; all spectra were zero-filled to 8192 data points while a Lorentzian 

line-broadening of 80 Hz was applied to the FID. Applying Smernik and Oades’ 

[2000a] methodology, we used spin counting to determine if the DP spectra were 

quantitative for the various carbons present in the samples. Glycine (Fisher 

Scientific, reagent grade) was used as an external reference material. The carbon 

observability, Cobs, corresponds to the fraction of the expected NMR intensity that 

is actually observed; intensities of the NMR resonances quantitatively reflect the 

distribution of 13C environments present in the sample if Cobs = 100% [Smernik 

and Oades, 2000b]. A value of less than a 100% for Cobs implies that part of the 

potential signal is not detected.  

Even though CP experiments are not commonly considered quantitative, we 

concluded, based on the comparison to their respective DP spectra, that they 

represented the distribution of the total intensity quite accurately (± 7%), further 

indicating that the CP efficiency for the aromatic/quaternary carbons was about 

the same as for the aliphatic carbons. These results (Table 3-A1) are in agreement 

with previous observations [Baldock and Smernik, 2002; Knicker et al., 2005]. 

Therefore, we used the results derived from the VACP spectra for the remainder 

of the study. 
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3.2.6. Characterization of BC physical properties 

The BET [Brunauer et al., 1938] specific surface area (multipoint) and the 

size pore distribution were characterized from nitrogen adsorption and desorption 

isotherms measured at 77.3 K on an Autosorb 1MP surface area analyzer 

(Quantachrome Instruments Corp., Boynton Beach, FL). Prior to analysis, 

samples were outgassed at room temperature or 105 °C for 19 to 26 hours. BET 

surface areas (SA) were derived from a multipoint plot over a range of relative 

pressure, P/P0 = 0.05−0.35. Calculation of the different pore volumes was 

performed using Autosorb 1 for Windows 1.52. 

Black carbon heterogeneity, notably the size and shape of pores, was assessed 

by Scanning Electron Microscopy (SEM). High-resolution digital images of the 

surfaces of different BC samples were obtained using a field emission SEM 

(JEOL 6301F – JEOL Ltd.) with magnifications ranging from 25 x to 50000 x. 

Before being imaged through the SEM, samples were coated with gold (Nanotech 

SEMPrep 2 sputter coater) to increase their conductivity. 

 

3.2.7. Statistical analyses: influence of fire severity 

A 1-way ANOVA was used to analyze the 13C NMR and elemental results of 

the 33 fresh BC samples and evaluate the influence of fire severity estimation on 

BC chemical characteristics. When the data were not following the ANOVA 

assumptions a Mood's median test- and a Kruskall-Wallis 1-way ANOVA were 

used. The experimental units were the microplots and their associated fire severity 

classes. To test for differences in the distribution of the total signal intensity 
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between the 13C CP and DP NMR experiments, a Wilcoxon signed-rank test was 

used because the data did not follow a normal distribution. All comparisons, 

Wilcoxon signed-rank test, and ANOVA were considered significant at an alpha 

value of 0.05. For the significant ANOVAs, the alpha was adjusted with a 

Bonferroni correction when exploring all possible comparisons. All the statistical 

analyses were performed with SAS 9.2 (SAS Institute Inc., Cary, North Carolina). 

 

3.3 Results 

3.3.1. Fire severity gradient 

Field observations indicated that aboveground fire severity was fairly 

homogeneous across and within sites, in that most trees were completely burned 

and dead. On the other hand, at the soil level, the amount of organic matter left 

post-fire varied greatly both along topographic gradients as well as among 

microplots at each given topographic position. The visual appearance of post-fire 

organic matter also varied. 

There was no significant relationship between aerial fire severity and soil fire 

severity when determined at the microplot scale. Soil fire severity was linked to 

the aerial fire severity when plot averages were considered, although only when 

the soil fire severity was high (≥ class 4). 

 

3.3.2. Black carbon physical properties 

The analyzed samples exhibited very low specific surface area, and porosity 

was dominated by macropores (Figure 3-2). Results further indicated that the BC 
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corresponding to a fuel that was only scorched (class 0) had a higher surface area 

(2.3 m2.g−1) than that associated with a high fire severity (class 5; SA = 

1.6 m2.g−1). Moreover, these values were similar to results obtained for dry 

(exposed to 75 °C for 24 hours in the laboratory) but unburnt fuels (SA = 2.2–

2.5 m2.g−1). Finally, as can be seen on the SEM micrographs (Figure 3-3), the bulk 

of the original fuel cell structures remained unaltered (Figure 3-3). 

Microorganisms were still visible in most samples; in particular, we were able to 

observe bacteria as well as various fungal structures (e.g., hyphae; hyphal tubes) 

in these samples. 

 

3.3.3. Black carbon elemental composition 

The carbon content of the samples varied from 47.0 to 60.4% (Table 3-1) and 

increased with increasing fire severity. The BC collected on the low fire severity 

sites (classes 0 and 1) showed a significantly lower carbon content when 

compared to the BC collected on the high fire severity sites (classes 4 and 5). The 

increase in carbon percentage occurred with a concomitant decrease of the atomic 

H/C and O/C ratios. The oxygen content steadily decreased with the increase in 

fire severity (46.3 to 35.6%). On the other hand, the hydrogen content remained 

constant (5.4%) when fire severity ranged between classes 0 to 2, before 

decreasing steadily to 4.0% for class 5. The nitrogen content was only weakly 

related to fire severity; it increased slightly up to class 3 (1.1 to 1.8%) and then 

appeared to plateau (Table 3-1). The C/N ratio tended to decrease with increasing 

fire severity; the C/N values for BC associated with fire severity classes 3 to 5 
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were lower (around 35:1) than for BC of classes 0, 1, and 2 (40:1 or higher), 

although values were not significantly different. The ash content ranged from 

3.6% to 35.9%; it increased slightly from class 0 to 3, then more importantly from 

class 4 (11.0%) to class 5 (Table 3-1). The atomic H/C and O/C ratios both 

decreased with increasing fire severity (Figure 3-4). BC from classes 0 and 1 had 

significantly higher atomic ratios than BC from classes 4 and 5 (H/C ratio) and 

classes 2, 4, and 5 (O/C ratio). 

 

3.3.4. Black carbon molecular composition 

The variable amplitude cross-polarization 13C NMR spectra acquired for the 

BC samples associated with low fire severity showed a distribution of carbon 

groups very similar to that in unburnt fuels (Figure 3-5a). Spectra were dominated 

by carbohydrates, as confirmed by the presence of peaks representative of 

cellulose and hemicelluloses; i.e., at 62, 72–75, and 105 ppm [Wikberg and 

Maunu, 2004; Inari et al., 2007; Melkior et al., 2012], and showed limited 

presence of lignin. Lignin was identified by the presence of peaks between 110 

and 165 ppm, the aromatic carbons appearing in various weak intensity (and 

generally broad) peaks (Figure 3-5a). Peaks in that region could also have been 

due to humification products from the forest floor material, similar to the peak 

centered at 30 ppm in the alkyl region [Kögel-Knabner et al., 1992] for the fibric 

layer (Figure 3-5a).  

Spectra from fresh BC collected on sites affected by fire severity classes 2 and 

3 were very similar (Figure 3-5b). Their main difference arises from an increase 
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in the contribution of the alkyl carbons (peaks at ≈ 30 ppm) and the emergence of 

two peaks characteristic of aromatic carbons: one at 130 ppm assigned to 

polyaromatic hydrocarbons [Baldock and Smernik, 2002], and one at 150 ppm 

ascribable to O-substituted aromatic carbons (furans). In the spectra of fresh BC 

associated with class 4 fire severity, the relative contribution of the two peaks in 

the aromatic region as well as the one in the alkyl region continued to increase 

(Figure 3-5b). Conversely, the contribution of signals relative to cellulose (72 and 

105 ppm) decreased. The broad peak centered at 30 ppm also became slightly 

narrower, suggesting that the variability in the composition of the alkyl groups 

was decreasing. In contrast, the 13C NMR spectra obtained for the BC associated 

with high fire severity (class 5) was dominated by broad peaks related to aromatic 

and phenolic carbons. They were similar to spectra of fuels thermally treated at 

250 °C in pyrolytic conditions (Figure 3-5c). These spectra were dominated by 

two broad peaks: one in the aromatic and phenolic regions and the other one in 

the alkyl region. Peaks associated with cellulose (centered at 84 ppm and 89 ppm 

but also at 74 ppm and 65 ppm) were almost absent for the BC produced from 

Rhododendron and Sphagnum at 250 °C, and had all disappeared for the BC 

produced under oxic conditions. On the other hand, hemicelluloses (173 ppm) and 

lignin (56 ppm) structures were still clearly visible. Finally, for the class 5 fresh 

BC, carbohydrates and lignin biomolecules were still present even though their 

relative contribution had substantially decreased (Figure 3-5b).  

With increasing fire severity, we observed an increase in the aromatic and 

phenolic carbon contributions (Table 3-2). There was also a small increase in the 



93 
 

contribution of the carbonyl carbons. Furthermore, BC exhibited a higher 

proportion of alkyl carbons, corresponding with the emergence of the broad peak 

centered at 30 ppm (Figure 3-5a). Overall, from low to high fire severity, the 13C 

NMR spectra shifted from intensity dominated by O-alkyl and di-O-alkyl signals 

(cellulose and hemicelluloses) to intensity dominated by peaks associated with 

aryl and alkyl functional groups. The contributions of the aforementioned carbon 

types were significantly different between fire severity classes 0–1, and class 5. 

These observations are consistent with those from the calculated atomic ratios, 

that is, an increase in aromatic content (Figure 3-4). 

 

3.3.5. Comparison with the BC reference set 

We incorporated the results of the BC produced under controlled conditions 

on the BC continuum (Figure 3-6) to match changes in chemical and physical 

properties along the gradient of increasing maximum temperature of formation. 

Values and observations summarized in Figure 3-6 are derived entirely from 

results of BC produced in the laboratory under full pyrolysis [L. N. 

Soucémarianadin, S. A. Quideau, M. D. MacKenzie, G. M. Bernard, R. E. 

Wasylishen, Laboratory charring conditions affect black carbon properties: A case 

study from Quebec black spruce forest, submitted to Organic Geochemistry, 

2013]. With increasing maximum temperature, we observed a degradation of the 

fuel macromolecules (cellulose, hemicelluloses, and lignin) and formation of 

aromatic structures, with a concomitant increase in BC carbon content and a 

decrease in H/C and O/C ratios, consistent with the NMR results, i.e., an increase 
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in carbon condensation. As for BC physical properties, an increase in the 

maximum temperature induced an increase in BC specific surface area, with a 

shift from a porosity dominated by macropores to a porosity dominated by 

micropores. This was accompanied by a progressive destruction of the cell 

structures of the fuel. Overall, the physical and chemical properties of the wildfire 

BC matched the properties of the laboratory BC produced at low temperatures 

ranging between 75 and 250 °C (Figures 3-4 and 3-6). Hence, wildfire BC 

appears to be composed of transition and amorphous chars; i.e., low in aromatic 

structures. 

 

3.4 Discussion 

3.4.1. Formation conditions for the sampled BC 

Hammes et al. [2006] reported that an atomic H/C ratio > 0.5 characterizes 

chars experiencing temperatures < 500 °C. When compared to results obtained for 

BC produced under controlled conditions, the high atomic ratio values obtained 

for the BC produced by wildfires (Table 3-1) were characteristic of a low 

temperature of formation (Figure 3-4). Results from both elemental analysis and 

13C NMR spectroscopy confirmed that all fresh BC samples collected on black 

spruce sites affected by variable fire severity were the products of forest floor 

exposed to temperatures ranging from 75 °C to 250 °C. Results also suggested 

that pyrolysis conditions prevailed during the production of this BC, indicating 

formation by smouldering fire. Wildfires usually go through different phases 

[DeBano et al., 1998]; a crown fire associated with flaming combustion generally 
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transitions to a smouldering fire, affecting the forest floor through glowing 

combustion. If the forest floor is dry, the combustion is more complete and almost 

all the organic layer is consumed, which was not the case in the present study. 

The absence of a relationship between aerial fire severity and soil fire severity 

further suggests that fire behavior in the canopy and at soil level was disconnected 

under these conditions. In this situation, fire severity at the soil level is driven by 

microscale patterns, such as differences in microtopography rather than 

flammability of the canopy. The C content of the BC produced by wildfire (Table 

3-1) was slightly lower (< 60%) than the values obtained for the BC produced 

under controlled conditions at similar temperatures (Figure 3-6), suggesting a 

more complete combustion in the former context [Krull et al., 2009]. 

Under conditions of the highest severity in the field (class 5), 13C NMR 

spectra indicate that the forest floor underwent thermal alterations. Specifically, 

there was a visible decrease in peaks associated with the cellulose and 

hemicellulose, accompanied by a relative increase in the contribution of peaks 

associated with lignin. A potential explanation is that while cellulose and 

hemicellulose were subject to (thermal) degradation, the temperature remained 

below the pyrolysis temperatures of lignin (280–500 °C; [Miyanishi, 2001]), 

consequently increasing its relative contribution. With increasing fire severity, 

significant changes in the distribution of signal intensity occurred, including: a 

decrease in O-alkyl and di-O-alkyl, an increase in aryl and O-aryl, and a slight 

increase followed by a slight decrease of the alkyl carbons (Table 3-2). These 

modifications were triggered by the degradation of hemicelluloses in the 
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precursor material. For the highest fire severity class, aromatic non-oxygenated 

carbons (130 ppm) dominated the 13C NMR spectra, suggesting that at this stage, 

condensation of the original macromolecules into aromatic polymers had begun. 

This suggests an increase in condensation with severity, which agrees with the 

observed decrease in atomic H/C and O/C ratios along the same severity gradient. 

To illustrate this phenomenon, we calculated the degree of aromatization, which 

corresponds to the ratio [aromatic & phenolic C (165–110 ppm)] to [O-alkyl C + 

alkyl C (110–0 ppm)], and is an indicator of the increasingly condensed nature of 

chars (Keiluweit et al., 2010). As expected, there was an increase in the degree of 

aromatization with increasing fire severity (Table 3-2). 

Surface area and pore volume have been shown to be principally controlled by 

maximum temperature [Brown et al., 2006] and duration of charring [Rutherford 

et al., 2005; Hilscher et al., 2009]; both are expected to increase with harsher 

formation conditions, including higher maximum temperature and/or longer 

charring duration. Hammes et al. [2006] reported BC surface areas less than 

25 m2.g−1 for low temperatures of formation (< 500 °C), while high temperatures 

(500–1000 °C) led to surface areas of 214–336 m2.g−1. Rutherford et al. [2005] 

also reported a very small micropore volume (≤ 0.001 cm3.g−1) for pine wood and 

pine bark treated at 250 °C. The low values we measured on our samples confirm 

the low temperatures of formation, corroborating the observed chemical 

composition. The higher specific surface area of BC produced at high fire severity 

(class 5; SA = 1.6 m2.g−1) compared to the BC associated with moderate fire 

severity (class 2; SA = 1.1 m2.g−1) could be related to higher temperatures of 
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formation. The latter create new pores, especially mesopores (Figure 3-2), by 

degradation of the initial macromolecules. The absence of major destruction of 

the fuel cell structures, as observed on the SEM micrographs (Figure 3-3), 

confirms an average low formation temperature across the severity gradient. The 

relative contribution of microporosity did not increase with increasing fire 

severity, suggesting that the temperature of BC formation was too low to create 

new microporosity. These results match changes in chemical structure suggested 

by the 13C NMR spectra (Figure 3-4b), where it is obvious that the conversion of 

alkyl to aromatic carbon remained incomplete. The rigid structure that fused-ring 

aromatic carbons provide and in which micropores develop is not fully 

established yet [Rutherford et al., 2005]. In addition, at low temperatures, a 

certain proportion of the porosity – especially the microporosity – could have 

been occluded by tars and other condensed volatiles [Downie et al., 2009]. This 

process can also disrupt pore continuity, leading to small specific surface areas 

and pore volumes. Finally, low surface area could also be associated with low 

thermal ramping [Brown et al., 2006]. Wildfire thermal rates are typically low, 

characterized by values between 2 and 17 °C.min−1 for natural smoldering 

combustion [Miyanishi, 2001]. A slow thermal ramping rate (0.5–3.3 °C.min−1) 

tends to produce chars with low surface area (< 0.5 m2.g−1). Because the thermal 

ramping rate used to produce the reference set BC was high (13–20 °C.min−1), it 

may not be appropriate to compare results obtained for the physical/structural 

characteristics of the artificially-produced BC those of BC produced by wildfire.  
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The chemical characteristics, as observed with 13C NMR spectroscopy, of BC 

produced in Quebec boreal black spruce forests during the 2005–2007 wildfires 

are quite different from characteristics of BC produced by wildfires in other 

ecosystems. For example, a Mediterranean wildfire that affected a stone pine (P. 

pinea L.) forest and qualified by Nocentini et al. [2010] as moderate intensity 

produced BC that was much more condensed; even the highest class 5 fire 

severity BC in our study is less dominated by aromatic C than BC characterized 

by this latter study, as indicated by the 13C NMR spectrum. In a more comparable 

boreal ecosystem; i.e., a Siberian Scots pine forest (Pinus sylvestris ssp. sibirica 

Lebed) affected by a surface fire, Czimczik et al. [2003] obtained 13C NMR 

spectra comparable to the spectra of class 5 fire severity BC from the present 

study.  

 

3.4.2. BC properties and implications for their role in black spruce 

forests 

NMR spectroscopy and elemental analyses indicate that BC produced in the 

Quebec black spruce forests by 2005–2007 wildfires was not composed of carbon 

moieties with intrinsic chemical properties (molecular structures) known to resist 

microbial degradation. One important factor to consider is that all fires sampled 

occurred early in the fire season; relatively low fire severity was observed at the 

soil level, validated by low organic matter consumption [Boiffin and Munson, 

2013]. Nonetheless, BC properties proved to vary predictably according to 

changes in fire severity observed at the soil level.  
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BC porosity may play a role in ecosystem successional processes through 

adsorption of phenolic compounds that may depress natural regeneration. As 

shown by Joanisse et al. [2007], condensed tannins found in high concentration in 

the Kalmia litter inhibit microbial enzyme activity and decrease nitrogen 

mineralization. As nitrogen is one of the most limiting nutrients in boreal forests, 

black carbon porosity could thus play an important role in post-fire tree re-

establishment. As shown for the reference set, the increase in BC porosity is 

related to the temperature of formation (Figure 3-6), although thermal ramping 

rate and charring duration are important factors [e.g., Brown et al., 2006]. The 

potential for tannin adsorption (i.e., average measured specific surface area) was 

already relatively low for the BC sampled in the field. However, these BC 

samples were collected 4 to 5 years after wildfires, hence, it is possible that the 

original porosity was higher but decreased over time. Indeed, phenols interacting 

with activated carbon undergo an irreversible adsorption [Grant and King, 1990]. 

Measuring surface area on samples collected immediately after fire occurrence 

could improve our understanding of rates of loss of porosity.  

The 3–5 °C mean annual increase in temperature projected for the end of the 

century [Lemprière et al., 2008] is predicted to result in an increase in fire 

frequency all over the boreal zone, although there will be regional differences. By 

the end of the century (2090), the black spruce feathermoss domain is expected to 

experience a 4–5 °C increase in summer temperature, and an increase in summer 

precipitation, although in the southern sector the precipitation increase (0–10%) is 

less than in the northern sector (25–50%). Overall, fire seasons are expected to be 
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longer (averaging +30 days) and fires to be more severe [Wotton et al., 2010], and 

the southern sectors are more prone to an increase in fire frequency and severity. 

On the other hand, fire seasonality is expected to shift toward an earlier fire 

season, which would favor lower fire severity at the soil level, producing the same 

low condensed BC as is reported here for the 2005–2007 fires. In all cases, there 

will be years when low-intensity fires will continue to dominate in the black 

spruce domain. 

 

3.5 Conclusion 

In Quebec black spruce forests, 2005–2007 wildfires produced forest floor BC 

that was composed of transition and amorphous chars displaying a relatively low 

degree of aromatization, and not very condensed. The BC chemical properties 

were related to fire severity, an increase in fire severity inducing an increase in 

aromatization. The aromatic content of the collected BC was low when compared 

to the range of known values along the BC continuum, suggesting a low intrinsic 

potential for recalcitrance. In addition, the porosity of the analyzed samples was 

low. However, the importance of BC in ecosystem functioning, e.g., as a habitat 

for microorganisms involved in nutrient cycling, should not be dismissed. 

Overall, these results are representative of BC produced during early season 

wildfires, resulting in a relatively low fire severity at the soil level. They provide 

insight on the type of BC that would be produced in the scenario where early 

season fires were to become dominant. Furthermore, the results can help inform 

carbon modeling efforts for black spruce boreal forests by providing key 
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information on the influence of low fire severity on relative recalcitrance of BC 

pools, as well as on the post-disturbance regeneration potential of these forests. 
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Tables and Figures 
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Table 3-1. Selected physical and elemental properties of BC samples produced by wildfire of the 6 severity classes observed in the 

field (0 to 5); na: not available; nd: not determined.  

fire 
severity

class 

burning 
classa 

substrate 
classb 

substrate 
type 

moisture 
content 

(%) 

ash 
content 

(%)c 

N content 
(%)d, e 

C content 
(%)d, e 

H content 
(%)d, e 

O 
content 

(%)d 

C/N 
ratio 

atomic 
H/C 

ratiod 

atomic 
O/C 

ratiod 

specific 
SA 

(m2.g−1)f

0 0 5 Sphagnum 9.7 4.4 1.26 (0.04) 47.6 (0.3) 5.30 (0.19) 45.8 37.7 1.34 0.72 nd 
0 0 5 Sphagnum 6.2 3.0 0.94 (0.08) 47.0 (1.9) 5.33 (0.34) 46.7 49.8 1.36 0.74 2.32 
1 1 1 Lichen 6.7 3.0 0.69 (0.15) 46.1 (0.5) 5.75 (0.22) 47.5 67.2 1.50 0.77 nd 
1 1 1 Lichen 5.1 24.0 0.94 (0.09) 48.2 (1.4) 5.02 (0.39) 45.8 51.2 1.25 0.71 nd 
1 1 1 Lichen 5.6 2.3 0.92 (0.10) 49.8 (0.8) 5.62 (0.28) 43.7 54.0 1.36 0.66 nd 
1 1 1 Pleurozium 6.5 4.7 1.47 (0.05) 52.7 (2.4) 4.86 (0.11) 41.0 35.8 1.11 0.58 nd 
1 1 1 Pleurozium 6.6 3.7 1.32 (0.02) 51.8 (0.3) 5.26 (0.14) 41.6 39.1 1.22 0.60 nd 
1 1 1 Pleurozium 6.4 5.7 1.21 (0.02) 50.3 (0.8) 5.38 (0.13) 43.1 41.6 1.28 0.64 nd 
1 1 1 Pleurozium 6.1 12.5 1.28 (0.03) 52.4 (0.3) 5.13 (0.14) 41.2 40.8 1.17 0.59 nd 
1 1 1 Sphagnum 7.3 5.4 1.18 (0.05) 50.6 (0.3) 5.13 (0.15) 43.1 43.0 1.22 0.64 nd 
1 1 1 Sphagnum 6.7 4.8 1.36 (0.06) 51.1 (0.6) 5.39 (0.12) 42.2 37.5 1.26 0.62 nd 
1 1 1 Sphagnum 6.0 3.8 1.13 (0.12) 49.6 (1.4) 5.50 (0.19) 43.8 43.9 1.33 0.66 nd 
2 2 1 Lichen 6.3 4.0 1.19 (0.03) 47.9 (0.2) 6.06 (0.15) 44.9 40.3 1.52 0.70 nd 
2 2 1 Lichen 5.9 5.1 1.13 (0.07) 50.8 (0.2) 5.56 (0.04) 42.5 44.8 1.31 0.63 nd 
2 2 1 Lichen 6.5 2.9 1.08 (0.03) 49.2 (0.4) 5.86 (0.20) 43.9 45.5 1.43 0.67 nd 
2 2 1 Lichen 4.7 5.2 1.37 (0.04) 55.6 (0.5) 5.41 (0.06) 37.6 40.5 1.17 0.51 nd 
2 2 1 duff 6.1 7.4 1.55 (0.05) 55.9 (0.5) 4.94 (0.08) 37.6 36.0 1.06 0.50 nd 
2 2 1 duff 5.7 4.8 1.63 (0.09) 55.6 (1.0) 5.21 (0.04) 37.6 34.0 1.12 0.51 nd 
2 2 1 duff 5.6 6.2 1.13 (0.03) 52.7 (0.8) 5.20 (0.04) 41.0 46.8 1.18 0.58 nd 



104 
 

2 2 1 Pleurozium 6.2 5.7 1.48 (0.08) 54.5 (1. 8) 4.96 (0.16) 39.1 36.7 1.09 0.54 nd 
2 2 1 Pleurozium 5.8 2.9 1.41 (0.02) 53.9 (0.1) 5.24 (0.02) 39.5 38.1 1.17 0.55 nd 
2 2 1 Pleurozium 5.6 5.5 1.36 (0.10) 55.1 (2. 7) 4.97 (0.10) 38.5 40.5 1.08 0.52 nd 
2 2 1 Pleurozium 5.4 5.0 1.62 (0.11) 52. 5 (2.0) 5.29 (0.22) 40.6 32.3 1.21 0.58 1.05 

3 2 2 
Pleurozium 
+ 
Polytrichum 

7.0 4.9 1.57 (0.03) 53.0 (0.1) 5.15 (0.10) 40.3 33.7 1.17 0.57 nd 

3 2 2 Polytrichum 6.9 7.8 2.07 (0.17) 54.0 (2.9) 4.72 (0.02) 39.2 26.1 1.05 0.55 nd 
4 3 1 duff 6.1 4.0 1.40 (0.04) 55.2 (0.3) 5.13 (0.04) 38.3 39.5 1.12 0.52 nd 
4 3 1 duff 5.6 4.9 1.50 (0.01) 56.2 (0.2) 4.97 (0.09) 37.3 37.4 1.06 0.50 nd 
4 3 1 duff 5.0 10.3 2.06 (0.01) 57.8 (0.3) 4.50 (0.13) 35.6 28.1 0.93 0.46 nd 
4 3 1 Pleurozium 6.4 5.1 1.60 (0.00) 54.2 (1.6) 5.06 (0.05) 39.2 33.9 1.12 0.54 nd 
4 3 1 Pleurozium 5.8 4.2 1.49 na 53.7 na 4.98 na 39.9 36.0 1.11 0.56 nd 
4 3 1 Pleurozium 5.8 16.1 1.52 (0.07) 51.4 (3.2) 4.62 (0.06) 42.5 33.9 1.08 0.62 nd 
4 3 1 Pleurozium 4.5 28.8 1.49 (0.02) 60.4 (9.5) 4.35 (0.07) 33.8 40.4 0.87 0.42 nd 
5 3 2 duff 4.2 34.0 1.63 (0.05) 58.7 (0.8) 4.02 (0.05) 35.6 35.9 0.82 0.45 1.59 

 
a class 0 (unburnt/scorched): plant parts are green and unchanged/moss is yellow, but species are identifiable; class 1 (slightly burnt): moss and 

duff are scorched or charred but not altered over the entire depth of duff, the original form of mosses and twigs is visible; class 2 (moderately 

burnt): organic layer partially consumed, duff charred or consumed, parts of woody twigs and roots remaining; class 3 (severely burnt): forest-

floor material deeply consumed (almost to mineral soil), no discernible plant parts remaining; b class 5: scorched forest floor; class 1: burnt 

forest floor; class 2: deeply burnt forest floor (residual forest floor < 2 cm); c dry weight basis; d dry weight and ash-free basis; e values are 

averages with their associated standard deviations indicated in parentheses (n = 1–5); f multi-point BET specific surface area obtained by nitrogen 

adsorption at 77.3 K (7–8 data points). 



105 
 

Table 3-2. Distribution (% of total integrated spectral area from 13C CPMAS 

NMR spectra) of the four main spectral regions for BC samples produced by 

wildfire of the 6 severity classes observed in the field (0 to 5).  

fire severity 
class 

 
carbonyl 

C  

 

aromatic & 
phenolic C  

O-alkyl 
C  alkyl C  DoAa 

0 6.7 15.5 58.8 19.1 0.20 
0 7.2 17.4 61.8 13.6 0.23 
1 2.8 9.8 70.8 16.6 0.11 
1 7.7 16.1 57.8 18.3 0.21 
1 4.1 12.5 64.6 18.7 0.15 
2 8.1 27.9 36.0 28.1 0.44 
2 8.8 26.9 42.5 21.9 0.42 
2 8.2 22.4 45.9 23.5 0.32 
3 9.2 22.7 44.3 23.7 0.33 
3 8.0 28.8 36.5 26.7 0.46 
4 10.7 34.3 34.7 20.2 0.63 
4 6.8 28.6 41.1 23.5 0.44 
5 11.3 47.7 21.6 19.5 1.16 

 
a Degree of aromatization (DoA) = (aromatic & phenolic C) / (O-alkyl C + alkyl C) 
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Figure 3-1. Location of the 14 selected fires in the black spruce-moss domain of 

Quebec. 
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Figure 3-2. Repartition of total pore volume (cm3.g−1) between micro-, meso-, and 

macropores; and specific surface area (SA) for three BC samples produced by 

wildfires of different fire severity classes (0, 2 and 5) and two precursor materials 

(black spruce – BSP – wood and Sphagnum). 
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Figure 3-3. SEM micrographs of BC samples produced by wildfire of different 

fire severity classes (0, 2, 4, and 5). Magnification is x 1000 unless otherwise 

specified. 

  



109 
 

 

Figure 3-4. van Krevelen plot for BC samples produced by wildfire of the six 

severity classes observed in the field (0 to 5), and BC samples produced under 

controlled conditions in the laboratory (full pyrolysis, SB; partial pyrolysis, tin). 
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Figure 3-5. 13C NMR CP spectra of (a) low severity BC (class 0) compared to 

unburnt Sphagnum and a fibric layer; (b) BC samples produced by wildfire of the 

six severity classes observed in the field (0 to 5); and (c) high severity BC (class 

5) compared to Sphagnum and Rhododendron thermally treated at 250 °C.  
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Figure 3-6. The BC continuum. Specific numbers and derived BC characteristics 

were obtained for BC samples formed under controlled laboratory conditions. 

Samples produced by wildfires of the six severity classes observed in the field (0 

to 5) are contained within the red square.  
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Chapter 4. Total carbon and black carbon stocks in black spruce forest 

floors from eastern Canada: A quantitative study 

A version of this chapter has been submitted for publication to Journal of 

Geophysical Research (Biogeosciences). 

 

4.1. Introduction 

Surficial accumulation of organic material is one of the most distinctive 

features of boreal forests; large amounts of carbon (C) are stored in thick forest 

floors overlying the mineral soils. Although the boreal zone covers less than 17% 

of the earth’s land surface, boreal ecosystems contain more than 30% of the C 

stored in terrestrial ecosystems on a global basis. Boreal forest soils alone contain 

two thirds of the soil organic C stored in forest soils worldwide (227 x 1012 kg; 

[Kasischke, 2000]). Increasing concerns about climate change and its impacts on 

fire regimes have brought global attention to boreal ecosystems, including 

Canada’s boreal forest region, representing 21% of the world’s boreal forest 

(http://cfs.nrcan.gc.ca/pages/256). An increase in fire frequency is hypothesized in 

the near future for the boreal region, but uncertainties remain about the evolution 

of fire severity [Flannigan et al., 2005; van Bellen et al., 2010] and how changes 

in severity will affect both total organic C stocks and black carbon (BC) stocks in 

boreal forest soils.  

As well as being a major natural and recurring disturbance in boreal forests, 

wildfire is also a main driver of the C cycle [Bond-Lamberty et al., 2007; Hatten 

and Zabowski, 2009]. In parts of the boreal where forest floor accumulation is less 

important, such as pine-lichen forests or mixedwood boreal forests, wildfire is 
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prone to consume most of the forest floor [e.g., Kasischke et al., 2000; Shvidenko 

and Nilsson, 2000; Czimczik et al., 2005]. However, in boreal black spruce forests 

of Quebec, combustion of the thick forest floor layers by wildfire is often 

incomplete and BC is a major product. Typical properties of BC are its relative 

inertness, its ubiquity in pyrogenic ecosystems [Schmidt and Noack, 2000], and its 

high content of aromatic molecular structures [Lehmann and Joseph, 2009].  

An ambiguity persists in determining the intrinsic nature of BC, as no 

standard analytical method exists. Masiello [2004] defined BC as the continuum 

of thermally-altered organic materials. This idea was further explored by Hammes 

et al. [2007] with an inter-laboratory ring trial that aimed to resolve which 

analytical techniques were best used to assess each part of the continuum. Most of 

these methods are better adapted to quantify BC in mineral soil. Indeed, the 

abundance and diversity of C structures present in a well-developed boreal forest 

floor constitutes a challenge in terms of BC quantification. The commonly used 

oxidation methods, such as thermal digestion [Kuhlbusch and Crutzen, 1995], 

nitric acid and peroxide [Kurth et al., 2006], oxidation with sodium hypochlorite 

or acid dichromate [Hammes et al., 2007] may not be able to degrade all of the 

non-BC carbon, hence leading to overestimates of BC stocks. Another issue 

common to many protocols used for BC quantitation, such as the BPCA method 

[Czimczik et al., 2005; Brodowski et al., 2005; Guggenberger et al., 2008], is that 

only the condensed BC is detected [Hammes et al., 2007]. Nuclear magnetic 

resonance spectroscopy is the only direct non-destructive method that can 

adequately estimate BC in organic horizons, and this may be accomplished 
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independently of the degree of condensation of the material. Other non-

destructive spectroscopic methods exist (e.g., Fourier transform infrared/near-

infrared, mid-infrared spectroscopy) but they are indirect methods, requiring a 

calibration set and multivariate data analysis [Viscarra Rossel et al., 2006; Janik 

et al., 2007; Bornemann et al., 2008]. 

According to recent studies, BC may be a significant component of the SOC 

pool. The review by Preston and Schmidt [2006] reported BC stocks in boreal 

forest floors on the order of 1000–2000 kg/ha. Significant BC accumulation was 

observed in certain North American boreal forests [e.g., Harden et al., 2000; 

Bélanger and Pinno, 2008] but BC stocks appear to vary greatly among boreal 

ecosystems [Czimczik et al., 2005; Preston and Schmidt, 2006; Kane et al., 2007; 

Kane et al., 2010]. To correctly introduce BC into C models as a slow or passive 

pool, test its response to future climate conditions, there is a strong need to better 

understand of its physical and chemical characteristics. As well, better estimates 

of BC stocks and their distribution in soil profiles are needed for adequate 

modeling of this pool.  

The present study had two main objectives. First, we estimated forest floor C 

stocks in a range of fire-affected black spruce forests (mesic sites with varying 

components of jack pine) representative of eastern Canada. Second, we quantified 

BC stocks in the distinct forest floor layers using solid-state 13C nuclear magnetic 

resonance (NMR) spectroscopy. Specifically, we quantified BC stocks in the 

forest floors of 11 soil profiles distributed over the entire northern black spruce-

feathermoss domain of Quebec. Finally we investigated the influence of regional 



123 
 

variation in fire frequency and climate, and local variation in topography and 

stand type, on these stocks. This is the first quantitative investigation of BC stocks 

and wildfire effects on these stocks, in eastern Canada, which represents a large 

proportion of the boreal forest of North America. 

 

4.2. Materials and methods 

4.2.1. Site characteristics 

The province of Quebec is divided into ten bioclimatic domains, characterized 

by distinct vegetation and climatic conditions [Saucier et al., 2001]. The black 

spruce-feathermoss bioclimatic domain covers a third of the provincial territory 

and is divided into the eastern and western subdomains, characterized by different 

precipitation regimes. The west subdomain receives an average precipitation of 

850 mm/year in its northern range, and 900 mm/year in its southern range, 

whereas the eastern subdomain receives 1020 mm evenly distributed throughout 

the year [Bergeron et al., 2004; Cyr et al., 2007]. Mean annual temperature 

[Carrier, 1996] ranges from −2 °C in the north to just above 0 °C in the south. 

The western sector of the domain forms a transition zone between a continental 

climate (southern range) and a subpolar continental climate (northern range), 

while the eastern subdomain experiences a cooler, more humid maritime climate, 

at least in its southern range.  

Humo-ferric podzols are found in the majority of the black spruce-

feathermoss domain [Soil Classification Working Group, 1998]. With the 

exception of some of the drier sites, forest floors are thick, typically ranging from 
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10 to more than 120 cm. These podzolic soils have developed on glacio-fluvial 

sediments/till deposits and therefore have a sandy texture and generally contain a 

high proportion of coarse fragments (> 2 mm diameter). Veins of clay are 

occasionally present in the western part of the gradient, because of the proximity 

to the Clay Belt [Robitaille and Saucier, 1998]. Both subdomains are largely 

dominated by black spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.) 

with ericaceous shrubs (Rhododendron groenlandicum (Oeder) Kron & Judd, 

Kalmia angustifolia L., and Vaccinium angustifolium Ait.), feathermoss 

(Pleurozium schreberi (Brid.) Mitt.) and/or Sphagnum moss (Sphagnum sp.) 

constituting most of the understory. Locally, lichens (Cladina rangiferina (L.) 

Weber) associated with fire moss (Ceratodon purpureus (Hedw.) Brid.) and 

haircap moss (Polytrichum sp.) were present. On well-drained sites, jack pine 

(Pinus banksiana Lamb.) is often associated with black spruce in mixed stands 

and becomes dominant under the driest conditions.  

In 2005–2007, high fire activity in Northern Quebec caused 1.2 Mha to be 

burned over these three years. Large fires occurred even in regions that do not 

experience fires often, i.e., with long fire cycles. These fires provided us with 

potential study sites spread over a-600-km gradient, with decreasing fire 

frequency along a west-east axis. Only those fire sites that were accessible by 

road and that presented a large enough unsalvaged area were selected. A total of 

14 fires, ranging in size from 330 to 56000 ha, were selected. Most of the fires 

occurring during those three years took place at the beginning of the fire season 

[Kasischke et al., 2010; Turetsky et al., 2011]. In the province of Quebec, fire 
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regime has been regionalized by landscape units of relative homogeneous 

environmental conditions, including vegetation, temperature, and precipitation 

[Lefort et al., 2004; Chabot et al., 2009], using two descriptors of fire frequency: 

fire occurrence and fire cycle. To test for the influence of fire frequency on SOC 

and BC stocks, we divided our study area into five zones of homogeneous fire 

cycle and similar climatic conditions using these landscape units (Figure 4-1). 

Each zone included 2 to 4 fire sites. All sites were outside the permafrost zone 

and were sampled in summer 2010. 

 

4.2.2. Sampling protocol 

Topographic gradients and plots 

We positioned two to four topographic gradients within each selected fire site, 

for a total of 46 gradients. Two to three 20 m x 20 m plots were situated on each 

of the gradients (total plot number = 133). For each plot, we defined its slope 

position (upper, mid, lower), and measured the aspect. We estimated the amount 

of biomass that was consumed during the last fire event by measuring the depth of 

the residual organic matter (ROM) following Kasischke and colleagues’ [2008] 

methodology. On five microplots, we located the uppermost adventitious root of 

the black spruce tree taller than 2 m and closest to the center of the microplot. In 

the few cases where no adventitious roots were found – e.g., well drained sites 

with shallow organic layers – the top of the basal root was used. The distance 

between the adventitious or basal root and the mineral soil surface was 

determined to estimate the thickness of the pre-fire organic layer (OMt). Lastly, 
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the thickness of the forest floor that was consumed by the last fire event (OMc) 

was calculated as the difference between the latter and the thickness of the ROM. 

In Quebec coniferous boreal forests some topographic positions, including S, 

SW, and W facing aspects, are more fire-prone than others dominated by N, NE 

or E facing slopes [Cyr et al., 2007]. Similarly, soils located upslope tend to have 

better drainage than downslope soils, and their forest floor is more likely to be 

drier and therefore more prone to consumption by fire. To study the frequency 

distribution of forest floor thickness before fire, we used the following two 

combinations of slope position and aspect: 1. Upslope position on S, SW or W 

facing slope, and 2. Downslope position on N, NE or E facing slope. Forty-two 

plots (21 plots for each of the 2 position+aspect combinations) met these 

conditions. 

 

Soil profiles 

A total of twenty-three soil profiles were described and sampled to capture 

each of the five zones of homogeneous fire cycle and climatic conditions of the 

black spruce domain (n= 4–5 for each zone; Table 4-A.1). For each soil profile, 

the entire forest floor was sampled using a shovel to delimit an approximate 

20 cm x 20 cm square. The exact measurements of the square were recorded. The 

forest floors usually presented the following distinct layers that were individually 

sampled: a thin – averaging 2 cm – superficial burnt layer produced by the last 

fire event (referred to hereafter as fresh BC), a partially decomposed litter horizon 

(F), and a highly humified organic matter horizon (H). The latter was generally 
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associated with a thin layer of BC produced by previous fire events (historical 

BC, which was sitting right at the interface with the mineral soil). In some 

instances, the historical BC layer was thick enough that we were able to separate 

it from the rest of the H horizon.  

 

4.2.3. Laboratory analyses 

Elemental content 

Organic samples were placed at 65 °C in a drying oven for 3 to 5 days, and 

weighed to determine dry mass and to estimate bulk density. Prior to elemental 

analysis, samples were finely ground using a mortar grinder (RM 100 mortar 

grinder, Retsch, Haan, Germany). Carbon, hydrogen, and nitrogen contents were 

determined by dry combustion using a CHN Analyzer (CEC – Control Equipment 

Corporation – Model 440 Elemental Analyzer with auto-injector). The oxygen 

content was estimated by difference from the ash free mass of the sample 

obtained after 6 hours at 750 °C in a muffle furnace in accordance with ASTM 

Standard D1762-84 [ASTM, 2007]. This procedure also provided total ash 

content. 

 

Solid-state 13C Nuclear Magnetic Resonance spectrometry 

For a subset of 11 soil profiles (n = 33 horizons), the BC content of the forest 

floor horizons (fresh BC, F, and H + historical BC or H horizon and historical BC 

layer) was determined using solid-state 13C NMR spectroscopy with magic angle 

spinning (MAS). The 13C nuclei (1.1% natural abundance) provided information 
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about the various functional groups present in our samples [Kögel-Knabner, 1997; 

Axelson, 2012]. Studies focusing on organic matter usually employ the cross-

polarization (CP) technique as it allows for acquisition of 13C NMR spectra in less 

time. However, the CP efficiency for chars is reduced [Baldock and Smernik, 

2002] because of the absence of mobile 1H nuclei [Freitas et al., 1999; Smernik et 

al., 2002]. To verify that our CP spectra were representative, we used the more 

quantitative direct polarization (DP) technique, also called Bloch decay (BD) 

technique [Preston and Schmidt, 2006] on a subset of horizons (n = 15).  

The CP experiments were conducted on a Chemagnetics CMX Infinity 200 

spectrometer. A 5.0 mm Chemagnetics triple-resonance MAS probe was used to 

spin the samples at the magic angle (54.7°), with a spinning frequency of 10 kHz 

(± 10 Hz). This is fast enough to move the spinning side bands out from the 

region of interest at this field strength (4.7 T). Samples were packed in 5.0 mm od 

zirconium oxide rotors equipped with Kef-F® drive tips and Teflon end-cap and 

spacer. Chemical shifts in parts per million (ppm) were externally referenced to 

tetramethylsilane (TMS) using the adamantane peak at 38.56 ppm [Earl and 

VanderHart, 1982]. Spectra were acquired at a frequency of 50.3 MHz, using a 

variable-amplitude cross-polarization (VACP) pulse sequence [Peersen et al., 

1993]. A spectral width of 30 kHz was used and 1024 real data points were 

collected over an acquisition time of 34.1 ms. All spectra were then zero-filled to 

8192 data points. The background 13C NMR signal, obtained by the acquisition of 

the spectrum of an empty rotor, was subtracted before processing the free 

induction decays (FIDs). The number of scans acquired for the CP spectra ranged 
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from 8432 to 9468. We used a 1 ms contact time, a 90° 1H pulse of 4.5 µs 

duration and a pulse delay of 10 s. Finally, we applied Lorentzian line-broadening 

of 60 to 100 Hz before performing the Fourier transform. The spectra were 

divided into seven spectral regions, each corresponding to a major type of C, as 

described in Baldock et al. [2004]: amide and carboxyl (215–165 ppm), phenolic 

(165–145 ppm), aromatic (145–110 ppm), di-O-alkyl (110–95 ppm), O-alkyl (95–

60 ppm), methoxyl and N-alkyl (60–45 ppm), and alkyl (45–0 ppm).  

The DP experiments were conducted on a Bruker Avance 300 spectrometer 

using a 4.0 mm Bruker double-resonance MAS probe with a spinning frequency 

of 13 kHz (± 10 Hz). 1800 scans were acquired using a 90° 13C pulse of 4.5 µs 

duration at a frequency of 75.5 MHz. To allow for complete relaxation of all C 

nuclei [Baldock and Smernik, 2002], the pulse delay was set to 100 s. The 

background signal was removed using a background suppression program [Cory 

and Ritchey, 1988]. All spectra were zero-filled to 8192 data points and a 

Lorentzian line-broadening of 100 Hz was applied to the FID. Applying Smernik 

and Oades’ [2000a] methodology, we used spin counting to determine if the DP 

spectra were representative of all the C moieties present in the samples. Spin 

counting relies on comparing the 13C NMR integrated signal intensity of a sample 

for which the mass and C content are known with that of a standard, which is 

known to provide a quantitative signal. Glycine (Fisher Scientific, reagent grade) 

was used as an external standard. We determined how much of the expected 

signal was in fact detected in the NMR spectra. The C observability, Cobs, 

corresponds to the fraction of the expected NMR intensity that was actually 
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observed. It is assumed that the intensities of the NMR resonances quantitatively 

reflect the distribution of 13C environments present in the sample if Cobs = 100% 

[Smernik and Oades, 2000b]. A value of less than a 100% for Cobs implies that 

part of the potential signal is not detected. 

 

Molecular mixing model 

To estimate the BC content of each sample, we used a molecular mixing 

model (MMM) as described in Baldock et al. [2004]. The molecular model 

predicts sample composition by targeting the four major classes of organic 

compounds (carbohydrates; proteins; lignins; lipids) as well as carbonyl C and 

char, which represent the organic matter altered by oxidation and fire, 

respectively. The integrated areas (% of the total signal intensity) corresponding 

to the seven spectral regions from the CP spectra – and DP spectra when available 

– were entered into the molecular mixing model to estimate the percentage of BC 

in the samples. We refer to these results as CP+MMM and DP+MMM, 

respectively, in the rest of the manuscript. For the following 5 model components: 

carbohydrate; protein; lignin; lipid, and carbonyl C, we used the assigned 

percentage of total 13C NMR signal intensity to the seven spectral regions as 

reported in Baldock et al. [2004]. For the char component we used the default 

value proposed by Baldock (personal communication; Table 4-B.1) as well as 

values obtained for a fresh BC layer that was not very aromatic (MMM-1; Table 

4-B.1) and a BC produced in the laboratory at 600 °C under controlled conditions 

(MMM-2; Table 4-B.1). We used these two adjusted models to estimate how 
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much slightly-aromatic and highly-aromatic BC the samples contained. BC 

content is expressed as a percentage of the total organic C present in the sample.  

 

4.2.4. Statistical analyses 

We used a 1-way ANOVA – or Mood's median test and a Kruskall-Wallis 

when needed – to analyze the 13C NMR and elemental data of the selected organic 

horizons of the soil profiles. The same analysis was used to evaluate the effect of 

the five zones of homogeneous fire cycle and climatic conditions on bulk forest 

floor characteristics. When performing analyses to test for the effects of stand 

type (i.e., black spruce-dominated vs. jack pine-dominated) or topographic 

features, we used the five zones of homogeneous fire cycle and climatic 

conditions as blocks. Differences linked to stand type and aspect were tested 

using an unequal variance Welch t-test. Relationships between variables were 

estimated using Pearson correlation and Spearman rank correlation when needed. 

All comparisons and ANOVA were considered significant at an alpha value of 

0.05. For the significant ANOVAs, we adjusted the alpha with a Bonferroni 

correction when exploring all possible comparisons. All statistical analyses were 

performed with SAS 9.2 (SAS Institute Inc., Cary, North Carolina). 

 

4.3. Results 

4.3.1. Forest floor carbon stocks 

Forest floor thickness in undisturbed black spruce forests averaged 27.2 cm 

(Table 4-1). During the high fire activity episode of 2005–2007, the average depth 
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of forest floor consumed by fire was 10.6 cm, and the residual organic matter 

(ROM) thickness was 16.6 cm. A reduced fire frequency appeared to favor the 

accumulation of organic material (Figure 4-2a). A significant difference in forest 

floor thickness before fire (OMt) was observed between the two zones with 

shorter fire cycle (FC) (East Baie-James – FC < 200 years and Chibougamau – 

FC between 200–500 years, where depths were 23.6 and 26.0 cm, respectively), 

and the zone with the longest fire cycle (North-Shore – FC > 1000 years, which 

had a forest floor thickness of 33.3 cm; Figure 4-2a). This translated into a 

significant difference in forest floor depth after fire (ROM): the North-Shore 

region had a deeper ROM than the other zones (Figure 4-2a). There was also a 

significant difference in C stocks after fire (Figure 4-2b); forest floors of the three 

zones with an intermediate fire cycle, Saguenay-Ashuapmushuan, West Baie-

James, and Chibougamau, stored more C than that of the zone with the shortest 

fire cycle, East Baie-James. 

The mean pre-fire forest floor thickness in black spruce-dominated stands was 

significantly greater (29.5 cm) than that of jack pine-dominated stands (19.9 cm; 

Table 1). This difference persisted after fire (Table 4-1). C stocks were 

significantly higher in black spruce-dominated stands (6.4 ± 2.8 kg.m−2) compared 

to stocks in stands dominated by jack pine (3.4 ± 1.8 kg.m−2). 

The plots located on N and E facing slopes (i.e., non-fire prone slopes) had 

significantly deeper organic horizons before fire (29.3 cm) than those located on S 

and W facing slopes, i.e., fire prone slopes (average of 25.8 cm; Table 4-1). The 

ratio of forest floor consumed by the last fire event over the initial forest floor 
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depth (OMc/OMt), was also significantly smaller in plots located on N facing 

slopes (35.8%) compared to plots located on S facing slopes (44%; Table 4-1). In 

addition, slope position affected forest floor depth before fire; downslope 

positions were characterized by a significantly deeper forest floor (30.7 cm) than 

midslope (26.1 cm) or upslope (25.3 cm) positions (Table 4-1). Finally, upslope 

plots exhibited a significantly higher ratio of forest floor consumption 

(OMc/OMt; 45.1%) than the downslope plots (36.0%; Table 4-1). Figure 4-3 

clearly illustrates the greater accumulation of organic material on the northern 

slopes and downslope positions. 

 

4.3.2. Forest floor characteristics 

Forest floor quality as defined by N content and C/N ratio did not vary 

significantly as a function of stand type (Table 4-2). The deepest organic layer (H 

+ historical BC) was significantly less developed in jack pine stands (2.7 ± 

1.7 cm) compared to black spruce stands (5.5 ± 2.2 cm; Table 4-2). The humic 

layer was generally thin, and sometimes absent, in recently fire-affected forest 

floors of jack pine stands. The fresh BC layer had a significantly higher pH than 

the underlying F, H or H + historical BC layers. The fresh BC layer also had a 

significantly higher C content (52.4 ± 2.9%) than the F layer (50.1 ± 1.9%). 

However, the C/N ratios of these two layers were not significantly different. Fire 

had an effect on atomic ratios, with the H/C and O/C ratios generally decreasing 

in the fire-affected layers (Figure 4-4). The atomic H/C ratio in the F layer was 

significantly higher than in the H + historical BC layer, which was significantly 
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higher than for the historical BC. On the other hand, atomic O/C ratio differences 

among the forest floor layers were not statistically significant. 

The 13C NMR spectra revealed chemical composition differences among the 

different organic horizons (fresh BC, F, H + historical BC, historical BC). Figure 

4-5 presents CP and DP spectra of forest floor horizons of two soil profiles typical 

of black spruce- and jack pine- dominated stands.  

Spectra from the fresh BC and F layers were very similar and exhibited peaks 

representative of cellulose, hemicelluloses and lignin [Wikberg and Liisa Maunu, 

2004; Inari et al., 2007; Melkior et al., 2012]. The dominant peak at 72–75 ppm 

(O-alkyl spectral region) can be attributed to cellulose, as can the smaller peak at 

105 ppm. The third most important peak was located at 30 ppm in the alkyl 

region, and is characteristic of long-chain CH2. It was particularly broad, 

suggesting a large heterogeneity in the functional groups present (CH, CH2 and 

CH3 structures). The aromatic, phenolic, and carboxyl regions were very weak in 

the CP spectra but the DP spectra presented detectable peaks. The signal at 

173 ppm was assigned to the hemicellulose carboxyl groups, although that peak 

was rather broad and could also be associated with the amide C of proteins as well 

as the carboxyl groups of microbial and plant lipids [Preston et al., 2006]. Peaks 

arising from lignin are mainly present between 110 and 165 ppm, and at 56 ppm 

for the lignin methoxyl groups. Lignin content was minor as suggested by the 

weak signals obtained for these regions; the signal at 155 ppm is likely ascribable 

to tannins [Lorenz et al., 2000]. The small signal at 130 ppm is related to black 

carbon [Inari et al., 2007].  
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There were major differences in the H + historical BC spectra with an 

important loss of intensity in the O-alkyl and di-O-alkyl regions counterbalanced 

by an increase in the aromatic and phenolic regions. The intensity in the other 

regions remained relatively constant. The broad alkyl peak at 25 ppm and the 

strong and broad signal at 130 ppm indicated the presence of a significant amount 

of BC in this layer. The historical BC layer was clearly dominated by aromatic C 

with a characteristic broad peak centered at 130 ppm. The small residual peaks in 

the O-alkyl (73 ppm) and carboxyl regions (173 ppm) are the remains of 

carbohydrate structures, while the small signal in the alkyl region could be related 

to BC formation [Inari et al., 2007]. Figure 4-6 illustrates the shift in dominance 

in the 13C NMR spectra from the O-alkyl and di-O-alkyl regions (fresh BC and F) 

to the aromatic region (H + historical BC and historical BC). 

 

4.3.3. Black carbon content 

Calibration of the Molecular Mixing Model (MMM) 

Results of the spin counting showed that the DP experiments were 

quantitative, whereas the CP experiments were not. Hence, to obtain accurate BC 

content, only the DP spectra data should be used with the molecular mixing 

model. BC concentrations estimated by CP+MMM were strongly correlated to 

those estimated by DP+MMM, which allowed us to derive a predictive equation 

(Equation 1; R² = 0.89) to obtain more accurate BC concentrations for all 

analyzed samples.  
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We applied the different versions of the molecular model to the 15 samples 

for which we acquired both a CP and a DP spectrum. BC contents estimated with 

the 3 MMM were strongly correlated (Table 4-C.1) and we derived equations to 

predict BC contents estimated with DP+MMM-1 (R² = 0.92; Equation 2) and 

DP+MMM-2 (R² = 0.99; Equation 4-3) from the BC content estimated with 

DP+MMM. Figure 4-7 summarizes the BC content estimated from the DP data 

for the different horizons using the 3 models. There was significantly more BC 

(40.8%) in the historical BC layer than in all other horizons, as estimated by 

MMM-2. BC contents estimated by MMM-1 were significantly higher than those 

estimated by the two other models (Figure 4-7). Similarly to the default model 

(MMM), there was a strong and significant relationship between the BC 

concentrations estimated by CP+model and those estimated by DP+model for 

MMM-1 and MMM-2 (R² = 0.88 and R² = 0.85 respectively; Table 4-C.1). 

 

Estimation of forest floor BC stocks  

Using the mixing model with the 13C NMR CP and DP spectra data, we found 

that the organic layers were characterized by variable BC concentrations. There 

was a significant difference in BC content (expressed as % of total SOC) among 

the organic layers. The historical BC layer contained the highest amount of BC 

(67.7 ± 5.2%). The H + historical BC contained more BC (26.0 ± 13.3%) than the 

fresh BC (13.4 ± 7.1%) and F (6.2 ± 2.9%) horizons. The F horizon was thicker 

than the other organic horizons, representing 50% (± 3%) of the total forest floor 

thickness; comparatively the H + historical BC horizon accounted for only 36% 
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(± 3%) of the total depth. Despite this, most of the BC stock was present within 

the H + historical BC layer. BC stock in the latter horizon was significantly higher 

(0.188 ± 0.242 kg C.m−2) than that of the fresh BC layer (0.014 ± 0.012 kg C.m−2). 

Total C content of individual forest floor horizons was not strongly related to its 

BC content (R² = 0.34; Table 4-C.1). However, the atomic H/C ratio explained a 

large part of the variability in BC content (R² = 0.80; Table 4-C.1). 

BC stocks for the 11 profiles, as well as their corresponding C stocks, are 

presented in Table 4-3. They range between 0.24 and 1.23 kg C m−2. We could 

not detect any significant difference in BC stocks in relation to environmental 

conditions (stand type, zone, slope aspect and position, fire-prone context).  

 

4.4. Discussion 

4.4.1. Fire effects on forest floor characteristics  

Stand type influenced the chemical composition and depth of the forest floor, 

thereby affecting its vulnerability to complete combustion by wildfire (Tables 4-1, 

4-2). Partial consumption of the forest floor by wildfire results in BC layers, 

which are ubiquitous in Quebec black spruce forests [Simard et al., 2007]. At our 

study sites, BC was often absent from the H horizon if the forest floor was thin, 

and its absence may indicate that the forest floor had been entirely consumed by 

fire in the past. This situation is more probable in rapidly or well-drained stands 

and where the canopy is dominated by jack pine. The deeper organic layers 

present on north-facing slopes suggests that moister and cooler slopes are less 
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likely to burn. Kane et al. [2010] made similar observations in Alaskan black 

spruce forests.  

The presence of BC affected the 13C NMR spectra, as indicated by a 

characteristic and broad peak at 130 ppm (Figure 4-5). Previous studies conducted 

in various ecosystems have reported similar results [e.g., Czimczik et al., 2003; 

González-Pérez et al., 2004; Preston et al. 2006]. For the H + historical BC layer, 

and in particular for the historical BC layer itself, the 13C NMR spectra were 

dominated by aromatic non-oxygenated C (130 ppm), suggesting that 

condensation of the original macromolecules into aromatic polymers had 

occurred. This suggests an increase in condensation, which agrees with the 

decrease in the atomic H/C, and to a lesser extent O/C, ratios in the layers that 

have been more affected by fire. To illustrate this phenomenon, we calculated the 

degree of aromatization, which corresponds to the ratio of aromatic & phenolic C 

(165–110 ppm) to O-alkyl C + alkyl C (110–0 ppm), and is an indicator of the 

increasingly condensed nature of chars [Keiluweit et al., 2010]. As expected, there 

was an increase in the degree of aromatization in the organic layers where the 

effect of fire was more important (Table 4-D.1). We derived another index from 

the 13C NMR spectra: the polarity index, which corresponds to the ratio of 

(Carboxyl/Amide C + O/N-alkyl C) to (phenolic C + aromatic C + alkyl C) and 

illustrates the water repellency potential of BC [Knicker et al., 2006]. The polarity 

index decreased in the layers most affected by fire (Table 4-D.1), which supports 

increasing hydrophobicity with more BC [e.g., Kinney et al., 2012]. This could be 

significant in the case of soil mixing after salvage harvesting. This form of 
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scarification is a common silvicultural practice in Quebec and could lead to 

increased water repellency in the post-fire soil environment.  

In forest floors, the major structural components of soil organic C are 

generally divided as follows: O-alkyl (40–55%), aromatic (15–25%), alkyl (20–

30%) and carboxyl (5–10%). The percentage of alkyl C generally increases during 

humification [Kögel-Knabner et al., 1992]. The presence of BC in the H horizon 

completely changed this trend, with aromatic and phenolic C representing up to 

35–55% while O-alkyl C dropped to 15–25% (Figure 4-6). These differences 

indicate that the deeper layers of the forest floor in these boreal black spruce 

forests (H + historical BC and historical BC; located just above the mineral-

organic interface) are more chemically complex, hence likely less susceptible to 

decomposition than non fire-affected forest floors.  

 

4.4.2. Carbon and black carbon stocks 

Carbon stocks 

Average SOC stocks after fire (5.70 ± 0.29 kg.m−2 in the 133 plots and 5.49 ± 

0.54 kg.m−2 in the 23 profiles) were higher than results obtained by Czimczik et al. 

[2005] in Siberian Scot pine (Pinus sylvestris) forests (max = 2.19 kg.m−2), or by 

Nalder and Wein [1999] in jack pine forests of western Canada (1.17 ± 0.27 to 

1.52 ± 0.49 kg.m−2). When considering only jack pine stands, SOC stocks were 

similar to the latter values (3.40 ± 0.18 kg.m−2). The higher SOC stocks we 

observed are likely the result of higher annual precipitation in our forests, 

favoring feathermoss over lichen cover in the forest. Neff et al. [2005] reported C 
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stocks in recently burned Alaskan black spruce forests that were similar to our 

values (3.12 ± 0.58 kg.m−2). In organic horizons of Alaskan black spruce forests, 

Kane et al. [2010] also reported C stocks that were in the same range as we 

observed, with 4.09 (± 0.64) kg.m−2 in the south facing sites and 5.73 (± 0.64) 

kg.m−2 in the organic horizons of north facing sites. 

The difference in C stocks after fire between black spruce-dominated stands 

(6.4 ± 2.8 kg.m−2) and those dominated by jack pine (3.4 ± 1.8 kg.m−2) is an 

important finding in the context of possible species compositional shifts 

associated with low fire severity and large fire years [Boiffin and Munson, 2013]. 

The influence of canopy composition on forest floor C stocks was likely due to 

preferential position in the landscape: black spruce dominate in moderately- to 

poorly-drained sites whereas jack pine occupies driest uplands that are more fire-

prone. This favors moss accumulation in black spruce stands [Boiffin and 

Munson, 2013 and references therein]. Moreover, high tannin concentrations in 

forest floors of black spruce stands are prone to reduce N availability and inhibit 

decomposition [e.g., Lorenz et al., 2000; Preston et al., 2006]. Lastly, differences 

in understory vegetation could explain differences in C stocks. Notably Sphagnum 

mosses, which have been connected to sites with high C storage [e.g., 

Hollingsworth et al., 2008], were preferentially associated with black spruce, 

whereas jack pine was mostly associated with lichen and/or feathermosses that 

produce thinner forest floor layers. 

In our study, we were able to show that shorter fire cycles tended to reduce C 

storage in the forest floors. We suspect that the difference in C stocks is also 
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related to the climatic conditions and the soil physical characteristics of this zone. 

First, even if the time since last fire was shorter in the East Baie-James zone, it 

was close from the four other zones (Table 4-A.1). Second, the lower C stocks in 

the East Baie-James zone were principally associated with lower C storage in the 

black spruce stands (4.8 ± 1.8 kg.m−2) compared to similar stands in the other 

zones (6.1 ± 2.1 to 7.6 ± 3.1 kg.m−2). Reduced precipitation in this zone (Table 4-

A.1) and a frequent and quite abundant stoniness on the sites may reduce stand 

productivity. Alternatively, the second to last fire events may have been 

exceptionally severe in this zone, partially consuming the H + historical BC, and 

consequently removing an important portion of the historical C stock. 

 

Black carbon stocks 

As expected the slightly-aromatic BC content (BC estimated by MMM-1) was 

significantly higher than the highly-aromatic BC content (BC estimated by 

MMM-2). The absence of a significant difference between the default MMM 

(Baldock) and MMM-2 confirms that the default model provides an estimate for 

BC that is already highly aromatic (Figure 4-7; Table 4-B.1). The use of the 

adjusted model MMM-1 can be particularly relevant to estimate BC content in the 

fresh layers after low severity fires, and/or to assess how much BC transfers to the 

F layer following low severity surface fires. Equations 2 and 3 could be used to 

quickly provide higher and lower boundaries to BC stocks present in the forest 

floor layers, respectively. 
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The BC stocks we measured (608 ± 314.1 g C.m−2) were much higher than 

those reported in previous studies. For instance, in similar ecosystems (Alaskan 

black spruce forests), Kane et al. [2010] observed BC stocks (estimated by 

DP+MMM) of 260 (± 1) g C.m−2 in the organic horizons of south facing forests 

but only 140 (± 4) g C.m−2 in the organic horizons of north facing forests. In the 

organic layers of a forest tundra in northern Siberia, Guggenberger et al. [2008] 

reported BC stocks, estimated by BPCA, ranging between 8 (± 3) in SSW slopes 

and 103 (± 23) g.m−2 in intact raised bogs. In a chronosequence of 12 forest sites 

in northern Sweden, Zackrisson et al. [1996] found soil charcoal mass, estimated 

by hand sorting, to vary from 98.4 to 207.4 g.m−2. Using a similar methodology, 

Bélanger et al. [2004] reported char stocks of 34.3–129.5 g.m−2 in the forest floor 

of a deciduous forest of Southern Quebec, 75 years after fire. Finally, comparing 

burned and unburned forest floor of Siberian scots pine forests, Czimczik et al. 

[2003] reported BC stocks, estimated by BPCA, of 14.1 (± 7.7) g.m−2 and 20.2 (± 

11.0) g.m−2 for the unburned and burned sites respectively. Because of the 

different analytical methods employed to measure BC, it is not necessarily 

acceptable to compare these estimates [Hammes et al., 2007]. However Kane et 

al. [2010] adopted a similar methodology to ours and estimated C stocks that were 

comparable. The difference in BC stocks we observed could be due to the 

presence of the H + historical BC horizon, which was quite deep in half of the 

profiles and contributed importantly to the total BC stock of the forest floor. This 

horizon was apparently absent from the sites studied by Kane et al. [2010].  
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This study highlights the importance of the forest floor in Quebec black 

spruce forests in terms of BC storage. In contrast to other forest ecosystems, e.g., 

temperate forests or less productive boreal ecosystems, complete forest floor 

consumption by fire does not appear to be the norm in these forests. Part of the 

forest floor usually survives fire events and the fresh BC produced likely gets 

diluted in the F layer over time, as new moss accumulates on top of it. In this 

situation, BC does not generally come into direct contact with the mineral soil, 

and instead accumulates in the organic horizons. In our study, past accumulation 

of BC represented an important contribution to total BC stocks, as shown by the 

large amount of BC stored in the H + historical BC layers. On the other hand, 

contribution of the fresh BC layer (i.e., from the last fire event) to the BC stocks 

already present in the F and H horizons averaged only 6%. This could be because 

the recent fires we studied were not severe at the forest floor level [Boiffin and 

Munson, 2013]. Czimczik et al. [2005] made similar observations in Siberian scots 

pine forests and concluded that BC accumulation in the organic horizons was 

under the control of fire severity.  

As discussed earlier, the 13C NMR spectroscopic signature of the historical 

BC indicates that it was formed at high temperature (> 450 °C). This temperature 

seems high for a smoldering fire [e.g., Miyanishi, 2001; Ryan, 2002]. The 

historical BC layer more likely originated from very rare and intense fires at 

ground level, which consumed most of the forest floor; but left the BC formed on 

trees, i.e., carbonized bark and wood, covering the ground. A new moss layer, and 
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eventually a new forest floor, then formed over that BC layer, which remained at 

the interface with the mineral soil. 

 

4.5. Conclusions 

Fires affect the quantity and quality of the forest floors in Quebec black 

spruce forests. Fire appears to be a driving factor of the carbon cycle in these 

forests. First it oxidized some organic carbon; this complete combustion was 

influenced by environmental features, including slope position and aspect. 

Second, fire affected part of the remaining C stocks through production of more 

or less condensed black carbon. The recent low severity fires at the forest floor 

level, which affected our study sites, left part of the carbon pool and much of the 

historical black carbon legacy intact, with the persistence of the H + historical BC 

layer, as well as part of the F horizon, which on occasion constituted a substantial 

BC reservoir. In this study, fire history seemed to control BC stocks, as the H + 

historical BC layer contained the biggest BC reservoir in most profiles.  

We were able to determine BC content in the various forest floors layers by 

applying the molecular mixing model on the 13C NMR DP spectra data. This 

method of BC quantitation for organic samples is not only accurate but also 

flexible, with the possibility of calibrating the molecular model for different 

ecosystems and various scenarios of fire severity by choosing the degree of 

condensation of the BC. But if sample preparation for NMR analysis is minimal, 

acquisition times, and access to a spectrometer are prohibitive when analyzing a 

large number of samples. This study highlights the need to find a standard method 
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of BC quantitation for this type of samples that will be less time consuming. This 

improved knowledge on BC pools is urgently needed in fire-affected ecosystems 

where organic materials represent a large part of the carbon pool (e.g., boreal 

forests, peatlands, etc.). 
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Tables and Figures 

 



147 
 

Table 4-1. Average organic matter (entire forest floor) thickness (cm) before fire (OMt), organic matter depth consumed by fire 

(OMc), residual organic matter thickness (ROM), and forest floor carbon stock after fire.  

  N OMt (cm)  OMc (cm) OMc/OMt ROM (cm) C stock (kg.m−2) 

 all plots 133 27.2 (8.5) 10.6 (5) 0.406 (0.12) 16.6 (8.2) 5.7 (2.9) 

stand type 
Black spruce 102 29.5c (7.7) 10.6 (5) 0.37c (0.15) 18.9c (7.8) 6.4c (2.8) 
Jack pine 31 19.9d (6.7) 10.6 (4.9) 0.524d (0.15) 9.1d (3.7) 3.4d (1.8) 

topography 
(aspect) 

Non fire-prone 
(N and E 
aspects) 

56 29.3e (8.3) 9.8 (4.4) 0.358e (0.16) 17.7 (9.1) 6.6e (2.9) 

Fire-prone (S 
and W aspects) 77 25.8f (8.4) 11.2 (5.2) 0.440f (0.16) 15.7 (7.3) 5.1f (2.7) 

topography 
(position) 

downslope 42 30.7g (8.2) 10.7 (5.8) 0.36g (0.18) 19.8 (8.6) 7.0g (3.5) 

midslope 50 26.1h (7.9) 10.1 (4.5) 0.40gh (0.16) 15.8 (7.5) 5.4h (2.2) 

upslope 41 25.3h (8.8) 11.1 (4.6) 0.45h (0.16) 14.3 (7.7) 4.8h (2.4) 

Values for each parameter are mean (SD)  

Means with a different letter are significantly different from one another (with Bonferroni adjustment for the ANOVA/position on the 

slope) in similar subsets (columns: year = a, b; stand type = c, d; aspect = e, f; position = g, h) 
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Table 4-2. Thickness (cm) of each organic layer sampled after fire, pH of the F 

horizon, and nitrogen (N) content (%) of the bulk forest floor. The number of 

samples considered (n) is reported. 

  stand type 

    black spruce (BSP) jack pine (JP) 
n 

(BSP) 
n  

(JP) 

horizon depth 
(cm) 

fresh BC 1.4a (0.3) 1.3a (0.5) 16 6 
F 6.9a (4.4) 6.5a (2.6) 16 6 
H 6.7a (2.9) 2.7a (1.8) 3 3 
H + historical BC 5.5a (2.2) 2.7b (1.7) 14 4 

pH F 3.1a (0.2) 3.1a (0.2) 16 6 
N content (%) bulk forest floor 1.21a (0.26) 1.18a (0.19) 16 7 
C/N ratio bulk forest floor 40.2a (8.2) 41.2a (4.9) 16 7 

 

Values for each parameter are mean (SD) 

Means with a different letter in similar subsets (rows) indicate significant 

differences between the two stand types (calculated with unequal variance Welch 

t-test). 

  



149 
 

Table 4-3. C and BC stocks in the forest floor of the 23 soil profiles. We 

calculated the BC stocks for only 11 profiles (nd: not determined) using the BC 

estimated with Baldock MMM (associated with the data from the DP experiment 

or when needed, the data from the CP experiment plotted in equation 1). 

Profile Fire site Zone of homogeneous fire 
cycle and climatic conditions Stand type C stock 

(kg.m−2) 
BC stock 

(kg C.m−2) 

1 8 Saguenay-Ashuapmushuan jack pine 11.86 nd 
2 8 Saguenay-Ashuapmushuan black spruce 8.11 nd 
3 9 Saguenay-Ashuapmushuan jack pine 3.07 0.35 
4 9 Saguenay-Ashuapmushuan jack pine 6.75 0.48 
5 10 Saguenay-Ashuapmushuan black spruce 9.36 nd 
6 14 North-Shore black spruce 8.68 nd 
7 14 North-Shore black spruce 2.29 nd 
8 13 North-Shore jack pine 4.44 0.64 
9 13 North-Shore black spruce 4.81 0.89 
10 7 Chibougamau jack pine 2.74 nd 
11 7 Chibougamau jack pine 2.42 nd 
12 6 Chibougamau black spruce 5.93 nd 
13 6 Chibougamau black spruce 8.40 nd 
14 1 East Baie-James black spruce 6.16 nd 
15 1 East Baie-James black spruce 3.65 nd 
16 2 East Baie-James black spruce 3.52 0.84 
17 3 East Baie-James black spruce 3.95 0.45 
18 3 East Baie-James black spruce 6.71 0.85 
19 4 Chibougamau black spruce 3.76 0.47 
20 12 West Baie-James black spruce 2.68 nd 
21 12 West Baie-James black spruce 3.21 0.24 
22 11 West Baie-James jack pine 7.11 0.24 
23 11 West Baie-James black spruce 6.73 1.23 
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Equations  

Equation 1: Prediction of BC content (% total SOC as estimated by DP+MMM) 

using BC content estimated by CP+MMM. 

BCDP+MMM = 6.98 + 1.12 x BCCP+MMM 

 

Equation 2: Prediction of BC content (% total SOC) estimated by DP+MMM-1 

using BC content estimated by DP+MMM. 

BCDP+MMM-1 = 10.80 + 1.49 x BCDP+MMM 

 

Equation 3: Prediction of BC content (% total SOC) estimated by DP+MMM-2 

using BC content estimated by DP+MMM. 

BCDP+MMM-2 = −1.02 + 0.62 x BCDP+MMM 
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Figure 4-1. The 14 study sites and their corresponding homogeneous fire cycle 

and climatic conditions zones.  
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Figure 4-2. (a) Mean organic matter (forest floor) thicknesses (cm) before (OMt) 

and after (ROM) fire and (b) mean C stocks (kg.m−2) after fire in the five zones of 
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homogeneous fire cycle and climatic conditions. Different letters indicate 

significant differences among zones (p-value < 0.005 with Bonferroni 

adjustment). 
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Figure 4-3. Frequency distribution of forest floor depth before fire (cm) for 44 

plots with opposite topographic features (fire-prone vs. non fire-prone context). 

  



155 
 

 

Figure 4-4. van Krevelen diagram showing the different layers of the forest floor. 

Values are average (± SD) for the 23 soil profiles of the corresponding layer. For 

comparison, values for Sphagnum samples heated at 75 °C for 24 hours and at 

800 °C for 30 minutes as well as for the BC used for the calibration of the 

molecular models (class 5 fresh BC and lab BC 15 for MMM-1 and MMM-2 

respectively) are plotted. 
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Figure 4-5. 13C NMR CPMAS (top) and DPMAS (bottom) spectra of the different 

forest floor layers (fresh BC, F, H + historical BC, historical BC) developed under 

black spruce and jack pine.  
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Figure 4-6. Distribution of the total signal intensity (%) between the 7 spectral 

regions (obtained from the DP NMR experiment) for the different organic 

horizons. Values are mean (± SD). For each spectral region, means with a 

different letter are significantly different from one another (with Bonferroni 

adjustment).  
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Figure 4-7. BC (% total SOC) estimated by the 3 different versions of the 

molecular mixing model (MMM) and the data from the DP spectra in the various 

organic horizons (n = 15). MMM is the default model, while MMM-1 estimates 

the proportion of slightly condensed BC and MMM-2 estimates the proportion of 

highly condensed BC. Values are mean (± SD). Different letters for the various 

horizons (a, b) or models (c, d) indicate means that are significantly different from 

one another (with Bonferroni adjustment).  
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Chapter 5. Black carbon stocks and storage mechanisms in podzolic soils 

of fire-affected Quebec black spruce forests  

A version of this chapter has been submitted for publication to Geoderma. 

 

5.1. Introduction 

Boreal ecosystems cover 24 x 107 km2, which corresponds to 17% of the Earth 

land surface. Boreal forest soils cover a smaller area of the boreal biome than 

permafrost soils but represent an almost equally large carbon pool estimated at 

227 x 1012 kg (Kasischke, 2000). Boreal forests are exposed to recurring 

wildfires, which act as a major driver of the carbon cycle (Bond-Lamberty et al., 

2007; Hatten and Zabowski, 2009). Fires result in the production of significant 

amounts of CO2, and temporarily turn these forests into carbon sources (e.g., 

Harden et al., 2000; Neff et al., 2005). The often large boreal fires occurring in 

North America are thought to be relatively homogeneous with stand-replacing, 

high intensity crown fires. However, in Quebec boreal black spruce forests, 

combustion of the thick forest floor layers by wildfire is often incomplete and 

black carbon (BC) residues are a major by-product. Forest floor BC stocks may 

increase over successive fires as long as fire severity is not high enough that fire 

consumes all organic layers. Some BC may also be translocated and accumulate 

into mineral soils, although the extent of this process is currently poorly 

understood and likely varies from one ecosystem to another (Czimczik and 

Masiello, 2007). 

According to some studies, BC is an important component of the stable soil 

carbon pool (Kasischke and Stocks, 2000; González-Pérez et al., 2004; Preston 
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and Schmidt, 2006), although several studies caution against assuming that all BC 

is recalcitrant (Harden et al., 2000; Hockaday et al., 2006; Czimczik and Masiello, 

2007; Hammes et al., 2008; Preston, 2009). Significant BC accumulation has been 

observed in some Canadian boreal forest soils (e.g., Harden et al., 2000; Bélanger 

and Pinno, 2008) but the amount accumulated appears to greatly vary among 

ecosystems (Czimczik et al., 2005; Preston and Schmidt, 2006; Kane et al., 2007; 

Kane et al., 2010). To introduce BC into carbon models, and to test its potential as 

a passive carbon pool under future climate change conditions, there is an urgent 

need for a better understanding of its storage mechanisms, as well as for better 

estimates of overall soil stocks. 

Podzolic soils occur in various regions of the world but boreal podzols 

generally contain more iron and aluminum oxides, as well as less soil organic 

carbon (SOC) in their podzolic B horizons than non-boreal podzols (Buurman and 

Jongmans, 2005). Two main SOC reservoirs are present in boreal podzols: first, 

the humified forest floor, dominated by mor humus, which often shows a 

clear/abrupt boundary with the mineral soil; and second the subsoil B horizons, 

which accumulate illuvial SOC (Sanborn et al., 2011). In poorly drained podzolic 

B horizons and ortstein, SOC appears to accumulate predominantly through 

mobilization, transport, and subsequent precipitation. However this mechanism 

may not be as significant in well-drained B horizons, where roots may also 

represent an important carbon input to the subsoil (Buurman and Jongmans, 

2005). Consequently, for our experimental area, we hypothesized that poorly 

drained and ortstein podzols would store more BC in their podzolic B horizons 
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than well-drained podzols. Strong correlations between BC and SOC have been 

observed in different fire-affected ecosystems (e.g., Eckmeier et al., 2010; Cusack 

et al., 2012). Mineral interactions between oxides and clay minerals have also 

been shown to play a significant role in SOC stabilization, through the formation 

of complexes or aggregates, which help protect SOC from mineralization 

(Wiseman and Püttmann, 2006). The same stabilization mechanisms could apply 

to BC (Rodionov et al., 2006; Eckmeier et al., 2010; Cusack et al., 2012).  

Previous work conducted at the same Quebec black spruce forest sites 

estimated that total C stocks in forest floors averaged 5.5 (± 2.6) kg C.m−2, while 

BC stocks in the same organic horizons ranged from 0.2 to 1.2 kg C.m−2 

(Soucémarianadin et al., submitted). Here we focused on mineral soils and 

investigated their relative importance in terms of total C and BC stocks. There 

were three specific objectives in this study. We first estimated total BC amounts 

in various soil profiles. Then we identified the different BC pools in physically 

fractionated horizons and explored the relationship between pedogenetic 

processes, more specifically podzolization, and BC storage. Finally, we compared 

BC stocks in mineral soils to forest floor stocks and investigated the potential 

influence of environmental conditions on these stocks. To do so, we considered 

the following permanent environmental features and site characteristics: slope 

position and aspect, stand type, and climatic conditions. This is the first 

investigation of BC stocks in complete soil profiles from Canadian black spruce 

boreal forests. 
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5.2. Materials and methods 

5.2.1. Site characteristics 

The province of Quebec is divided into ten bioclimatic domains, characterized 

by distinct vegetation and climatic conditions (Saucier et al., 2001). The black 

spruce-feathermoss bioclimatic domain covers a third of the province territory and 

is divided into the eastern and western subdomains. The west subdomain is 

characterized by an average precipitation of 850 mm/year in its northern range 

and 900 mm/year in its southern range, whereas the eastern subdomain receives 

1020 mm evenly distributed through the year (Bergeron et al., 2004; Cyr et al., 

2007). Mean annual temperature (Carrier, 1996) ranges from −2 °C in the north to 

just above 0 °C in the south. The western sector of the domain forms a transition 

zone between a continental climate in its southern range, and a subpolar 

continental climate in its northern range, while the eastern subdomain experiences 

a cooler, more humid maritime climate, at least in its southern range.  

Both subdomains are largely dominated by black spruce (Picea mariana 

(Mill.) Britton, Sterns & Poggenb.) with ericaceous shrubs (Rhododendron 

groenlandicum (Oeder) Kron & Judd, Kalmia angustifolia L., and Vaccinium 

angustifolium Ait.), feathermoss (Pleurozium schreberi (Brid.) Mitt.) and/or 

Sphagnum moss (Sphagnum sp.) constituting most part of the understory. Locally 

lichens (Cladina rangiferina (L.) Weber) associated with fire moss (Ceratodon 

purpureus (Hedw.) Brid.) and haircap moss (Polytrichum sp.) are present. On 

drier sites, jack pine (Pinus banksiana Lamb.) is often associated to black spruce 

in mixed stands and becomes dominant on the driest conditions. The majority of 
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the black spruce-feathermoss domain is covered by humo-ferric and ferro-humic 

podzols (Soil Classification Working Group, 1998), with a typically thin (< 10 

cm) Ae eluviated horizon. Underneath lays a podzolic B horizon, enriched in Fe 

and Al and more (Bhf) or less (Bf) organic matter. Ortstein humo-ferric/ferro-

humic Podzols are found locally. They contain a strongly cemented Bfc or Bhfc 

horizon, at least 3 cm thick. All of these podzolic soils have developed on glacio-

fluvial sediments/till deposits and generally contain a high proportion of coarse 

fragments (> 2 mm). Their texture is largely dominated by sands, locally enriched 

with loams. Except for some of the drier sites, organic horizons (L, F, H) are 

thick, from 10 to more than 120 cm. Veins of clay are occasionally present in the 

western part of the gradient, because of the proximity to the Clay Belt (Robitaille 

and Saucier, 1998). There, the proportion of coarse fragments is greatly reduced 

and drainage may be impaired.  

In 2005–2007, high fire activity in Northern Quebec burned 1.2 Mha in the 

black spruce-feathermoss domain. Large fires occurred even in regions that do not 

experience fires often, i.e., with long fire cycles. These fires provided us with 

potential study sites spread over a-600-km gradient, with decreasing fire 

frequency along a west-east axis. Only those fire sites that were accessible by 

road and that presented a large enough unsalvaged area were selected, which led 

to a total of 14 fires, ranging in size from 330 to 56000 ha. Most of the fires 

occurring during those three years took place at the beginning of the fire season. 

Over the province of Quebec, fire regime has been regionalized by landscape 

units of relatively homogeneous environmental conditions, including vegetation, 
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temperature, and precipitation (Lefort et al., 2004; Chabot et al., 2009). To test for 

the influence of fire frequency on total C and BC stocks, we divided our study 

area into five zones of homogeneous fire cycle and similar climatic conditions 

(Figure 5-1). Each zone included two to four study sites. All sites were outside the 

permafrost zone and were sampled in summer 2010. 

 

5.2.2. Soil sampling protocol 

For each study site, one or two topographic gradients were established inside 

unsalvaged areas. Two to three 20 m x 20 m plots were positioned on each 

topographic gradient. Initial survey with a hand auger was conducted to select the 

plot where podzolization was best expressed, i.e., where an indurated layer was 

present and/or the podzolic B horizon(s) were the most developed. A total of 23 

soil profiles was described and sampled to capture the variability within each of 

the five zones of homogeneous fire cycle and climatic conditions of the black 

spruce domain. For each soil profile, drainage was estimated based on the 

classification of Saucier et al. (1994). In soils with a good drainage, the water 

table and mottles, are absent from the first meter, and the water in excess drains 

easily but slowly. In opposition, in imperfectly to poorly drained soils, the water 

table and/or mottles are present in the first 50 cm and water is in excess all year 

round. In addition, aspect and slope position (crest; upslope; midslope; 

downslope; toe; depression) were recorded for each profile. 

Soil pits were dug until the parent material (C horizon) was reached except for 

three profiles where the presence of the water table, rocks or a thick induration 
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prevented us from achieving that goal. Forest floors usually presented the 

following profile development (Soucémarianadin et al., submitted): a thin, about 

2-cm-thick, superficial burnt layer produced by the last fire event referred to as 

fresh BC hereafter; the partially decomposed litter (F); and the highly humified 

organic matter (H). The latter was generally associated with a thin BC layer 

produced by previous fire events (historical BC) and sitting right at the interface 

with the mineral soil (H + historical BC). Mineral horizons were fully described 

and sampled for the present study. When possible (horizons at least 3 cm thick 

and not too many coarse fragments), a core was taken for bulk density 

determination. 

 

5.2.3. Laboratory analyses 

Chemical and physical properties 

Bulk density was determined by weighing the collected cores before and after 

drying at 105 °C, and correcting for the presence of coarse fragments. For the few 

horizons for which a bulk density sample could not be collected, bulk density was 

estimated using the model proposed by Périé and Ouimet (2008). The rest of the 

mineral samples was air-dried and sieved (≤ 2 mm). Texture was determined with 

the Bouyocos hydrometer method (Kalra and Maynard, 1991). Subsamples were 

finely ground using an Angstrom ring and puck shatterbox, and carbon, hydrogen, 

and nitrogen contents were determined by dry combustion using a CE440 

Elemental Analyzer (Exeter Analytical, Inc., Chelmsford, MA, USA). The pH of 
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every mineral horizon was determined with an Ag/AgCl pH electrode in a soil to 

0.01 M CaCl2 solution ratio of 1:2 (Kalra and Maynard, 1991).  

The degree of podzolization of each soil profile was determined using the 

POD index (Schaetzl and Mokma, 1988), which is based on Munsell hue and 

value differences between the eluviated Ae horizon and the podzolic B horizons. 

Pyrophosphate-extractable iron (Fep) and aluminum (Alp) contents of the B 

horizons (n = 48) were determined according to McKeague’s (1967) methodology 

to identify different Great Groups (Soil Classification Working Group, 1998). 

Ground samples were extracted with a solution of 0.1 M sodium pyrophosphate 

(30 ml), and Fe and Al concentrations were measured by atomic absorption 

spectrophotometry (AAS) using a Varian SpectrAA 880 (Varian Inc, Mulgrave, 

Victoria Australia). Ferro-Humic Podzols are characterized by the presence of a 

Bhf horizon, at least 10 cm thick with organic C > 5%, and Fep+Alp ≥ 0.6% (0.4% 

for sands); for Humo-Ferric Podzols, a Bf horizon, possibly combined to a thin 

Bhf, is at least 10 cm thick with organic C = 0.5–5%, and Fep+Alp ≥ 0.6% (0.4% 

when soil is sandy).  

 

Soil physical fractionation 

A combination of particle-size and density fractionation was applied to a 

subset of podzolic B horizons (n = 11). The fractionated horizons were separated 

into three groups: Bhf(c), podzolic Bhf horizons with partial cementation (c); Bf, 

podzolic B horizons; B/C, transitional (gradual) podzolic B horizons. Several 

existing procedures (Six et al., 1998; Six et al., 2000; Six et al., 2002) were 
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combined to generate the following six fractions (Figure 5-2): heavy (d > 

1.85 g.cm−3), coarse (250–2000 µm) particulate organic matter (POM); coarse 

(250–2000 µm) light (d < 1.85 g.cm−3) fraction (LF); fine sand and micro-

aggregate protected (53–250 µm) POM; fine (53–250 µm) light (d < 1.85 g.cm−3) 

fraction; silt (2–53 µm); and clay (< 2 µm). Details of the procedure are available 

on Figure 5-2. All fractions were oven-dried overnight at 40 °C and further 

weighed to calculate their relative distribution, as well as particle-size distribution 

among sand (> 53 µm), silt (2–53 µm) and clay (< 2 µm). We recovered 97 to 

99% of the soil samples. We further looked at overall SOC distribution by 

regrouping the six initial fractions into the three following fractions: unprotected 

POM (heavy coarse POM + coarse and fine light fractions), protected POM (fine 

sand and micro-aggregate protected POM) and fine fraction carbon (silt + clay). 

For BC distribution, the same horizons were used, and fractions were modified as 

follow: unprotected POM (heavy coarse POM only), protected POM (fine sand 

and micro-aggregate protected POM) and fine fraction carbon (silt only). 

 

5.2.4. BC quantitation 

Sampling, preparation, bulk density, elemental analyses and BC quantification 

for the organic horizons were conducted as previously described 

(Soucémarianadin et al., submitted). All mineral samples (< 2 mm; n = 107) were 

analyzed for BC content using the Kurth-MacKenzie-DeLuca (KMD) digestion 

technique developed by Kurth et al. (2006) to estimate charcoal content of forest 

mineral soils. Finely ground sub-samples were exposed to this weak H2O2–HNO3 
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digestion and further analyzed for total C by dry combustion, with the assumption 

that the carbon left over after the digestion corresponds to BC. To evaluate BC 

recovery using the KMD method, we selected a C horizon sample originally free 

of BC and added BC at seven different concentrations (0, 0.05, 0.1, 0.5, 1.0, 2.0 

and 5.0% (w/w) soil/BC) before performing the digestion. To investigate further 

the potential association of BC with other soil moieties (SOC, mineral fractions, 

iron and aluminum oxides) we applied the KMD digestion to the mineral fractions 

(coarse sand, fine sand/microaggregates, silt) obtained from the fractionation 

scheme. The clay quantities yielded by the fractionation were too small and this 

fraction was not submitted to the digestion. 

The amount of coarse BC particles (> 2 mm) was estimated during the sieving 

step. We applied a BC-C content of 55% (Bélanger and Pinno, 2008) and used 

that value to estimate the BC stocks (g C.m−2) originating from the coarse BC 

particles in each horizon. 

 

5.2.5. Data analysis 

A 1-way ANOVA, or Mood's median test and a Kruskall-Wallis when needed, 

were used to analyze differences among horizons in various properties. The same 

analysis was used to evaluate the effect of the 5 zones of homogeneous fire cycle 

and climatic conditions on bulk mineral soil characteristics. Differences linked to 

stand types and aspect were tested using an unequal variance Welch t-test. 

Relationships between variables were estimated using Pearson correlation, and 

Spearman rank correlation when needed. All comparisons and ANOVA were 
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considered significant at an alpha value of 0.05. For the significant ANOVAs, the 

alpha was adjusted with a Bonferroni correction when exploring all possible 

comparisons. For all the regression analyses, outliers were determined using 

Cook’s distance and subsequently removed from the analysis. All the statistical 

analyses were performed with SAS 9.2 (SAS Institute Inc., Cary, North Carolina). 

 

5.3. Results 

5.3.1. Calibration of the KMD digestion 

Results from the calibration step showed that the KMD digestion was a 

conservative method that tended to underestimate BC contents, especially when 

aromaticity was low (Figure 5-3). When this digestion was performed on a 

slightly aromatic BC produced from Pleurozium at 250 °C, the percentage 

recovery was only 20%; it reached 70% when using more aromatic BC produced 

from Pleurozium and black spruce needles at 425 °C. The KMD digestion yielded 

the most accurate estimate of BC content for the very aromatic BC that was 

produced from needles exposed to 600 °C. Results from the calibration were used 

to estimate the range of BC present in each mineral horizon, namely by using two 

correction factors for the KMD results: a multiplicative factor of 1.43 for the 

lower limit, which would correspond to moderately condensed BC, and a 

corrective factor of 5 for the highest plausible BC content, which would 

correspond to slightly condensed BC. 
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5.3.2. Bulk mineral soil 

Soil characteristics and environmental factors 

Texture of all soils was clearly dominated by sand, which averaged 70% 

(Table 5-1). Coarse fragments (> 2 mm) averaged 8% (± 11%). Carbon and N 

contents in all mineral horizons were quite low, with the exception of podzolic B 

horizons. Soil profiles under jack pine were significantly sandier (80 ± 14%) than 

those found under black spruce (67 ± 18%). There was a minor effect of 

vegetation on pH, with a slightly lower pH under black spruce (4.4 ± 0.7) than 

under jack pine (4.7 ± 0.8). Silt content further varied among climatic zones. Soils 

from West Baie-James contained significantly more silt (31 ± 14%) than those in 

the North-Shore zone (14 ± 11%), which corresponded to parent material 

differences since West Baie-James is in closer proximity to the Clay belt. Finally, 

the POD Index was significantly higher for the profiles located in the Saguenay-

Ashuapmushuan zone (28.6 ± 10.3) than in Chibougamau and East Baie-James 

(6.7 ± 4.4 and 7.5 ± 7.3 respectively; Table 5-2a). On the other hand, no 

significant relationship was observed between slope position and aspect and any 

of the measured soil characteristics. 

 

Total SOC and BC contents 

We observed a trend of increasing BC stocks in mineral soil of profiles with 

decreasing drainage (Figure 5-4). In the profiles with good drainage, the mean BC 

stocks were 1.7 times smaller than in profiles with imperfect drainage and 2.8 
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times smaller than in profiles with poor drainage. However the variability within 

the same drainage class was important. 

We looked at relationships between bulk density, SOC, BC, and pH in bulk 

horizons (n = 107). Both SOC and BC contents were significantly and negatively 

correlated to bulk density and pH (Table 5-3a), indicating that both were higher in 

more acidic and lower density horizons. In particular, pH was significantly lower 

in Ae and podzolic horizons than in B/C and C horizons. Total SOC content was 

better explained by bulk density than pH, as opposed to BC content. Total SOC 

content explained 51.2% of the variation in BC content (Table 5-3a), and the two 

were positively correlated. The BC/SOC ratio was significantly different from the 

ratio of black carbon:organic carbon (BC/OC; where OC = SOC − BC), which 

measures the relative abundance of BC. This suggests that BC significantly 

contributes to SOC. When looking at variations of these ratios between horizons, 

the biggest difference between BC/SOC and BC/OC occurred in Ae and C 

horizons (Table 5-1). 

Relationships between SOC and BC stocks and other soil characteristics were 

considered, including Fep+Alp maximal content, cumulative thickness of the 

podzolic horizons, thickness of the H (+ historical BC) horizon, as well as total 

forest floor thickness (Table 5-3b). Mineral C stocks were significantly and 

positively correlated to mineral BC stocks, cumulative thickness of podzolic 

horizons, and thickness of H + historical BC horizon. Mineral BC stocks were 

only correlated to the latter. Interestingly, there was no relationship between total 

C or BC contents in the mineral soils and total forest floor thickness. Furthermore, 
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there was no significant difference among the five zones or the two forest types in 

terms of total mineral soil C and BC stocks (Table 5-2b).  

Total C content of the podzolic B horizons was strongly correlated to Fep+Alp 

content, more so than to Fep content or Alp content separately (Table 5-3c). For 

these horizons, correlation between total C and BC contents was also strong, and 

was comparable to the one observed for the entire soil profiles (Table 5-3a). The 

BC content was also significantly correlated to sesquioxides although the 

coefficients of determination were not as high as with SOC. Another interesting 

difference was the higher correlation of BC content with Fep content than with Alp 

content or with Fep+Alp content (Table 5-3c). The 48 podzolic horizons were 

further separated into three groups: Bf, Bfc and B/C to look at these relationships 

more closely. Sesquioxide contents were significantly higher in the Bfc horizons 

than in the Bf or B/C horizons (Table 5-1). The B/C horizons presented a different 

pattern from the two podzolic horizons; their black C content was not correlated 

to sesquioxides or total C content, which may be related to the very low 

concentrations in these horizons (0.03 ± 0.02% for black C). Despite the low 

sesquioxide contents (Fep+Alp = 2.68 ± 1.37%), SOC content was strongly 

correlated to Fep+Alp and slightly less to Alp (Table 5-3c); there was no 

significant relationship with Fep content. Relationships in the Bf and Bfc horizons 

were quite similar, with a correlation between Fep+Alp and SOC that was less 

important than in the B/C horizons (Table 5-3c). In Bf horizons, despite a low Fep 

content (1.10 ± 0.98%), Fep explained an important portion of the variation in BC 

and SOC contents. In Bf and Bfc horizons, correlations between Fep content and 
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SOC or BC contents were very similar. SOC content explained a large portion of 

the variation in BC content in Bfc horizons, and slightly less in Bf (Table 5-3c). It 

is interesting to note that while Fep+Alp content in Bfc explained 64.7% of the 

variation in SOC content (67% in Bf horizons), Fep content only explained 47.2% 

of the variation (against 64.3% in Bf horizons); Fep content represented 34% of 

total sesquioxide content in Bfc vs. only 23% in Bf (Table 5-1). This was further 

related to differences in BC/SOC ratios in these two horizons: ratios were lower 

in Bfc than in Bf horizons (Table 5-1). 

Sand content was always negatively related to SOC and BC contents whereas 

the fine fraction had a positive relationship with them. But the strength of the 

correlations varied among horizons (Table 5-3d). The Ae horizons contained 

significantly less sand (63.9 ± 16.7%) and more silt (30.7 ± 14.2%) than podzolic 

Bfc horizons (sand = 79.4 ± 11.8%; silt = 15.3 ± 9.1%). Total C content was 

significantly higher in Bf (1.60 ± 0.87%) and Bfc (3.76 ± 2.52%) than in other 

horizons, and Bfc bulk density was significantly lower (0.92 ± 0.28 g.cm−3) than 

the Ae (1.29 ± 0.16 g.cm−3) or C horizons (1.40 ± 0.19 g.cm−3). Bfc horizons 

contained significantly more BC (0.13 ± 0.11%) than C horizons (0.01 ± 0.01%). 

All horizons had clay contents in the same range (5.1–6.6%, Table 5-1), but in Ae 

horizons, SOC and BC contents were only correlated to clay content (Table 5-3d). 

SOC content explained a fair portion of the variation in BC content, in the same 

order of what occurred in the Bf horizons. In the latter, SOC content was not 

significantly correlated to any of the particle size fraction. On the other hand, 

variations in BC were partially explained by sand and silt contents (Table 5-3d). 
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In Bfc horizons, SOC and BC contents were not significantly correlated to any of 

the particle size fractions. In B/C horizons, BC content was correlated to the fine 

fraction. SOC content was only correlated to clay content but in the same order as 

BC content (Table 5-3d). In C horizons, SOC content explained only a small 

portion of the variation in BC content, the weakest relationship between these two 

in all the soil profile. SOC content was correlated to the fine fraction; mainly silt 

but also clay (Table 5-3d). BC content had a similar pattern, but the strength of 

the relationship was much weaker: with the fine fraction, the coefficient of 

determination was only 13%. It is important to notice that BC contents in the C 

horizons were very low (0.01 ± 0.01%), and very close to detection limits for the 

elemental analyzer. Therefore these results should be considered with caution. 

To facilitate comparison of BC stocks among profiles, we summed BC stocks 

in the top 30 cm. For the 23 soil profiles considered, 83% of total BC stock was 

on average present in these first 30 cm. However in three profiles, the first 30 cm 

represented only half of the total stocks, demonstrating the importance of 

sampling at greater depth. Finally, for a few horizons, coarse BC particles (> 2 

mm) significantly contributed to total BC stocks of the horizon in a few (< 5) 

instances (e.g., the highest value was 22% of the total BC stocks for profile 11; 

Table 5-A.1). 

There was no relationship between SOC stocks in the mineral and in the 

organic parts of the profile. Total forest floor thickness was positively correlated 

to total SOC stocks (Table 5-3b), but there was no significant relationship 
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between total SOC stocks and total depth of the soil profile. There was no 

relationship between forest floor BC stocks and BC stocks in the mineral soils.  

 

5.3.3. Fractionated podzolic B horizons 

There were significant differences in C content among horizons and fractions 

(Figure 5-5). In Bhf(c) horizons, carbon in unprotected POM was significantly 

higher than protected carbon in POM and fine fraction, representing almost 50% 

of the carbon. In Bf horizons, carbon in the unprotected POM was significantly 

lower than the protected carbon in POM, and lower (but not significantly) than 

protected carbon in fine fraction. In B/C horizons, there was significantly less 

carbon in unprotected POM than in protected POM; and there was significantly 

less carbon in protected POM than in fine fraction. Proportion of carbon in 

protected POM was not significantly different among the three horizons (26.9–

36.7%). Proportion of carbon in unprotected POM was significantly higher in 

Bhf(c) than in B/C horizons, and inversely proportion of carbon in fine fraction 

was significantly higher in B/C than in Bhf(c) horizons. Except for one sample 

(which always appeared as an outlier in terms of SOC content, light fraction 

(w/w) = 18% total horizon), the light fraction in these podzolic horizons 

represented less than 5% of the total weight of the horizon. However the 

contribution of the light fractions to the unprotected POM was significantly 

higher in B/C horizons (64 ± 11%) than in the two podzolic horizons (36 ± 17% 

in Bhf(c); 34 ± 31% in Bf). 
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There was no significant difference in BC content among horizons and 

fractions (Figure 5-6) but some trends were apparent. The contribution of BC to 

SOC in the coarse unprotected POM was more important in B/C than in Bhf(c) 

which in turn, was higher than in Bf. In B/C horizons, the contribution of BC to 

SOC in silt and protected POM were very similar and lower than in unprotected 

POM. Inversely in Bf and Bhf(c), BC/SOC was highest in the silt fraction. In Bf 

horizons, BC/SOC in protected POM was higher than in coarse unprotected POM, 

whereas the two were similar in Bhf(c) horizons. 

When looking at the bulk (non-fractionated) horizons, the contribution of BC 

to SOC was higher in Bf than in Bhf(c), which in turn, was higher than in B/C 

horizons. In the latter, variability in BC/SOC ratio was very important. 

 

5.4. Discussion 

5.4.1. SOC and BC storage in the mineral soil 

SOC and BC stocks 

In this study, mineral SOC stocks averaged 5.6 (± 3.6) kg C.m−2, while 

mineral BC stocks were 0.25 (± 0.16) kg C.m−2 (Table 5-4). Stocks are in the 

same range as those reported for the surface mineral soil (A + 5 first cm of B 

horizons) of Alaskan black spruce forests (Kane et al., 2010), with 3.3 (± 0.5) and 

5.5 (± 0.9) kg C.m−2 in the mineral horizons of south facing and north facing 

slopes, respectively. In the same study, BC stocks of 0.26 (± 0.001) and 0.14 (± 

0.04) kg BC.m−2 were observed for the same south and north facing forests. In 

podzols from Siberian Scots pine forests, Czimczik et al. (2005) reported 0–1 m 
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mineral SOC stocks of 1.3–1.8 kg C.m−2. Their corresponding BC stocks were 

even lower at 0.16–0.25 g BC.m−2. The difference in stocks could originate from 

smaller BC production in these forests: Siberian Scots pine forests are a less 

productive ecosystem than the black spruce forests we studied. Guggenberger et 

al. (2008) obtained BC stocks of 0.16–1.40 kg BPCA-C.m−2 in permafrost soils of 

Northern Siberian forest tundra. Variability in BC stocks in that study is much 

more important than the one we observed and may be explained by differences in 

fire behavior between Quebec boreal black spruce forests and Northern Siberian 

forest tundra. In temperate and tropical ecosystems with soils similar to the 

Humo-Ferric Podzols of our study, Eckmeier et al. (2010) reported much greater 

mineral SOC stocks of 24.1–33.9 kg C.m−2, and mineral BC stocks of 0.63–

1.72 kg BPCA-C.m−2 in three Cryptopodzols of Swiss chestnuts (Castanea sativa) 

forests. In Hawaiian volcanic soils, under C3 trees and C4 grasses, Cusack et al. 

(2012) observed mineral (0–30 cm) SOC stocks of 2–30 kg.m−2, and BC stocks of 

0.3–5 kg.m−2. The differences in stocks observed with these two studies are likely 

the consequence of greater BC production: the Swiss Cryptopodzols are affected 

by frequent fires; and in the Hawaiian sites, there has been an increasing fire 

frequency and intensity (associated with sugarcane burning) since 1930 following 

changes in land use.  

 

Mechanisms of SOC and BC stabilization 

While it clearly dominated the entire soil profiles, the sand fraction only 

contributed to about one third of total SOC storage in podzolic horizons. Similar 
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SOC distribution patterns have been observed in podzolic horizons from Prince 

Edward Island (Sorge et al., 1994). In this study, the authors reported that the 

SOM in sand fraction had a different composition than in fine fraction, and 

revealed the significant role of intra-molecular SOM bonds in the stabilization of 

OM in Bf horizons. Correlation analyses support the hypothesis of SOC and BC 

stabilization in organo-metallic or organo-mineral complexes (Tables 5-5c, 5-5d). 

The contribution of each protection mechanism varies among horizons, 

suggesting that different storage mechanisms apply to them. Because of their high 

SOC content (6.79 ± 2.28%) and a relatively high contribution of BC to SOC = 

(3.9 ± 1.3%), Bhf horizons stored the greatest amount of BC, followed by Bf 

horizons (Table 5-1). In Bfc horizons, organo-metallic complexes appear to be 

preponderant, and results from the fractionation confirmed the limited organo-

mineral associations in these horizons. SOC and BC are mostly in the unprotected 

POM or in organo-metallic complexes. In Bf horizons, SOC is in organo-metallic 

complexes in the protected POM, or associated with the fine fraction. BC is 

stabilized in organo-mineral complexes (dominated by silt) and in organo-metallic 

complexes in the protected POM (and/or maybe only with iron oxides or Fe3+). In 

B/C horizons more SOC is associated with the fine fraction (organo-mineral 

complexes dominated by clay) but there is still some SOC stabilization in organo-

metallic complexes in the protected POM. BC does not appear to be associated to 

organo-metallic complexes – or only rarely – but is found in the coarse 

unprotected POM and in organo-mineral complexes with the fine fraction. BC and 

SOC contents have the weakest relationship in these deep horizons. In podzolic B 
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horizons at least, BC seemed to associate preferentially with iron rather than with 

aluminum. Eckmeier et al. (2010) reported the opposite trend in Cryptopodzols. 

This could be linked to differences in podzolization processes between our humo-

ferric podzols and their Cryptopodzols (related to e.g., vegetation, climate, parent 

material, etc.). 

These mechanisms of BC stabilization may be essential to BC accumulation. 

Kane et al. (2010) observed some differences in the composition of the BC 

present in organic and mineral horizons; in surficial organic horizons, BC was 

more condensed, hence more resistant to degradation, whereas BC present in 

mineral horizons was less aromatic, hence less resistant to degradation. The 

authors suggested that BC stabilization in the mineral horizons could be the result 

of physical protection by association with fine particles or iron and aluminum 

oxides. 

 

5.4.2. BC stocks: mineral soil vs. forest floor 

Drainage appears as the most important environmental factor driving C 

storage. In our study sites, changes in drainage related to topographic positions 

have been showed to influence C stocks in the organic layers through OM 

accumulation (Boiffin and Munson, 2013; Soucémarianadin et al., submitted). In 

the mineral soil, the influence of drainage on C stocks seems less important (but 

this could be due to our limited sample size – n = 23; Figure 5-4). Drainage has 

previously been determined as a key control of soil C storage in the Canadian 
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boreal (e.g., Harden et al., 1997; Preston et al., 2006). Here we demonstrate that 

drainage is a determinant environmental factor in BC storage. 

Total SOC stocks averaged 11.1 (± 4.9) kg C.m−2 (Table 5-4), which is 

comparable to the average value reported for Canadian Humo-Ferric Podzols 

(12.8 kg C.m−2; (Sanborn et al., 2011). Total BC stocks averaged 0.85 (± 0.39) kg 

C.m−2 (Table 5-4). Average SOC stocks were evenly distributed between organic 

and mineral horizons. On the other hand, BC stocks were significantly greater in 

the forest floor, which contained on average 70% of total BC stocks. 

One possible reason for the discrepancy between mineral and organic BC 

stocks is that the deep organic horizon (H + historical BC) is impermeable 

compared to the upper F layer. This could impede BC transfer to the mineral soil. 

The positive correlations between mineral BC and SOC stocks and the H + 

historical BC thickness (R² ≈ 25%) emphasize the importance of this organic 

layer for these stocks. 

In organic horizons of Alaskan black spruce forests, Kane et al. (2010) 

reported C stocks that were in the same range as ours with 4.1 (± 0.6) kg C.m−2 in 

south facing forests, and 5.7 (± 0.6) kg C.m−2 in north facing forests; SOC in the 

forest floor therefore represented 51–56% of total stocks. But as opposed to our 

study, BC stocks in surface mineral soils (A + 5 first cm of B horizons) were 

higher (0.34 ± 0.09 kg C.m−2) than in organic soils (0.17 ± 0.07 kg C.m−2). This 

could be due to the presence of the H + historical BC layer at our sites (absent in 

the Alaskan sites). In Podzols of Siberian Scots pine forests, Czimczik et al. 

(2005) made very different observations. In sites affected by low and medium fire 
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frequency, SOC stocks in the forest floor were comparable to stocks in the 

mineral soil (depth > 1 m). However in sites affected by high fire frequency, 96% 

of total SOC was found in mineral soils. For all sites, 99% of total BC stocks was 

contained in forest floors. Guggenberger et al. (2008) reported total (forest floor + 

up to 0.9 m depth) SOC stocks of 5–95 kg C.m−2 and total BC stocks of 0.02–

3.44 kg BPCA-C.m−2. Contribution of the organic/moss layer to these total stocks 

was minimal (4.9–11.9%). The authors explained the larger BC stocks in some 

part of the catchment as the result of either larger input or longer BC residence 

time. Combustion of BC by subsequent fires is probably less likely in such 

ecosystems.  

With the anticipated increasing fire severity linked to climate change (e.g., 

Flannigan et al., 2009; Wotton et al., 2010), BC stocks in Quebec boreal black 

spruce forests could be in jeopardy. More severe fires will consume a greater 

amount of forest floor and even possibly will oxidize part of the H + historical BC 

layer, thereby threatening as much as 70% of the overall BC pool. It seems 

unlikely that all BC produced during these severe fires will stay on site, since 

wind and leaching will certainly displace part of it. The remaining BC could be 

transferred to the mineral soil or could be stabilized within the surficial organic 

layer as new moss grows and forest floor develops on top of it during post-fire 

recovery. Czimczik and Masiello (2007) concluded that BC accumulation requires 

a high enough fire frequency; however, Czimczik et al (2005) showed that 

extremely high fire frequency greatly reduced the organic horizons (hence, SOC 
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and BC stocks), and mineral BC stocks if greater, were not significantly different 

from BC stocks in mineral soils  exposed to medium and low fire frequency. 

 

5.5. Conclusions 

This study provides much needed estimates about BC pools in Quebec boreal 

black spruce forests. Although the majority of BC stocks was found in forest 

floors, mineral horizons stored a non-negligible reservoir that amounted to 12–

46% of the total stocks. Podzolic Bhf and Bf horizons contained most of the 

mineral BC stocks. Physical fractionation shed some light on possible BC storage 

mechanisms in these soils. Association with organo-metallic complexes appeared 

as the dominant mechanism at least for podzolic horizons. Further fractionation 

studies with measurement of pyrophosphate-extractable iron and aluminum in 

fractions would help to more fully elucidate BC stabilization processes. Finally, 

carbon dating in the mineral soil, as well as in the historical BC layer could give 

further insight on the importance of past fire severity for total BC stocks. 
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Tables and Figures 

 

Table 5-1. Mean physical and chemical properties of different mineral horizons, 

including particle size distribution, BC, SOC, pyrophosphate-extracted Al, Fe and 

total sesquioxides contents. Standard deviations from the means are presented in 

parentheses (n = 14–29). na: not available. 

  Ae Bf Bfc B/Ca C 
sand (%) 63.9 (16.7) 69.9 (18.7) 79.4 (11.8) 66.6 (16.6) 71.2 (19.7) 
silt (%) 30.7 (14.2) 23.5 (14.5) 15.3 (9.1) 27.1 (13.6) 24.1 (17.1) 
clay (%) 5.5 (4.2) 6.6 (6.1) 5.3 (3.3) 6.3 (5.1) 4.7 (5.2) 
BC (%) 0.08 (0.07) 0.06 (0.05) 0.13 (0.11) 0.03 (0.02) 0.01 (0.01) 
SOC (%) 0.53 (0.34) 1.55 (0.87) 3.95 (2.55) 0.48 (0.32) 0.17 (0.16) 
BC (% SOC) 14.8 (5.9) 4.1 (2.3) 2.9 (1.8) 5.9 (4.7) 5.6 (11.2) 

BC (% OC)b 17.9 (8.3) 4.3 (2.5) 3.1 (1.9) 6.6 (5.5) 8.6 (24.7) 

Alp (%) na  3.65 (2.33) 7.34 (3.27) 1.97 (0.63) na  

Fep (%) na  1.1 (0.98) 3.77 (2.41) 0.71 (1.09) na  

Fep+Alp (%) na   4.74 (3.07) 11.11 (5.03) 2.68 (1.37) na   

 

a: only the sample presenting bright colors (chroma ≥ /4) were analyzed for 

sesquioxides; b Relative abundance of BC: OC was calculated by subtracting BC from 

SOC (Cusack et al. 2012) 
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Table 5-2. Influence of zones of homogeneous fire cycle and climatic conditions 

and stand types (black spruce- vs. jack pine-dominated stands) on (a) particle size 

distribution and pH of mineral horizons, and on POD Index and on (b) SOC and 

BC stocks of soil profiles. Standard deviations from the means are presented in 

parentheses (horizons: n = 15–76; profiles: n = 4–5). nd: not determined.  

 sand (%) silt (%) clay (%) pH POD Index
black spruce 67 (18) 27 (15) 6 (5) 4.4 (0.7) nd  
jack pine 80 (14) 17 (13) 4 (2) 4.6 (0.8) nd  
North-Shore 81 (12) 14 (11) 5 (2) 4.3 (0.8) 20.5 (10.9) 
Saguenay & 
Ashuapmushuan 73 (12) 22 (11) 5 (3) 4.2 (0.7) 28.6 (10.3) 

West Baie-James 62 (18) 31 (14) 8 (7) 4.6 (0.7) 23.8 (22.2) 
Chibougamau 73 (21) 22 (18) 5 (5) 4.5 (0.6) 6.7 (4.4) 
East Baie-James 69 (15) 27 (14) 4 (1) 4.6 (0.8) 7.5 (7.3) 

  
mineral 
stocks       

(kg C.m−2) 

organic 
stocks        

(kg C.m−2) 

total stocks     
(kg C.m−2) 

    
SOC     

all (n = 23) 5.6 (3.6) 5.5 (2.6) 11.1 (4.9)     
black spruce 6.2 (4.1) 5.5 (2.3) 11.7 (5.2)     
jack pine 4.3 (1.8) 5.5 (3.4) 9.8 (4.1)     
North-Shore 9.9 (7.0) 5.1 (2.7) 14.9 (8.3)     
Saguenay & 
Ashuapmushuan 6.1 (2.2) 7.8 (3.3) 14.0 (4.3) 

    
West Baie-James 3.8 (0.7) 4.9 (2.3) 8.7 (2.8)     
Chibougamau 4.2 (0.8) 4.6 (2.5) 8.8 (2.7)     
East Baie-James 4.5 (1.9) 4.8 (1.5) 9.3 (2.3)     

BC     
all (n = 11) 0.24 (0.14) 0.61 (0.31) 0.85 (0.39)     
black spruce 0.26 (0.16) 0.71 (0.34) 0.97 (0.44)     
jack pine 0.21 (0.10) 0.43 (0.17) 0.64 (0.16)     
North-Shore 0.30 (0.29) 0.77 (0.18) 1.06 (0.47)     
Saguenay & 
Ashuapmushuan 0.29 (0.00) 0.42 (0.10) 0.70 (0.09) 

    
West Baie-James 0.17 (0.07) 0.57 (0.57) 0.75 (0.64)     
Chibougamau 0.20 na 0.47 na 0.67 na     
East Baie-James 0.24 (0.18) 0.71 (0.23 0.96 (0.34)     

  

(a) 

(b) 
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Table 5-3. Pearson and non-parametric rank correlation analyses between SOC, 

BC and various soil parameters for (a) all horizons; (b) soil profiles; (c) podzolic 

B horizons; (d) individual horizons. Unless otherwise indicated, values are 

Spearman ρ; significance is indicated as follows: *p < 0.05, **p < 0.01 and ***p 

< 0.001. nd: not determined; NS: not significant. 

all horizons (n = 107)     
bulk density       
C content −0.697***     
BC content −0.502*** 0.715***    
pH nd −0.459*** −0.649***   

 

soil profiles (n = 23)        
mineral SOC stocks         
mineral total BC stocksa 0.597**       
Fep+Alp max content NS NS      
B horizons thickness 0.580** NS nd     
H horizon thickness 0.534** 0.499* nd nd    
total forest floor thickness NS NS nd nd 0.573**   

 

All podzolic B horizons (n = 48)
Fep content        
Alp content nd      
Fep+Alp content nd nd     
C content  0.866*** 0.836*** 0.915***    
BC content 0.613*** 0.368* 0.495** 0.697***   

Bf horizons (n = 18)
Fep content        
Alp content nd      
Fep+Alp content nd nd     
C content  0.802*** 0.672** 0.818***    
BC content 0.822*** NS 0.474* 0.793***   

Bfc horizons (n = 23)
Fep content        
Alp content nd      
Fep+Alp content nd nd     
C content  0.687*** 0.687*** 0.804***    
BC content 0.633** 0.448* 0.606** 0.861***   

(a) 

(b) 

(c) 
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B/C horizons (n = 7)
Fep content        
Alp content nd      
Fep+Alp content nd NS     
C content  NS 0.836**b 0.929*b    
BC content NS NS NS NS   

 

Ae horizons (n = 23)
sand content        
silt content nd      
clay content nd nd     
BC content NS NS 0.564**    
C content NS NS 0.601** 0.797***   

Bf horizons (n = 17)
sand content        
silt content nd      
clay content nd nd     
BC content −0.569* 0.478 NS    
C content NS NS NS 0.772**   

Bfc horizons (n = 21)
sand content        
silt content nd      
clay content nd nd     
BC content NS NS NS    
C content NS NS NS 0.866***   

B/C horizons (n = 14)
sand content        
silt content nd      
clay content nd nd     
BC content −0.676**b 0.539*b 0.696**    
C content NS NS 0.670** NS   

C horizons (n = 29)
sand content        
silt content nd      
clay content nd nd     
BC content −0.361 0.376* 0.364    
C content −0.644** 0.611** 0.429* 0.525**   

 
a: includes stocks from fine-earth fraction (≤ 2 mm) and coarse BC particles 
(> 2 mm); b: Pearson correlation  

(d) 
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Table 5-4. BC and SOC stocks in organic and mineral horizons, and complete soil 

profiles. 

  
total stock (kg C.m−2) 

BC     (n = 11)a 
organic 0.61 0.31
mineral 0.24 0.14
total 0.85 0.39

SOC    (n = 23) 
organic 5.49 2.61
mineral 5.59 3.63
total 11.08 4.86

 
a Only the profiles for which BC content had been estimated in organic horizons were 

considered here 
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Figure 5-1. The 14 fire sites and their corresponding 5 zones of homogeneous fire 

cycle and climatic conditions.  
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Figure 5-2. Fractionation scheme used to separate the podzolic B horizons into six 

fractions: coarse (250–2000 µm) particulate organic matter (POM), coarse light 

fraction (< 1.85 g.cm−3; 250–2000 µm), fine sand and micro-aggregates POM 

(53–250 µm), fine light fraction (< 1.85 g.cm−3; 53–250 µm), silt (2–53 µm) and 

clay (< 2 µm). SPT: sodium polytungstate; HMP: sodium hexametaphosphate 

(0.5% solution). 
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Figure 5-3. Relationship between C-BC added to sample and C-BC measured 

with the KDM method from BC produced at various temperatures (250–600 °C) 

from Pleurozium and black spruce fuel. 
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Figure 5-4. Influence of drainage on (a) SOC (kg C/m2) and (b) BC (g C-BC/m2) 

stocks. Values are mean ± standard deviation. 
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Figure 5-5. Carbon distribution (% of total SOC) in podzolic horizons (n = 11). 

Three horizons types (Bhf(c), Bf, and B/C) and three following fractions were 

considered: unprotected POM (coarse POM + light fractions), protected POM 

(fine sand + micro-aggregates) and fine fraction carbon (silt + clay). Different 

lower case letters indicate significant differences among fractions for a given 

horizon; different upper case letters indicate significant differences among 

horizons for a same fraction. 
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Figure 5-6. Distribution of BC (% of total SOC) in fractionated podzolic horizons 

(n = 11). For comparison, the non-fractionated horizon is represented. 
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Chapter 6. Conclusions 

6.1. Main research objectives 

This study aimed to determine the amount and fate of black carbon in 

podzolic soils of fire-affected Quebec black spruce forests, according to variable 

fire severity. In chapters 2 and 3, the principal objective was to characterize black 

carbon chemical and physical properties and to assess how the latter are 

influenced by formation conditions, in relation to fire severity. Maximum 

temperature emerged as the most influential factor, although charring duration 

and the presence of oxygen during pyrolysis also affected BC properties under 

specific conditions. A relative increase in fire severity on the forest floor resulted 

in a more condensed fresh BC layer. Chapter 4 presented results from the 

investigation of total carbon and black carbon stocks, as well as their distribution 

within the forest floor. This part of the study highlighted the importance of 

environmental factors such as slope position and aspect, as well as stand type 

(black spruce- vs. jack pine-dominated canopy vegetation) on carbon storage in 

Quebec black spruce forest floors after low severity fires. It also demonstrated the 

importance of the deepest layer of the forest floor for the organic BC stocks. 

Presenting an abrupt boundary with the underlying mineral soil, this horizon 

constitutes a mix of humified forest floor (H) and historical black carbon, and it 

contains most of the BC stocks. In chapter 5, the focus was switched to the 

mineral soil and possible black carbon stabilization mechanisms were 

investigated. Black carbon stocks in different parts of the soil profiles were also 

compared. 
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6.2. Specific research questions 

The work presented in chapter 2 aimed to assess the influence of formation 

conditions on BC chemical and physical properties. Thermal treatment turns 

organic matter into BC. In this chapter I showed that thermal treatment had a 

significant influence on both the chemical and physical properties of BC 

originating from various types of fuel. Results obtained from artificially-produced 

BC confirmed the importance of maximum temperature, fuel type, duration of 

charring and abundance of oxygen as factors influencing BC composition and 

physical properties. As for the chemical properties, the type of fuel was most 

important for temperatures < 250 °C and up to 350 °C. Then, the main fuel 

components – namely cellulose, hemicelluloses and lignin – started to degrade 

and the maximum temperature became the dominant forming factor. The charring 

duration I selected affected the composition at both low (250 °C) and high 

(≥ 600 °C) temperatures. The presence of oxygen affected BC composition 

mainly at low temperature, i.e. 250 °C, and resulted in accelerated alkyl C 

degradation. The H content and yield of BC were the two attributes most sensitive 

to other formation factors besides maximum temperature. With increasing 

temperature, I observed a decrease in yield, although at 250 °C, the presence of 

oxygen also provoked a drastic decrease in yield. With increasing thermal 

treatment, the precursor materials underwent increasing condensation 

(aromatization), and the resulting BC acquired some resistant properties: they 

became more intrinsically stable, i.e., less susceptible to degradation. MT was the 
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most influential factor with respect to physical properties. There was an important 

increase in BC porosity (specific surface area and total pore volume) with the 

more severe thermal treatments. Nevertheless, BC physical features appeared to 

also be under the control of the type of fuel. There was a huge heterogeneity 

within this reference set; I was able to place BC samples on the BC continuum 

and to relate changes in elemental composition (atomic ratios) and specific 

surface area to temperature thresholds of the thermal treatment. Moss-derived BC 

presented distinctive chemical and physical properties; knowing the large carbon 

input this type of fuel represents in black spruce ecosystems (Harden et al., 1997; 

Harden et al., 2000; Yu et al., 2002), this finding is particularly valuable. 

In Quebec black spruce forests, most 2005–2007 wildfires took place early in 

the fire season. Using the results from the previous chapter, I showed here that 

these wildfires produced forest floor BC characterized by a low aromatic:O-alkyl 

carbon ratios, i.e., displaying a relatively low degree of aromatization. The BC 

chemical properties were related to fire severity, a relative increase in fire severity 

inducing an increase in aromatization. But overall, the aromatic content of the BC 

formed by these early season wildfires was low when compared to the range of 

known values (e.g. atomic H/C and O/C ratios) along the BC continuum: BC 

samples were part of transition and amorphous chars. These results indicate 

limited thermal degradation and suggest a low intrinsic potential for recalcitrance. 

The low porosity of the analyzed samples confirmed the low temperature of 

formation. Overall, this chapter’s results are representative of BC produced under 

relatively low fire severity at the soil level. They provide insight on the type of 



 

211 
 

BC that would be produced in the scenario where early season fires were to 

become dominant. Furthermore, variations in fire severity are still expected to 

occur with global warming (especially with an increase in occurrence of large fire 

years), at least until the end of the 21st century in Quebec. Finally, these results 

can help inform carbon modeling efforts for black spruce boreal forests by 

providing key information on the influence of low fire severity on relative 

recalcitrance of BC pools, as well as on the post-disturbance regeneration 

potential of these forests. 

In chapter 4, I demonstrated that wildfires affect the quantity and quality of 

forest floors present in Quebec black spruce forests. Fire appeared to be a driving 

factor of the carbon cycle in these forests. First, complete combustion was 

influenced by environmental features, including slope position and aspect. 

Second, fire affected part of the remaining C stocks through production of more 

or less condensed black carbon, as shown in the previous chapter. The recent 

wildfires that affected my study sites were characterized by an overall low fire 

severity at the forest floor level. They left part of the carbon pool and much of the 

historical black carbon legacy intact, with the persistence of the H + historical BC 

layer, as well as part of the F horizon, which on occasion constituted a substantial 

BC reservoir. This chapter revealed that in Quebec black spruce forests, fire 

history, and specifically fire severity history, seemed to control BC stocks in the 

forest floors, as the H + historical BC layer contained the biggest BC reservoir in 

most profiles. In this chapter I also highlighted the need to define a standard 

method for BC quantitation in forest floor samples that would be as accurate but 
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less time consuming than 13C NMR spectroscopy. This improved knowledge on 

BC pools is urgently needed in fire-affected ecosystems where organic materials 

represent a large part of the carbon pool. 

In chapter 5, I looked at SOC and BC stocks in the mineral soil, and used the 

results from chapter 4 to compile total stocks for these podzolic soils. Here I 

provide much needed estimates about BC pools in Quebec boreal black spruce 

forests. Although the majority of BC stocks was found in forest floors, mineral 

horizons stored a non-negligible reservoir that amounted to 12–46% of the total 

stocks. Podzolic Bhf and Bf horizons contained most of the mineral BC stocks. 

Physical fractionation shed some light on possible BC storage mechanisms in 

these mineral soils. Overall, the patterns of BC accumulation in mineral soils were 

similar to those of SOC. Association with organo-metallic complexes appeared as 

the dominant mechanism at least for podzolic horizons. 

 

6.3. Research implications 

Boreal forest soils represent a massive carbon pool, whose future is at risk 

with the global warming associated with climate change. Currently, the world’s 

boreal forests are considered as an overall carbon sink but regional differences 

have already emerged. Whether global warming will be enough to turn these 

forests into carbon sources through an increase in decomposition is not clear yet 

and contradictory results have been presented. However climate change has 

already started to alter disturbance regimes and this could constitute the biggest 

threat to the huge carbon stocks present in the thick boreal forest floors. In North 
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American boreal forests, changes in fire regimes resulting from climate change 

are of particular importance.  

The effects of variations in fire regimes on BC production and stocks in boreal 

forests and how this could affect the carbon balance has not received much 

attention yet. The three large fire years that took place in Quebec boreal black 

spruce forests in 2005–2007 provided a unique opportunity to address this 

question. 

The work in chapters 2 and 3 was designed to study the influence of formation 

conditions on BC chemical and physical properties. Chapter 2 highlights the 

importance of temperature on BC properties. These results made it possible to 

reconstruct formation conditions of the BC layer produced by the 2005–2007 

wildfires in chapter 3. The work in chapter 3 also reveals that fire severity and BC 

chemical properties are related: an increase in fire severity on the forest floor 

results in a more condensed BC, hence less likely to be further decomposed. The 

early season wildfires selected in this study produced slightly condensed BC, 

which reflect only the low end of the fire severity spectrum. Nevertheless, these 

results can help inform carbon modeling efforts for black spruce boreal forests by 

providing key information on the influence of low fire severity on relative 

recalcitrance of BC pools, as well as on the post-disturbance regeneration 

potential of these forests. Variations in fire severity will likely persist in the near 

future especially if mega-fires become more frequent (Girardin et al., 2013), and 

at least part of the black spruce-feathermoss domain will experience the same fire 

conditions as the stands in the present study. In these first two chapters, I tried to 
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determine if BC inherent increased degree of aromatization would be more likely 

to protect it from a “fast” degradation than organic matter that was not thermally-

altered. In the event of global warming alleviating the current environmental 

constraints on SOM decomposition in boreal ecosystems, it appears that the 

chemical properties of BC produced under low fire severity are similar enough to 

unburned forest floor that both will decompose at the same rate.  

But if quality matters, the size of the BC stocks is also likely to make a 

difference in terms of overall carbon balance. Hence, in the last two chapters I 

focused on BC stocks present in these forests and how they are distributed. 

Chapter 4 and 5 reveal the importance of forest floor for BC stocks. The organic 

horizons and more specifically the almost ubiquitous presence of the H + 

historical BC layer is the most important soil characteristic in these forests, and 

what is likely to set apart Quebec black spruce forests from other boreal forests of 

the world in terms of BC storage. If mineral soils constitute a significant SOC 

pool, storing half of the total SOC present in fire-affected podzolic soils of 

Quebec black spruce forests, BC stocks are very dependent on the persistence of 

at least part of the forest floor, and specifically of the deep H + historical BC 

layer. Because they are concentrated in the forest floor, BC stocks are very 

sensitive to fire severity. A generalized increase in fire severity in Quebec black 

spruce forests implies higher BC temperatures of formation, which would likely 

generate very condensed BC, hence BC more resistant to microbial degradation. 

But this would also notably jeopardize total BC stocks. Finally, additional factors, 

such as a potential shift in species dominance from black spruce to jack pine in 
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these forests (Boiffin and Munson, 2013) could threaten both SOC and BC stocks. 

SOC and BC accumulation under jack pine is indeed much reduced compared to 

black spruce stands as suggested by results from chapter 4.  

 

6.4. Study limitations and future research perspectives  

The work presented in this thesis highlights the importance of BC to the 

carbon cycle in boreal forests soils, but it constitutes only a first step. BC stocks 

estimates for the Quebec black spruce forests were produced for the first time but 

our limited sample size did not allow to observe significant differences associated 

with forest types, climate, topography, or fire frequency on organic and mineral 

BC stocks. These factors are likely to influence BC pools, based on their known 

influence on SOC stocks. A more intensive study aiming at setting apart the 

relative influence of the various environmental factors is an essential step to a 

better understanding of BC storage in Quebec black spruce forests. It is also 

primordial for modeling purposes. 

Moreover the samples in this study were collected in sites affected by early 

season fires, which caused fire impacts on the forest floor that were on the low 

side of the severity spectrum. Sampling in sites exposed to high severity fires, i.e. 

where most of the forest floor has been consumed by fire, would be a requirement 

to properly understand how BC stocks depend on fire severity and predict the 

future evolution in BC stocks in Quebec boreal black spruce forests with climate 

change.  
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Lastly there was a BC pool that we did not consider in these burned stands: 

the snags. The latter are covered with burned bark, i.e., BC, and represent a 

substantial BC pool, which gets added to the soil pool overtime – more or less 

quickly – as more bark shedding and/or windthrow occur. BC present on the 

snags has different characteristics from forest floor BC (especially in the case of 

early season fires because of the disconnection of fire behavior in the canopy and 

in the forest floor). The BC snags pool clearly constitutes a significant 

contribution in the carbon balance of fire-affected forests and deserves some 

attention. 

The problem of BC quantification has been tackled for a few years now, but 

the answer to the question “what is the best method to quantify BC?” is still up for 

debate. The problem of BC quantitation in forest floor is also particularly 

highlighted in chapter 4. I was able to determine BC content in the various forest 

floors layers by running the molecular mixing model on the 13C NMR DP spectra 

data. This method of BC quantitation for organic samples is not only accurate but 

also flexible, with the possibility to calibrate the molecular model for different 

ecosystems and various scenarios of fire severity by choosing the degree of the 

aromatization of the BC estimated. Both for characterization and quantification 

13C NMR spectroscopy thus proved to be informative and effective but access to a 

spectrometer and acquisition times are hindering the likelihood of 13C NMR 

spectroscopy to become routine analysis. Specifically, acquisition times are 

prohibitive when analyzing a large number of samples. 
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Further 13C NMR experiments, including spectral editing techniques, could 

also be conducted on these samples. The non-quaternary suppression (NQS) 

technique, also called dipolar dephasing, has often been used in characterization 

studies of char (e.g., Smernik et al., 2000; Knicker et al., 2005; Brewer et al., 

2009) or organic matter (e.g., Smernik and Oades, 2001; Cao et al., 2011). This 

relatively straightforward technique allows quaternary carbon atoms to be 

distinguished from those with one or two directly-bonded protons. The NQS pulse 

sequence uses a time period when the proton decoupling is switched off. During 

this time, the signals due to carbon nuclei with shorter spin-spin relaxation times 

(T2) such as methane and methylene carbons, decay rapidly and only carbons not 

directly attached to hydrogens and carbons from methyl groups contribute 

significantly to the spectrum (Axelson, 2012).  

Regarding the BC stored in the H horizon, radiocarbon dating of the historical 

BC layer would help to confirm the hypothesis that BC in this layer has been 

accumulated over several fire cycles. This could provide some insight on how 

frequently very high severity fires occurs in the black spruce-feathermoss domain. 

Radiocarbon dating in the mineral soil, could give further insight on the actual BC 

storage in podzolic B horizons. Dubois et al. (1990) showed that organic matter 

contained within podzolic horizons turns over rapidly (a few years up to 420 ± 

120 years), and it would be interesting to test if BC residence time is somewhat 

longer. Further, fractionation studies with measurement of pyrophosphate-

extractable iron and aluminum in fractions would also help to more fully elucidate 

BC stabilization processes. 
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6.5. Conclusion 

BC plays a significant role in carbon sequestration in Quebec boreal black 

spruce forests as it represents a significant part of the carbon stocks present. It 

accumulates in these forests, principally in the forest floors. BC properties and 

stocks are under the influence of fire severity. Under low fire severity in the forest 

floor, a good portion of the SOC stocks persists and BC stocks remain mostly 

unaffected in Quebec black spruce forests. Global warming associated with 

climate change constitutes a serious threat for both SOC and BC storage, through 

modification of fire regimes. The increase in frequency of large fires years could 

trigger a shift in species dominance from black spruce to jack pine. Black spruce 

promotes forest floor accumulation, hence C storage but also BC storage through 

the presence of the H + historical BC layer, whereas jack pine-dominated stands 

are generally associated with limited C and BC storage. In these stands BC stocks 

are also more likely to get consumed by successive fires.  
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Table 2-A.1. Details of the charring experiments including the maximum temperature (MT), charring duration and the pyrolysis type 

(partial or complete); na: not available 

 

MT (°C) 75 75 250 250 250 425 425 425 600 600 600 800 
charring duration (h) 24 24 24 12 24 6 6 12 0.5 0.5 6 0.5 
pyrolysis typea T SB T SB SB T SB SB T SB SB SB 
Black spruce bark na na na 
Black spruce needles na na na 
Black spruce branch na na na 
Rhododendron g. na na na na 
Pleurozium na 
Sphagnum na                       

 

a T (tin): partial pyrolysis; SB (sand-bath): complete pyrolysis 
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Table 2-B.1. Results from 13C NMR direct polarization (DP) and variable-amplitude cross polarization (VACP) experiments, 

including spin counting (Cobs, where 100% indicates a fully quantitative spectrum) and the relative intensity (% total spectral area) of 

carbonyl C, aromatic and phenolic C, O-alkyl C and alkyl C. 

      DP VACP 

Fuel MT DP-Cobs Carbonyl 
Aromatic 

& 
phenolic 

O-alkyl Alkyl Carbonyl 
Aromatic 

& 
phenolic 

O-alkyl Alkyl 

  (°C) (%) (% total spectral area) (% total spectral area) 
Sphagnum 250 84.1 10.6 61.3 7 21.1 5.6 60.4 7.2 26.7 
Sphagnuma 250 92 15.1 78.4 2 4.5 13.9 75.8 4.1 6.2 
Sphagnum 350 78.1 3.8 74.6 5 16.6 1.8 75.2 4.9 18.1 
Sphagnum 425 80 6.5 83.4 −0.8 10.9 0.5 82.2 4.3 13 
Sphagnum 600 74.6 5.5 89.6 −1.9 6.9 1.4 88.3 1 9.3 

Black spruce branch 75 77.5 6.7 26.9 58.5 8 1.3 18.4 71.4 9 
Black spruce branch 250 88.7 8.5 46.2 23.5 21.8 3.3 41 34.9 20.8 
Black spruce branch 350 68.2 3.8 74.4 4.6 17.2 1.2 71.7 7.3 19.8 
Black spruce branch 425 121.2 5.4 80.9 3 10.8 0.8 82.7 3.4 13.1 
Black spruce branch 600 94.3 4.2 83.6 1.9 10.2 0.6 85 2.5 11.9 

 

a BC produced in a tin (presence of oxygen). 
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Figure 2-C.1. 13C VACP NMR spectra of Sphagnum BC produced at three MTs 

(250 °C; 425 °C; 600 °C) under two different pyrolysis treatments (partial O2 – tin 

– and no O2 – sand bath). 
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Figure 2-C.2. 13C VACP NMR spectra of black spruce (BSP) branch and 

Rhododendron groenlandicum BC produced at 250 °C with two charring 

durations (12 h vs. 24 h) under full pyrolysis (sand bath – SB). 
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Table 3-A.1. Results of the spin counting obtained with a DP experiment for a 

subset of BC produced by wildfire. Cobs represents the amount of carbons that 

were observed, a Cobs of 100 % indicating a fully quantitative spectrum. For 

comparison, the fire severity, evaluated on the microsite where the BC was 

sampled, is provided. 

sample DP-Cobs severity 

fresh BC #246 90.78% low (class 0) 

fresh BC #266 82.38% intermediate (class 2) 

fresh BC #128 65.83% high (class 5) 
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Table 4-A.1. Characteristics of the 23 soil profiles and their fire site. 

ID soil 
profile 

fire 
site 

latitude 
(°N) 

longitude 
(°W) 

altitude 
(m) zonea 

Fire 
cycle 
(yrs) 

MAPb 
(mm) 

MATc 
(°C) drainage class stand 

typed 
slope 

position aspect fire 
year 

mean pre-
fire stand 
age (yrs)e 

1 8 50°19'40.9'' 72°03'02.2'' 531 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Moderately well 

drained JP upslope W 2005 84 (22) 

2 8 50°18'31.1'' 72°04'20.5'' 482 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Moderately well 

drained BSP midslope W 2005 84 (22) 

3 9 49°16'59.0'' 73°54'23.1'' 384 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Moderately well 

drained JP midslope S 2005 99 (49) 

4 9 49°19'31.7'' 73°53'27.3'' 413 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Well drained JP midslope E 2005 99 (49) 

5 10 49°04'07.9'' 74°21'04.4'' 446 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Poorly drained BSP midslope S 2007 83 (5) 

6 14 50°50'28.2'' 68°59'08.0'' 461 North-Shore > 1000 1100 −1.25 Poorly drained BSP depression W 2007 115 (30) 

7 14 50°49'51.0'' 68°59'53.9'' 479 North-Shore > 1000 1100 −1.25 Poorly drained BSP upslope NW 2007 115 (30) 

8 13 50°33'57.0'' 68°49'56.8'' 456 North-Shore > 1000 1100 −1.25 Well drained JP upslope N 2005 81 (19) 

9 13 50°34'58.1'' 68°46'16.5'' 428 North-Shore > 1000 1100 −1.25 Moderately well 
drained BSP upslope W 2005 81 (19) 

10 7 50°21'32.0'' 73°42'01.0'' 385 Chibougamau 200–500 950 −1.25 Well drained JP midslope S 2006 109 (8) 

11 7 50°21'44.7'' 73°42'33.4'' 397 Chibougamau 200–500 950 −1.25 Well drained JP midslope SE 2006 109 (8) 

12 6 50°23'29.3'' 73°57'38.2'' 387 Chibougamau 200–500 950 −1.25 Moderately well 
drained BSP toe E 2006 99 (51) 

13 6 50°20'06.6'' 73°55'25.6'' 412 Chibougamau 200–500 950 −1.25 Moderately well 
drained BSP midslope NW 2006 134 (23) 

14 1 50°36'08.7'' 74°46'29.0'' 405 East Baie-James < 200 830 −1.75 Moderately well 
drained BSP midslope NW 2005 78 (7) 
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15 1 50°36'06.4'' 74°46'59.5'' 411 East Baie-James < 200 830 −1.75 Moderately well 
drained BSP downslope E 2005 78 (7) 

16 2 50°42'57.7'' 74°46'49.0'' 382 East Baie-James < 200 830 −1.75 
Moderately well 
to imperfectly 
drained 

BSP midslope ENE 2005 94 (28) 

17 3 50°59'27.7'' 75°13'27.3'' 342 East Baie-James < 200 830 −1.75 
Well to 
moderately well 
drained 

BSP downslope W 2007 72 (7) 

18 3 50°58'45.0'' 75°13'25.7'' 347 East Baie-James < 200 830 −1.75 Moderately well 
drained BSP downslope SW 2007 72 (7) 

19 4 49°58'41.5'' 74°34'31.4'' 385 Chibougamau 200–500 950 −1.25 Moderately well 
drained BSP midslope W 2007 103 (27) 

20 12 50°31'02.8'' 76°20'59.0'' 303 West Baie-
James > 500 825 −1.25 Moderately well 

drained BSP downslope NW 2005 74 (7) 

21 12 50°30'44.0'' 76°21'11.4'' 301 West Baie-
James > 500 825 −1.25 Imperfectly 

drained BSP depression NW 2005 74 (7) 

22 11 50°29'31.0'' 76°33'21.0'' 288 West Baie-
James > 500 825 −1.25 Moderately well 

drained JP upslope W 2007 106 (2) 

23 11 50°28'39.2'' 76°34'31.2'' 299 West Baie-
James > 500 825 −1.25 Moderately well 

drained BSP depression W 2007 106 (2) 

 
a zones of homogeneous fire cycle and climatic conditions; b mean annual precipitation; c mean annual temperature; d stand type: black spruce-

dominated (BSP) vs. jack pine-dominated (JP); e data (mean and associated SD) from Boiffin and Munson (2013) 
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Table 4-B.1. Assignment of 13C NMR signal intensity in the spectral regions 

associated with the char component of the molecular mixing model (default and 

adjusted models) and their properties; na: not available. 

MMM version 
MMM MMM-1 MMM-2 

Spectral region (ppm) char class 5 fresh BC lab-BC 

0–45 0 17 0.8 
45–60 1.7 3.8 −0.9 
60–95 1.8 13.2 3.7 
95–110 5.3 5.2 6.7 
110–145 72.1 34.9 83.8 
145–165 15.2 14.2 6.2 
165–215 3.9 11.6 −0.3 

Proportion of char in 
the sample (%) – 
estimated by default 
Baldock MMM 

100 53.85 97.1 

Fuel 

Adjusted using 9 
charcoal spectra 
obtained by J. 
Skjemstad for a 
variety of materials 

duff BSP needles 
Maximum temperature 
(°C) na 600 

Duration of charring 
(h) na 0.5 

Conditions of 
pyrolysisa SB? Tin 

C contentb (%)   57.9 78.6 

 
a partial pyrolysis = tin; full pyrolysis = SB; b on a dry weight, ash-free basis 
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Table 4-C.1. Results of Pearson and non-parametric rank correlation analyses (n = 

15). 

variable 1 variable 2 Pearson ρ Spearman 
rank ρ p R² 

BCa
DP+MMM C content 0.585 0.0002 0.34 

H/C atomic ratio −0.897 *** 0.80 
PIb (DP) −0.873 *** 0.76 
DoAc (DP) 0.992 *** 0.98 
BCDP+MMM-1 0.964 *** 0.93 
BCDP+MMM-2 0.998 *** 1.00 

BCDP+MMM-1 BCCP+MMM-1 0.936 *** 0.88 
BCDP+MMM-2 0.946 *** 0.89 

BCDP+MMM-2 BCCP+MMM-2 0.922 *** 0.85 
DoAc (CP) DoAc (DP) 0.936 *** 0.88 
PIb (CP) PIb (DP) 0.977 *** 0.95 

 

a BC as percentage of total SOC; b Polarity index calculated from 13C NMR (CP) 

or (DP) data; c Degree of aromatization calculated from 13C NMR (CP) or (DP) 

data 

 



231 
 

Table 4-D.1. Results from 13C NMR direct polarization (DP) and variable-amplitude cross polarization (VACP) experiments, 

including spin counting (Cobs, where 100% indicates a fully quantitative spectrum), the relative intensity (% total spectral area) of 

alkyl C, N-alkyl and methoxyl C, O-alkyl C, di-O-alkyl C, aromatic C, phenolic C, and amide and carboxyl C, as well as the degree of 

aromatization and the polarity index. 

    DP 

sample DP-
Cobs 

Alkyl N-Alkyl / 
Methoxyl 

O-
Alkyl 

Di-O-
Alkyl Aromatic Phenolic Amide / 

Carboxyl DoAa Polarity 
Indexb 

  (%) (% total spectral area)     
P22 fresh BC 82.6 17.6 3.2 23.1 7.1 20.6 10.8 17.6 0.62 1.20 
P22 F 82.2 24.6 4.7 30.3 8.6 12.1 7.6 12.1 0.29 1.33 
P22 H + historical BC 80.5 13.3 2.0 8.3 4.8 38.8 13.9 18.9 1.85 0.61 
P22 historical BC 92.7 5.3 1.1 4.2 3.3 54.6 14.1 17.3 4.94 0.42 
P16 fresh BC 86.2 19.5 3.7 33.4 7.0 13.3 6.4 16.6 0.31 1.76 
P16 F 89.9 18.1 4.2 30.3 9.4 14.4 8.3 15.3 0.37 1.58 
P16 H + historical BC 103.0 11.5 1.2 7.2 4.6 44.0 14.3 17.3 2.38 0.50 
P4 fresh BC 89.1 17.4 4.4 35.9 9.8 13.1 6.8 12.7 0.29 1.85 
P4 H + historical BC 82.2 19.9 3.6 17.5 6.0 24.9 10.7 17.5 0.76 0.90 
P9 H + historical BC 82.1 19.7 4.8 15.9 5.0 26.3 10.4 17.9 0.81 0.86 
P19 fresh BC 84.3 12.5 2.5 12.5 7.5 35.0 15.0 15.0 1.43 0.70 
P19 H + historical BC 94.7 17.5 5.0 22.5 7.5 20.0 10.0 17.5 0.57 1.22 
P8 H + historical BC 84.9 12.5 2.5 17.5 5.0 35.0 12.5 15.0 1.27 0.74 
P2 F 94.7 20.1 2.8 17.1 6.2 24.7 10.8 18.3 0.77 0.96 
P23 H + historical BC 77.0 19.1 2.5 13.4 5.0 30.5 12.0 17.6 1.07 0.71 
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    VACP 

sample  Alkyl N-Alkyl / 
Methoxyl 

O-
Alkyl 

Di-O-
Alkyl Aromatic Phenolic Amide / 

Carboxyl DoAa Polarity 
Indexb 

   (% total spectral area)     
P22 fresh BC  18.1 5.1 46.1 9.8 13.9 3.5 3.5 0.22 1.86 
P22 F  21.4 5.7 45.3 8.6 7.9 3.2 8.0 0.14 2.16 
P22 H + historical BC  25.8 6.2 25.6 5.8 25.6 5.5 5.5 0.49 0.76 
P22 historical BC  17.8 4.8 14.5 4.7 45.3 6.8 6.1 1.24 0.46 
P16 fresh BC  20.7 9.3 45.3 8.3 5.6 3.1 7.7 0.10 2.48 
P16 F  21.3 9.0 53.1 10.2 6.8 0.6 −1.1 0.08 2.26 
P16 H + historical BC  18.5 4.8 28.2 6.9 28.7 8.0 4.8 0.63 0.84 
P4 fresh BC  13.8 2.7 53.4 10.7 9.5 3.0 6.9 0.15 3.00 
P4 H + historical BC  23.7 5.8 35.4 8.4 17.6 4.4 4.7 0.30 1.21 
P9 H + historical BC  25.4 7.5 30.4 5.2 15.1 5.2 11.2 0.30 1.26 
P19 fresh BC  20.7 7.5 35.7 8.1 19.0 4.9 4.1 0.33 1.29 
P19 H + historical BC  23.3 7.9 40.3 7.5 10.8 3.4 6.6 0.18 1.71 
P8 H + historical BC  19.3 4.9 35.0 6.6 19.9 5.7 8.6 0.39 1.29 
P2 F  22.0 5.1 36.7 6.4 13.2 5.7 11.0 0.27 1.55 
P23 H + historical BC  21.2 4.2 25.0 4.8 19.8 9.5 15.6 0.53 1.11 

 
a degree of aromatization (DoA) defined by ratio of (aromatic C) to (aliphatic + O-containing C) from 13C NMR spectra data (i.e. ratio 

of the [165–110 ppm]/[110–0 ppm] regions); b Polarity Index defined by ratio of (carboxyl and amide C + O/N-alkyl C) to (phenolic C 

+ aromatic C + alkyl C) from 13C NMR spectra data (i.e. ratio of the [(215–165) + (110–45) ppm)]/[(160–110) + (45–0) ppm] regions) 
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Table 5-A.1. Characteristics of the 23 soil profiles and their fire site, including BC stocks (in fine-earth; coarse particles; total). 

soil 
profile 

fire 
site 

latitude 
(°N) 

longitude 
(°W) 

altitude 
(m) zonea 

Fire 
cycle 
(yrs) 

MAPb

(mm)
MATc 
(°C) 

drainage 
class 

POD 
Indexd soil typee stand 

typef 

soil BC 
stock   

(g C.m−2)

BC stock 
from coarse 
BC particle 

(g C.m−2) 

total 
BC 

stock   
(kg 

C.m−2) 

1 8 50°19'40.9'' 72°03'02.2'' 531 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Moderately 

well drained 12 humo-ferric 
PODZOL JP 141.3 0.0 0.14 

2 8 50°18'31.1'' 72°04'20.5'' 482 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Moderately 

well drained 28 ferro-humic 
PODZOL BSP 250.5 0.0 0.25 

3 9 49°16'59.0'' 73°54'23.1'' 384 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Moderately 

well drained 40 humo-ferric 
PODZOL JP 290.2 1.2 0.29 

4 9 49°19'31.7'' 73°53'27.3'' 413 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Well drained 32 humo-ferric 

PODZOL JP 285.6 0.0 0.29 

5 10 49°04'07.9'' 74°21'04.4'' 446 Saguenay & 
Ashuapmushuan > 500 950 −0.5 Poorly 

drained 31 humo-ferric 
PODZOL BSP 602.9 61.4 0.66 

6 14 50°50'28.2'' 68°59'08.0'' 461 North-Shore > 1000 1100 −1.25 Poorly 
drained 32 humo-ferric 

PODZOL BSP 584.9 2.0 0.59 

7 14 50°49'51.0'' 68°59'53.9'' 479 North-Shore > 1000 1100 −1.25 Poorly 
drained 20 humo-ferric 

PODZOL BSP 199.6 0.0 0.20 

8 13 50°33'57.0'' 68°49'56.8'' 456 North-Shore > 1000 1100 −1.25 Well drained 6 humo-ferric 
PODZOL JP 89.1 0.2 0.09 

9 13 50°34'58.1'' 68°46'16.5'' 428 North-Shore > 1000 1100 −1.25 Moderately 
well drained 24 ferro-humic 

PODZOL BSP 504.5 1.8 0.51 

10 7 50°21'32.0'' 73°42'01.0'' 385 Chibougamau 200–500 950 −1.25 Well drained 2 humo-ferric 
PODZOL JP 178.5 0.0 0.18 

11 7 50°21'44.7'' 73°42'33.4'' 397 Chibougamau 200–500 950 −1.25 Well drained 8 humo-ferric 
PODZOL JP 105.2 28.8 0.13 

12 6 50°23'29.3'' 73°57'38.2'' 387 Chibougamau 200–500 950 −1.25 Moderately 
well drained 3 humo-ferric 

PODZOL BSP 352.6 0.0 0.35 
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13 6 50°20'06.6'' 73°55'25.6'' 412 Chibougamau 200–500 950 −1.25 Moderately 
well drained 13 humo-ferric 

PODZOL BSP 193.4 0.0 0.19 

14 1 50°36'08.7'' 74°46'29.0'' 405 East Baie-James < 200 830 −1.75 Moderately 
well drained 4 humo-ferric 

PODZOL BSP 150.7 21.1 0.17 

15 1 50°36'06.4'' 74°46'59.5'' 411 East Baie-James < 200 830 −1.75 Moderately 
well drained 2.5 humo-ferric 

PODZOL BSP 101.8 0.0 0.10 

16 2 50°42'57.7'' 74°46'49.0'' 382 East Baie-James < 200 830 −1.75 

Moderately 
well to 
imperfectly 
drained 

20 humo-ferric 
PODZOL BSP 443.1 40.6 0.48 

17 3 50°59'27.7'' 75°13'27.3'' 342 East Baie-James < 200 830 −1.75 
Well to 
moderately 
well drained 

3 humo-ferric 
PODZOL BSP 148.5 0.0 0.15 

18 3 50°58'45.0'' 75°13'25.7'' 347 East Baie-James < 200 830 −1.75 Moderately 
well drained 8 humo-ferric 

PODZOL BSP 131.3 0.0 0.13 

19 4 49°58'41.5'' 74°34'31.4'' 385 Chibougamau 200–500 950 −1.25 Moderately 
well drained 7.5 ferro-humic 

PODZOL BSP 204.6 0.0 0.20 

20 12 50°31'02.8'' 76°20'59.0'' 303 West Baie-
James > 500 825 −1.25 Moderately 

well drained 12 humo-ferric 
PODZOL BSP 148.6 4.7 0.15 

21 12 50°30'44.0'' 76°21'11.4'' 301 West Baie-
James > 500 825 −1.25 Imperfectly 

drained 20 humo-ferric 
PODZOL BSP 108.2 0.0 0.11 

22 11 50°29'31.0'' 76°33'21.0'' 288 West Baie-
James > 500 825 −1.25 Moderately 

well drained 56 ferro-humic 
PODZOL JP 166.9 2.1 0.17 

23 11 50°28'39.2'' 76°34'31.2'' 299 West Baie-
James > 500 825 −1.25 Moderately 

well drained 7 ferro-humic 
PODZOL BSP 248.8 1.3 0.25 

a zones of homogeneous fire cycle and climatic conditions; b mean annual precipitation; c mean annual temperature; d (calculated) 

using the definition from Schaetzl and Mokma (1988); e Canadian Soil Classification; f stand type: black spruce-dominated (BSP) vs. 

jack pine-dominated (JP). 
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