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Abstract: Large areas of forests burn annually in Siberia. Pyrogenic organic matter (PyOM) generated
by wildfires acts as a stable carbon deposit and plays an important role in the global carbon cycle.
Little is known about the properties of PyOM formed during fires in Siberian forests. In this work,
we report the results of thermogravimetry (TG), differential scanning calorimetry (DSC), and Fourier
transform infrared (FTIR) spectroscopy applied to the study of the chemical composition, structure,
and thermal stability of PyOM formed during surface and crown fires of moderate to high severity
in southern Siberia. We studied the PyOM produced from the forest floor, down wood, cones, and
outer bark of tree stems in Scots pine, larch, spruce, and birch forests. We calculated the thermal
recalcitrance indexes (R50, Q3) based on TG/DSC data. We found that wildfires resulted in a strong
decrease in thermolabile components in burned fuels, enrichment by aromatic structures, and a
significant increase in thermal stability (T50) compared to unburned samples. In all the studied
forests, bark PyOM revealed the highest value of T50 while forest floor PyOM had the lowest one.
At the same time, our results indicated that the properties of PyOM were more strongly driven by
wildfire severity than by fuel type. Overall, the thermal recalcitrance R50 index for PyOM samples
increased by 9–29% compared to unburned plant residues, indicating a shift from low to intermediate
carbon sequestration potential class in the majority of cases and hence less susceptibility of PyOM
to biodegradation.

Keywords: pyrogenic organic matter; thermal analysis; FTIR spectroscopy

1. Introduction

In boreal forest ecosystems, wildfire is a frequent disturbance factor that strongly
affects the size and composition of the soil organic carbon pool [1]. More than 70% of
fires and up to 90% of the total burned area in Russia occur in Siberia. In recent decades,
fire frequency, area burned, and carbon emissions increased significantly in Siberia due
to elevated air temperatures [2,3]. Pyrogenic organic matter (PyOM) produced due to the
incomplete combustion of plant biomass during wildfires is a component of the stable soil
organic pool which plays an important role in the global carbon cycle [4]. PyOM comprises
a continuum of combustion products ranging from lightly charred plant materials to highly
condensed soot [5,6]. Recent studies have demonstrated that up to 16–28% of the total C
affected by fire is retained in PyOM [7–9]. The conversion rates vary significantly between
fuel components. For instance, for down wood and bark in a Pinus banksiana forest of
Western Canada, over half of the C affected by a high-intensity crown fire was converted to
PyOM, whereas for the forest floor it was only one-quarter [8]. In soils frequently exposed
to fires, the contribution of pyrogenic carbon to total organic carbon can exceed 35–40% [10].

PyOM is C-enriched and more chemically and thermally recalcitrant compared to
its unburned precursors [11,12]. Therefore, PyOM production during a wildfire can be
considered a mechanism for C sequestration. The PyOM products of vegetation fires are
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both chemically and physically variable, so they cover a wide range of carbon sequestration
potentials [8,12]. A large fraction of the PyOM continuum can be considered a C sink on
a decadal/centennial timescale [6,9]. The properties of PyOM formed during wildfires
may vary greatly in different ecosystems depending on the fuel types burned and fire
characteristics [4,13]. The concentration of oxygen at the time of burning determines
whether flaming or smoldering conditions will develop [4]. As a result of the oxygen
limitation for smoldering, the peak temperature of a smoldering fire generally ranges from
200 to 300 ◦C, which is significantly lower than that of a flaming fire (about 600 ◦C) [13].

The chemical composition of plants determines PyOM formation and its properties
depending on differences in the thermal stability of plant biopolymers (hemicelluloses,
cellulose, and lignin). Leaves and grass generate PyOM at a relatively low temperature
(~250 ◦C) because polysaccharides are decomposed at this temperature. This type of fuel
produces smaller amounts of aromatic and recalcitrant PyOM compared to woody biomass
and thus may be degraded more quickly in soils [14]. Besides the vegetation type, local
variations in environmental conditions (vegetation moisture, slope, etc.) result in high
spatial variability in burn severity even within a specific area [15].

PyOM originates at temperatures between 250 and 500 ◦C. Charring of plant mate-
rials results in the loss of oxygen-containing functional groups and the O-alkyl aliphatic
structures, as well as an increase in aromatic C. Over 480 ◦C, the character of the charred
material becomes almost totally aromatic [10]. The aromatic structure of carbon includes
the concepts of aromaticity and degree of aromatic condensation. Aromaticity increases
with increasing temperature from 200 ◦C to ca. 500 ◦C, when maximum aromaticity values
are reached. The degree of aromatic condensation increases more gradually from 400 ◦C,
reaching maximum values at temperatures above 1000 ◦C. The aromaticity and the degree
of aromatic condensation of PyOM influence its sequestration potential [16]. The degree of
aromatization depends on burning conditions such as temperature, duration, and oxygen
availability. At temperatures lower than 450 ◦C, usually recorded in wildfires of moderate
intensity, PyOM reveals a low degree of aromatization [14].

Charring experiments with cellulose and lignin under oxic conditions have revealed
the degradation of cellulose due to dehydration and dehydroxylation processes, as well as
the simultaneous formation of aromatic structures. The main chemical alteration of lignin
occurred due to dehydroxylation, cleavage, shortening of the propanyl side chains, and
demethylation of the methoxyl groups. The remaining methoxyl C showed a relatively
higher resistance of the lignin backbone towards thermal oxidation, indicating that lignin
residues are an important component of charcoal generated during forest fires [17,18].

The solid-state 13C nuclear magnetic resonance (NMR), Fourier transform infrared
(FTIR) spectroscopy, and thermal analysis methods such as thermogravimetry (TG) and
differential scanning calorimetry (DSC) are widely used to characterize PyOM [12,19–23].
The combined use of different analytical techniques provides a better characterization of
PyOM quality [14]. Although some studies [24,25] have evaluated the effect of wildfires
on soil organic matter in the forests of Siberia, data on the chemical composition and
structure of PyOM are rare [1,26]. Therefore, the aim of our present research is to evaluate
the composition, structure, and thermal stability of PyOM formed during fires in different
forest types of southern Siberia using thermal analysis and FTIR spectroscopy. This study
will provide new data on the characteristics of fresh PyOM produced from various fuels in
Siberia and its carbon sequestration potential.

2. Materials and Methods
2.1. Study Area and Sampling Procedure

The study was carried out in Scots pine (Pinus sylvestris L.) (Plot 1), larch (Larix sibirica
Ledeb.) (Plot 2), spruce (Picea obovata Ledeb.) (Plot 3), and birch (Betula pendula Roth)
(Plot 4) forests in Central Siberia (Figure 1).
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Figure 1. Map of the locations of the study sites and views of burned Scots pine (Plot 1), larch (Plot 2),
spruce (Plot 3), and birch (Plot 4) forests. Forested lands according to the product of Hansen et al. [27]
are shown in green.

The sites are located in the Altai-Sayan mountain–forest–steppe (Plots 1), Altai-Sayan
mountain–taiga (Plots 2 and 4), and Central Siberian subtaiga–forest–steppe (Plot 3) forest
zones [28] on the left and right banks of the Yenisey river in the southern regions of
the Krasnoyarsk krai (Figure 1). The climate of the study area is sharply continental.
Mean annual temperatures over the 2006 to 2022 period varied from 0 to 2.3 ◦C among
studied sites with daily minimum and maximum values reaching up to –44.4 and 36.9 ◦C,
respectively. The lowest annual precipitation (372.9 mm) was recorded at Plot 1 located
in the forest–steppe and the highest (813.5 mm) was at Plot 2 in the mountain–taiga zone,
while in Plots 3 and 4, annual precipitation averaged 532.5 and 518.2 mm, respectively.
Average snow depth was 7.1, 60.3, 29.4, and 22.7 cm for Plots 1–4, respectively, as reported
by the closest weather stations (https://rp5.ru; accessed on 10 July 2023).

Spring fires dominate the study area [29]. Average fire return intervals vary from 10 to
33 years depending on forest type [30], with the highest fire activity registered in nearby
settlements due to high anthropogenic pressure [31].

All the studied forests were burned on 2–7 May 2022. We examined the sites 3–10 days
postfire. There was no rain after the fire and before sampling. In addition, we sampled un-
burned (control) forests located in the immediate proximity of the burned sites in the same
growing conditions with similar stand structure and living ground cover characteristics.
The average diameter at breast height (DBH) of the examined stands varied from 23.3 to
32.7 cm, and height from 13.4 to 28.8 m (Table 1).

https://rp5.ru
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Table 1. Stand structure and fire characteristics of examined forests.

Plot Coordinates

Stand Characteristics Fire Characteristics

Tree Species
Composition * DBH (cm) Height (m) Age (Years) Basal Area

(m2/ha) Fire Type Fire
Severity

1 53◦32′58′′ N
91◦50′2′′ E 10P 27.7 28.8 55 43.7 crown high

2 53◦16′51′′ N
90◦0′30′′ E 10L 23.3 13.4 40 13.2 surface high

3 56◦19′6′′ N
89◦45′13′′ E 8S2B 32.7 27.2 70 40.2 surface moderate

4 55◦51′32′′ N
94◦15′58′′ E 10B 27.4 24.1 70 35.4 surface high

* Forest woody vegetation composition is determined using a 10-unit scale on the basis of tree species volume. P
is Scots pine, L is larch, S is spruce, and B is birch.

Scots pine, spruce, and birch stands were characterized by high tree density with a
basal area varying from 35.4 to 43.7 m2/ha. Low tree density in the larch forest, where
the basal area accounted for 13.2 m2/ha, resulted in a high proliferation of shrubs such
as Spiraea, Rosa, Cotoneaster spp., and Rhododendron dauricum L. Living grasses and small
shrubs covered up to 10–15% of the plot areas prefire because the research was conducted
at the beginning of the growing season. The dominant living ground vegetation in the birch
stand (Plot 4) included Carex spp., Maianthemum bifolium (L.) F.W. Schmidt, Atragene sibirica,
and Vicia cracca L. In the Scots pine (Plot 1) and spruce (Plot 3) forests, litter dominated the
ground cover, with Carex spp. occupying up to 10% of the area and feather moss (Pleurozium
schreberi (Willd. ex Brid.)) covering over 5% of the ground vegetation. We determined the
fire severity in situ based on the average char heights on the trees [32] and the completeness
of combustion of ground fuels [33]. The Scots pine forest (Plot 1) was burned by a high-
severity crown fire with total tree mortality while the other forests (Plots 2–4) were burned
by surface moderate- to high-severity fires resulting in up to 40% tree mortality (Table 1).

At both burned and unburned sites, we sampled the forest floor layer in 5 replicates.
The forest floor consisted mainly of cured herbs and grasses, needles, leaves, moss, and
duff. Additionally, we sampled small dead down wood pieces of d < 1 cm and cones
(typical wildfire fuels) lying on the ground surface. After the fire, the charred forest floor
was sampled and sorted from the uncharred plant residues. The color of the charred layer
(ash) generated by wildfire can vary widely, from light to dark, depending on the fuel types
burned and fire characteristics [34]. Regardless of the color, all the ash was sampled as it
was of pyrogenic origin. At burned plots in the birch and spruce forests, only the upper
part of the forest floor was burned, while in the Scots pine and larch forests, surface ground
cover burned up to the mineral layer. Therefore, at unburned plots, we sampled the layers
of forest floor which corresponded to the burned organic matter at plots exposed to fires.
Moreover, the samples of overstory outer bark from tree stems were collected at burned
and control plots in 5 replicates. All samples were air-dried in the laboratory, then ground,
sieved through a 0.5 mm sieve, and analyzed by TG, DSC, and FTIR spectroscopy.

2.2. Thermal Analysis

The mass loss and heat flow characteristics of thermal degradation of burned and
unburned samples were studied using TG and DSC, respectively. Thermogravimetry (TG
209 F1, NETZSCH-Gerätebau GmbH, Selb, Germany) was carried out in an air atmosphere
with a gas flow of 20 mL/min from 25 to 850 ◦C in an aluminum oxide crucible. Approxi-
mately 5 mg of each sample was used. The heating rate was 10 ◦C min−1. The data were
analyzed using NETZSCH Proteus Thermal Analysis Software version 4.8.4.

To characterize the PyOM, we calculated the thermal recalcitrance indexes (R50, Q3)
based on TG and DSC data [12,14,22,35].
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The R50 index was calculated according to Harvey et al. [21]:

R50,x = T50,x/T50,graphite;

where T50,x and T50,graphite are the temperature values corresponding to 50% of the mass
loss of the x sample and graphite, respectively.

The values of T50,x were obtained directly from TG thermograms in the temperature
range of 170–850 ◦C where the thermal degradation of samples occurred after the loss of
free and non-structural water. For graphite, we used the data obtained by Santín et al. [12].
T50,graphite was 823 ◦C. We classified the studied samples into the following recalcitrance/C
sequestration potential classes according to Harvey et al. [21]: Class A (R50 > 0.70); Class B
(0.50 ≤ R50 < 0.70); and Class C (R50 < 0.50).

The calorimetric measurements were performed with a differential scanning calorime-
ter (DSC 204 F1, NETZSCH-Gerätebau GmbH, Selb, Germany) with a heating rate of
10 ◦C min−1 from 25 to 590 ◦C. The sample mass was about 0.5 mg. The samples were
sealed in aluminum pans with pierced lids by pressing. The heat of combustion (Q, kJ/g)
was determined by integrating the DSC curves over the exothermic region (150–590 ◦C).
For each DSC thermogram, we divided the area under the DSC curve between 150 and
590 ◦C into three temperature regions representing different degrees of organic matter resis-
tance to thermo-oxidation [14]: 150–375 ◦C—labile organic matter (mainly polysaccharides
and other aliphatic compounds); 375–475 ◦C—recalcitrant organic matter (lignin or other
polyphenols); 475–550 ◦C—highly recalcitrant organic matter (polycondensed aromatic
forms). The partial heats of thermo-oxidation of organic matter were calculated from the
DSC thermograms using the NETZSCH Proteus software. Partial heat was defined as the
percentage of heat released over a certain temperature range from the total amount of heat.
The resulting partial heats representing these three regions were designated as Q1, Q2, and
Q3, respectively. The index Q3 (%) can be used as an indicator of thermally recalcitrant
organic matter, which has also proven to be more resistant to microbial degradation than
material falling into regions Q1 and Q2 [12,35].

2.3. Fourier Transform Infrared Spectroscopy

For FTIR analysis, the samples were prepared by mixing powdered samples with
∼100 mg KBr and then compressing them to form a thin tablet. FTIR spectra were measured
using a Fourier transform infrared spectrometer (VERTEX 80V, Bruker Optics Inc., Bremen,
Germany) in a spectral range of 8000–350 cm−1 at a spectral resolution of 0.2 cm−1. The
spectra were obtained in transmission mode and then converted to absorbance units. The
intensities of absorption bands were obtained from the original FTIR spectra.

3. Results
3.1. Thermogravimetry

Transformation of plant material during fire occurs due to the breakdown of major
plant biopolymers, i.e., hemicelluloses, cellulose, and lignin. It is known that hemicellu-
loses decompose in the lower temperature range (220–315 ◦C) than cellulose (300–400 ◦C),
while lignin degrades over a broader temperature range (200–500 ◦C) [36,37]. Typical
thermograms showing the differences between burned and unburned samples are shown
in Figure 2. The TG curve reveals the mass loss, whereas the DTG (differential thermogravi-
metric) curve is indicative of the mass loss rate. The peaks in the DTG curves indicate the
stages of the thermal degradation (thermo-oxidation) of the samples.
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The DTG curves of unburned samples showed three/four main stages of thermal
degradation. The initial mass loss (peak at 61–72 ◦C) was caused by the evaporation of
hygroscopic water. The mass loss in the temperature range of 170(180)–360(380) ◦C (peak
at 312–327 ◦C) was attributable to the decomposition of thermolabile components, such
as polysaccharides (hemicelluloses and cellulose). The mass loss above 360(380) ◦C is
associated with thermostable compounds (Table 2). This is due to the thermal degradation
of lignin, which is more thermally resistant. A small temperature peak above 600 ◦C in the
DTG curves and the corresponding mass loss of 0.16–1.95% is probably associated with the
oxidation of char formed at an earlier stage of sample thermal degradation.

Table 2. Parameters of the thermal degradation of unburned samples and PyOM. Standard deviations
of the means are provided in parentheses.

Components

Unburned Samples at Control Plots PyOM Samples at Burned Plots

Mass Loss (%) Residual
Mass
(%)

T50
(◦C)

R50

Mass Loss (%) Residual
Mass
(%)

T50
(◦C)

R50Ther-
molabile

Ther-
mostable

Ther-
molabile

Ther-
mostable

Plot 1. Scots pine forest

Tree bark 44.09
(1.45)

43.07
(1.63)

4.96
(1.66)

357
(10)

0.43
(0.01)

12.96
(1.81)

79.05
(3.11)

4.31
(1.51)

446
(5)

0.54
(0.01)

Down wood 58.56
(2.14)

31.22
(3.02)

4.13
(0.98)

328
(1)

0.40
(0.001)

15.40
(6.79)

73.72
(5.86)

7.39
(1.70)

420
(12)

0.51
(0.01)

Cone 48.57
(2.96)

42.11
(2.80)

1.56
(0.46)

351
(11)

0.43
(0.01)

(20.67)
(8.26)

70.23
(7.85)

4.56
(1.54)

424
(13)

0.51
(0.02)

Forest floor 54.32
(1.28)

32.38
(1.35)

6.59
(1.30)

335
(1)

0.41
(0.002)

24.56
(7.99)

50.97
(12.41)

17.65
(5.21)

403
(22)

0.49
(0.03)

Plot 2. Larch forest

Tree bark 49.75
(1.40)

38.54
(1.18)

3.50
(0.66)

348
(4)

0.42
(0.005)

20.80
(4.50)

70.06
(5.62)

3.94
(0.58)

433
(16)

0.53
(0.02)

Down wood 57.61
(1.30)

32.18
(0.82)

3.49
(0.29)

335
(3)

0.41
(0.003)

12.77
(7.23)

74.15
(12.58)

8.19
(3.02)

433
(28)

0.53
(0.03)

Cone 50.33
(0.85)

39.76
(0.86)

1.45
(0.15)

346
(3)

0.42
(0.003)

24.96
(9.98)

64.35
(10.41)

4.64
(0.42)

410
(13)

0.50
(0.02)

Forest floor 57.82
(2.98)

26.72
(1.22)

6.37
(1.70)

330
(2)

0.40
(0.002)

30.83
(4.19)

41.89
(6.06)

19.79
(2.42)

385
(12)

0.47
(0.02)

Plot 3. Spruce forest

Tree bark 49.52
(2.57)

37.29
(2.21)

4.73
(1.17)

344
(4)

0.42
(0.01)

17.43
(6.21)

70.05
(6.50)

6.64
(1.38)

427
(15)

0.52
(0.02)

Down wood 56.53
(2.42)

33.75
(1.69)

3.39
(0.63)

335
(2)

0.41
(0.002)

28.34
(6.16)

57.41
(8.24)

8.83
(2.20)

404
(10)

0.49
(0.01)

Cone 41.41
(3.80)

43.50
(3.13)

2.97
(0.61)

365
(7)

0.44
(0.01)

32.87
(4.19)

53.63
(3.34)

5.51
(1.63)

396
(7)

0.48
(0.01)

Forest floor 51.17
(1.25)

29.71
(0.58)

8.66
(0.73)

339
(8)

0.41
(0.01)

35.75
(4.84)

37.70
(9.51)

17.25
(7.62)

367
(15)

0.45
(0.02)

Plot 4. Birch forest

Tree bark 48.62
(3.47)

39.16
(1.99)

4.89
(2.04)

360
(5)

0.44
(0.01)

22.86
(5.97)

67.78
(5.18)

4.62
(0.32)

427
(8)

0.52
(0.01)

Forest floor 52.92
(1.70)

26.89
(0.89)

9.14
(1.21)

332
(2)

0.40
(0.002)

23.56
(4.45)

37.17
(1.27)

30.42
(6.19)

399
(9)

0.48
(0.01)

The forest floor and down wood samples from unburned forests showed a higher
mass loss of polysaccharides (thermolabile compounds) than the bark and cones, which
were more enriched in lignin. The bark and cones had higher thermal stability indicated by
T50. The residual mass was noticeably higher for the forest floor in all forests, indicating
inorganic material content.
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The thermolabile compounds’ decomposition peak in the DTG curves of the PyOM
significantly decreased or disappeared (Figure 2) due to the loss of polysaccharides in the
burned samples. By contrast, the peak above 380 ◦C increased, indicating a higher relative
proportion of aromatic structures [21].

The TG curves of the PyOM indicated a significant decrease in the mass loss of
polysaccharides (Table 2). In the Scots pine, larch, and spruce forests, the down wood and
bark were more affected by fires and showed a greater decrease in thermolabile components
than the forest floor and cones. In the birch forest, the bark and forest floor demonstrated a
similar decrease. In general, the down wood, forest floor, and cones in the spruce forest
revealed the lowest decrease in thermolabile components during fire compared to those in
the Scots pine, larch, and birch forests.

All the PyOM samples showed a higher proportion of thermostable components
(aromatic compounds) compared to the unburned samples. High-severity fires led to a
greater increase in thermostable components in the down wood, cone, and forest floor
PyOM compared to moderate-severity fire. The highest increase was observed for the down
wood PyOM in the Scots pine and larch forests. In all the forests affected by high-severity
fires, forest floor PyOM showed the smallest increase in aromatic structures. In the spruce
stand, it was found for cone PyOM.

The residual mass (mineral residue) increased significantly (2–3 times) for all PyOM,
except for the bark PyOM, compared to the unburned samples. It is known that un-
der higher fire severity more complete combustion of fuels occurs and, in turn, higher
combustion completeness leads to the enrichment of mineral residues [8,34].

Fires resulted in enhanced thermal stability indicated by increasing T50 and corre-
spondingly higher thermal recalcitrance index R50. The bark and down wood PyOM in the
Scots pine and larch forests showed the greatest T50 values, reflecting a higher thermal sta-
bility. Higher values of T50 indicate a greater accumulation of more complex, polymerized,
and energy-rich compounds [14].

According to the classification by Harvey et al. [21], the forest floor PyOM in all the
studied forests showed low carbon sequestration potential (Class C, R50 < 0.50) despite
the higher values of R50 than for the unburned samples. Bark PyOM from all forests
(Plots 1–4) and the down wood and cone PyOM generated during high-severity fires
(Plots 1, 2) belonged to class B (0.50 ≤ R50 < 0.70) and, therefore, had an intermediate
carbon sequestration potential. A moderate-severity fire in the spruce forest resulted in the
formation of down wood and cone PyOM which was classified as class C.

3.2. Differential Scanning Calorimetry

DSC analysis of the unburned samples showed an endothermic peak below 150 ◦C
because of hygroscopic water loss and two/three exothermic peaks above 150 ◦C corre-
sponding to the thermal degradation (combustion) of organic matter (Figure 3). The first
exothermic peak is associated with the decomposition of thermolabile components (polysac-
charides), while the second and third peaks are associated with the thermal oxidation of
lignin. The combustion heat (Q) ranged from 11.0 to 14.1 kJ/g (Table 3). The bark and cone
samples demonstrated slightly higher calorific values than the forest floor and down wood
likely due to greater lignin content. Among the three categories of organic matter lability,
the largest proportion in all the unburned samples was that of recalcitrant compounds (Q2,
375–475 ◦C), which made up between 42.2 and 61.5% of the total Q. The combustion heat
<375 ◦C (Q1) accounted for 26.2–40.3% of the total Q, indicating thermolabile compounds.
The highest values were observed for the forest floor in all forests. The proportion of highly
thermostable organic compounds (Q3 > 475 ◦C) was 7.1–26.4% of the total Q. The cones
were enriched with Q3. Positive correlations were found between the average values of Q3
and T50 (r = 0.72) as well as Q2 + Q3 and T50 (r = 0.94) at a significant level (p < 0.05).
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Figure 3. DSC curves of PyOM (1) and unburned (2) samples of bark from a Scots pine forest (a), cone
from a larch forest (b), down wood from a spruce forest (c), and forest floor from a birch forest (d).

After the fires, the DSC curves showed a loss of thermolabile components and a
concomitant increase in thermostable compounds. The first exothermic peak significantly
reduced or vanished. The heat produced by PyOM was higher compared to that in the
unburned samples. The combustion heat (Q) values were significantly higher for bark,
cone, and down wood PyOM (18.0–24.4 kJ/g) in all the studied forests, indicating a greater
content of energy-rich compounds compared to the burned forest floor. The redistribution
of Q1, Q2, and Q3 was variable within each of the studied components but in general,
PyOM showed a lower proportion of Q1 and a higher thermal recalcitrance (Q2, Q3) than
its precursors. The exception is cone PyOM in the spruce forest where a decrease in Q1
was not observed despite TG showing a decrease in thermolabile components. Forest floor
PyOM in all forests and bark PyOM in Scots pine, larch, and spruce forests revealed an
increase in the proportion of highly thermally stable organic compounds (Q3). Bark PyOM
from the birch forest showed a noticeable increase in Q2 but not in Q3. Cone PyOM from
the Scots pine and larch forests showed slight changes. Down wood PyOM revealed a
significantly higher proportion of Q3 in the larch forest and Q2 in the Scots pine forest. In
spruce stands, down wood PyOM had slightly higher proportions of Q2 and Q3 compared
to the unburned down wood.
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Table 3. DSC parameters of unburned samples and PyOM. Standard deviations of the means are
provided in parentheses.

Components
Unburned Samples at Control Plots PyOM Samples at Burned Plots

Q
(kJ/g)

Q1
(%)

Q2
(%)

Q3
(%)

Q
(kJ/g)

Q1
(%)

Q2
(%)

Q3
(%)

Plot 1. Scots pine forest

Tree bark 11.3
(0.7)

33.9
(3.9)

51.3
(4.8)

14.8
(8.6)

22.8
(2.9)

20.9
(1.2)

43.8
(1.9)

35.3
(2.4)

Down wood 11.0
(0.6)

32.2
(1.4)

53.4
(1.0)

14.3
(1.7)

24.2
(3.5)

23.7
(6.0)

62.9
(6.0)

13.4
(6.2)

Cone 12.2
(1.3)

26.2
(2.9)

47.5
(1.3)

26.3
(3.2)

21.3
(2.0)

21.9
(3.5)

52.7
(5.0)

25.4
(7.2)

Forest floor 11.5
(0.6)

37.5
(1.1)

53.8
(0.8)

8.7
(1.1)

16.6
(2.5)

26.2
(6.4)

51.5
(2.0)

22.4
(2.0)

Plot 2. Larch forest

Tree bark 12.6
(1.0)

34.2
(1.2)

49.3
(3.0)

16.5
(4.1)

20.9
(1.8)

23.3
(2.5)

39.5
(2.5)

37.1
(4.9)

Down wood 11.9
(0.9)

34.0
(0.4)

59.0
(1.2)

7.1
(1.3)

24.4
(2.4)

21.8
(8.0)

52.7
(8.3)

25.5
(15.9)

Cone 11.4
(1.2)

29.2
(0.9)

52.4
(5.8)

18.4
(5.3)

21.0
(5.5)

26.7
(4.2)

60.3
(6.4)

13.0
(5.7)

Forest floor 11.7
(0.5)

38.7
(1.7)

50.5
(0.7)

10.8
(1.3)

16.4
(2.0)

32.1
(3.9)

50.0
(1.5)

17.8
(4.8)

Plot 3. Spruce forest

Tree bark 13.1
(0.9)

35.6
(1.8)

54.7
(2.6)

9.7
(2.5)

20.0
(2.1)

21.7
(4.3)

53.7
(3.4)

24.6
(7.2)

Down wood 12.1
(0.7)

36.1
(1.2)

52.7
(1.1)

11.2
(0.4)

18.8
(2.0)

31.5
(4.8)

56.2
(11.3)

14.3
(6.4)

Cone 13.8
(1.0)

27.2
(3.0)

61.5
(5.3)

11.3
(2.7)

18.0
(1.9)

29.4
(2.2)

57.0
(1.3)

13.6
(1.9)

Forest floor 12.8
(0.5)

38.8
(0.4)

51.4
(0.1)

9.8
(0.4)

12.9
(1.0)

38.2
(2.1)

46.6
(2.3)

15.2
(0.9)

Plot 4. Birch forest

Tree bark 14.1
(1.1)

31.4
(4.5)

42.2
(4.2)

26.4
(8.6)

22.8
(1.6)

20.7
(3.0)

54.1
(5.2)

25.1
(7.1)

Forest floor 11.8
(1.2)

40.3
(1.5)

45.0
(2.4)

14.7
(3.8)

13.2
(2.2)

33.7
(1.3)

46.3
(1.5)

20.0
(1.1)

3.3. Fourier Transform Infrared Spectroscopy

The changes in the chemical structure of organic matter can be monitored by FTIR
analysis. The absorbance bands of different functional groups in the FTIR spectra of
PyOM samples reflect alterations caused by fires. Figure 4 shows the spectra between
3900 and 400 cm−1 of unburned and burned bark samples from the Scots pine forest. The
FTIR spectra for other fuels in the Scots pine forest and for other forests are provided in
Figures S1–S4 in the Supplementary Materials. To enhance the resolution of the absorption
bands, the second derivative was applied to the spectral data (Figure 5).
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Figure 4. FTIR spectra of unburned bark (a; green line) and bark PyOM (b; red line) from a Scots pine
forest. Note. k—wavenumber.
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Figure 5. Fragments of the second derivatives of FTIR spectra of unburned bark (a) and bark PyOM
(b) from a Scots pine forest. 1—the second derivative (−∂2A/∂k2); 2—absorbance; k—wavenumber.

The prominent absorbance bands in the FTIR spectra of the samples were observed at
approximately 3390, 2920, 2850, and 2360 cm−1 and in the fingerprint region (1800–800 cm−1).
The band at 3390 cm−1 corresponds to the O–H stretching of hydroxyl groups from alcohols,
phenols, and organic acids as well as hydrogen bonding due to adsorbed water [38,39].
The bands at 2920 cm−1 are attributed to C–H stretching vibration from the methylene
group in aliphatic chains [40]. The band at 2850 cm−1 is due to C–H stretching in aromatic
methoxyl groups and in methyl groups of side chains [41]. In general, O–H stretching
and C-H stretching vibrations have contributions from all of the major biopolymers, i.e.,
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hemicelluloses, cellulose, and lignin [42]. The band at 2360 cm−1 is due to the presence of
carbon dioxide [43]. In the fingerprint region, FTIR spectra consist of specific and common
bands that can be attributed to major components of the plant cell wall, i.e., hemicelluloses,
cellulose, and lignin [44,45]. We focused on several characteristic bands in the FTIR spectra
for polysaccharides and lignin (1726, 1514, 1600, 1371, 1267, 1160, and 1060 cm−1) in the
fingerprint region to identify changes. The band at 1726 cm−1 corresponds to unconjugated
C=O stretching, frequently of polysaccharide origin [44,46,47]. The band at 1600 cm−1

is related to the C=C stretching of the aromatic ring in lignin plus the C=O stretching
modes of conjugated ketones and quinines [44,48]. The band at 1514 cm−1 is attributed to
C=C aromatic skeletal vibrations stretching the benzene ring in lignin [39,47]. The band
at 1371 cm−1 is due to C–H deformation in cellulose and hemicelluloses [49]. The band
at 1267 cm−1 is attributed to guaiacyl ring breathing, C–O stretching in lignin, and C–O
linkage in guiacyl aromatic methoxyl groups [46]. Hemicelluloses and cellulose exhibit
characteristic bands at 1160 and 1060 cm−1 attributed to C–O–C asymmetric stretching
vibrations and C–O stretching vibrations [44].

Fire led to a change in the intensity of various functional groups, indicating a strong
alteration in the chemical structure of the organic matter. The intensity of the band at
3390 cm−1 diminished drastically for bark PyOM (by 78–83%) in all stands, followed by
down wood PyOM in the Scots pine and larch forests, and cone and forest floor PyOM in
the Scots pine, larch, and birch forests. The samples of forest floor PyOM from the spruce
stand showed no change in the intensity of this band. The intensities of the bands at 2920,
2850, and 1726 cm−1 decreased for all PyOM samples. A higher decrease in the intensities
of these bands was observed for the bark (by 58–73%) and down wood (66–79%) PyOM
in the Scots pine and larch stands. These bands almost vanished for bark PyOM from the
birch forest. In the spruce stand, the bark was also more strongly affected by fire compared
to the forest floor, down wood, and cones, revealing a decrease in the band intensities by
46–62%. The breakage of hydroxyl groups of the aliphatic chain occurs between 120 ◦C and
200 ◦C. The cracking of aliphatic methyl, methylene, methoxyl groups, and the reformation
of carbonyl and carboxyl occurs at ~350–400 ◦C. At higher temperatures (>600 ◦C), almost
no aliphatic functional groups can be found [48,50].

The intensity of the characteristic bands of polysaccharides (1371, 1160, and 1060 cm−1)
diminished for the majority of the PyOM samples compared to the unburned samples.
In particular, the bark PyOM in all forests and down wood PyOM in the Scots pine and
larch stands showed a significantly greater decrease. We observed a larger decrease in
the intensity of the band at 1060 cm−1 than the bands at 1371 and 1160 cm−1. However,
the 1160 and 1060 cm−1 bands were more intense for the forest floor PyOM in the Scots
pine and spruce forests, and the band at 1371 cm−1 for forest floor PyOM in all stands.
The down wood PyOM in the spruce forest also showed a stronger band at 1371 cm−1.
The intensity of the band at 1160 cm−1 for cone PyOM from the spruce and larch forests
remained almost unchanged. The increase in the intensity of the bands at 1371, 1160, and
1060 cm−1 was unexpected and may be related to the presence of uncharred material
and/or mineral particles from ash or soil in the forest floor layer sampled [51,52]. The
increase in the intensity of the band at 1030 cm−1 in burned forest floor was also observed
by Merino et al. [14], who suggested that the more intense signal may be due to the higher
content of silicates, which could mask the contribution of polysaccharide C–O bonds.

The differences in the spectra of burned and unburned samples were also observed
in the regions specific to aromatic structures (1514, 1600, and 1267 cm−1). The intensity of
the band at 1514 cm−1 was higher for the forest floor and cone PyOM in all the studied
forests and down wood PyOM in the Scots pine and spruce stands. For bark PyOM in
the Scots pine, larch, and birch forests and for down wood PyOM in the larch forest, this
band intensity decreased. In general, the band at 1600 cm−1 behaved in a similar way as
the band at 1514 cm−1 for the majority of the PyOM samples. However, some differences
were observed. In particular, the cone PyOM in the spruce forest and forest floor PyOM
in the birch forest showed no change in the intensity of this band. The bark PyOM in the
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spruce forest revealed a decrease in the intensity of the band at 1600 cm−1 while the band at
1514 cm−1 remained unchanged. The intensity of the band at 1267 cm−1 greatly increased
for the forest floor and down wood PyOM in the spruce forest and slightly for the forest
floor and cone PyOM in the larch forest. For other PyOM samples, this band decreased,
indicating a loss of the C–O bond in lignin.

4. Discussion

The studied forests were affected by surface and crown fires from moderate to high
severity, which suggests various degrees of organic matter transformation due to the maxi-
mum temperatures, duration of fire, oxygen concentration, and properties of fuels [14,23].
Wildfire charring results in similar chemical transformations of the plant materials as slow
pyrolysis but in varying magnitudes [22]. Polysaccharides (hemicelluloses and cellulose)
in plant biomass are preferentially lost as the temperature increases during a wildfire.
Although the original aromatic plant materials are the sources of most of the aromatic com-
pounds in PyOM, aliphatic and acidic compounds can be converted to aromatic compounds,
thereby increasing the aromatic compound content in PyOM [4,13,14,53].

Thermal analysis indicated a loss of thermolabile components (polysaccharides) and
higher content of thermostable compounds in fire-affected samples. All PyOM samples
demonstrated enhanced thermal stability and chemical recalcitrance as indicated by T50,
and thermal recalcitrance indexes of R50 and Q2 or Q3 compared to unburned ones, due to
the degradation of the most thermolabile compounds, O-alkyl and alkyl structures, and
the concomitant increase in aromatic structures [14,17]. According to Harvey et al. [21],
thermal stability is a function of bond energy. The thermal stability of organic matter is a
good indicator of its biogeochemical stability and the thermal stability of PyOM has also
been suggested as a proxy for the biogeochemical stability of PyOM. PyOM dominated by
a larger proportion of C–C single-bonded structures might have lower thermal stability
than those dominated by C=C, conjugated, and aromatic structures [13,21]. The heat of
combustion for PyOM samples (except for the forest floor PyOM from the spruce forest)
was 1.1–2.2 times higher. Merino et al. [14,23,54] found that the DSC parameters of T50
and Q3 were significantly correlated with the degree of aromaticity measured by 13C NMR,
suggesting that thermal properties may reflect the degree of aromatization/carbonization
of charred compounds.

The FTIR spectra revealed that the bands characteristic for polysaccharides (1726, 1371,
1160, and 1060 cm−1) were much less pronounced in the PyOM samples relative to those
in the unburned samples. Moreover, the reduced intensity of the bands produced by O-H
stretching vibrations (3390 cm−1) and C–H aliphatic vibrations (2920 cm−1) indicated de-
hydration, dealkylation, and decarboxylation reactions occurring during fire [51]. Changes
in the vibration of aromatic groups (1267, 1514, and 1600 cm−1) were also observed. Inter-
estingly, the aromatic bands showed different behavior in the PyOM formed from bark,
forest floor, down wood, and cones. An increase in the intensity of these bands observed
in the majority of the PyOM samples indicated that lignin-type structures remained after
burning and the content of aromatic structures increased (aromaticity increased). By con-
trast, a decrease in the intensity of these bands was caused by the breakages of the aromatic
C=C bond and probably the formation of graphite-like structures which occurs at high
(>600 ◦C) temperatures [50]. Similar changes in the vibration of aromatic groups have been
observed with increasing temperature during the pyrolysis of plant biomass. For example,
Li et al. [48] showed that the intensity of bands at 1600, 1400, 832, and 700 cm−1 increased
for biochars produced at 350–500 ◦C but the spectra revealed the continuous loss of aro-
matic groups until the dominance of graphitic C in the temperature range of 650–800 ◦C.
The FTIR spectra of wood and grass chars showed an increasing degree of condensation at
charring temperatures of 500 ◦C and beyond (loss of intensity at 1650–1500 cm−1 relative
to that at 885–752 cm−1) [53]. Thus, the decrease in the intensity of aromatic bonds and
high values of T50 and Q3 found for bark PyOM in all forests and for down wood PyOM in
the larch stand indicates an effect of high temperatures (>600 ◦C) and probably aromatic



Fire 2023, 6, 304 14 of 18

condensation. However, compared to the production of biochar, oxidative conditions
favor the formation of small clusters of condensed aromatic carbon in the burned plant
biomass, even at higher temperatures [14,55]. Czimczik et al. [1] found that surface fires
in Siberian Scots pine forests converted organic carbon in the forest floor into alkyl and
aromatic structures, the latter consisting of heterocyclic macromolecules and small clusters
of condensed carbon.

The results of thermal analysis and FTIR spectroscopy showed that the outer bark
of tree stems was strongly affected by fire in all the studied forests, probably due to high
temperatures when tree stems were burning. The bark PyOM showed substantially higher
thermal stability (indicated by T50) and proportion of highly recalcitrant compounds (Q3,
>475 ◦C) compared to other PyOM samples. At the same time, bark PyOM affected by
a high-severity crown fire demonstrated the highest values of T50 and R50. Rodríguez y
Silva et al. [56] observed that in the tree crowns, the maximum temperatures ranged from 82
to 1224 ◦C during experimental crown fires in conifer forests. Valendik et al. [57] found that
the temperature of convection flow varied from 329 to 930 ◦C at a tree stem height of 1 m
during surface fires of various severities in the coniferous forests of Siberia. According to
T50, the bark PyOM followed in the following order: Scots pine > larch > birch and spruce.

PyOM formation conditions during wildfires are very heterogeneous. Santín et al. [22]
indicated that the maximum temperatures at the specific charcoal production sampling
locations during an experimental high-intensity crown fire in a jack pine (Pinus banksiana)
stand ranged from 550 ◦C to 950 ◦C. Ivanova et al. [58] showed that maximum temperatures
on the ground surface in Scots pine and larch forests in the southern taiga of Siberia (Angara
region) can reach 600–1010 ◦C during fires of various intensities. During fires, maximum
ground temperatures are typically in the range of 200–300 ◦C but in some cases, the
measured soil surface temperatures peak at 500–700 ◦C [59]. After high-severity fires in
coniferous forests not only bark but also down wood PyOM samples showed a significant
increase in the thermal stability: larch > Scots pine > spruce. The Q3 value (25.5%) and
R50 thermal recalcitrance index (0.53) found for the down wood PyOM in the larch forest
are close to those values (Q3, R50) obtained by Santín et al. [22] for down wood charcoal
generated at the maximum temperature of 796 ◦C during an experimental high-intensity
crown fire in jack pine (Pinus banksiana) stand.

The forest floor and cones were less affected by fire than bark and down wood in
all the studied forests. However, forest floor PyOM revealed a substantial increase in Q3
compared to cone PyOM. The thermal stability of forest floor PyOM (T50) declines in the
following order: Scots pine > birch > larch > spruce forests. For cones, the order is as
follows: Scots pine > larch > spruce forest. The obtained values of Q3 for forest floor PyOM
were slightly higher than those found by Santín et al. [22] for forest floor charcoal generated
at the maximum temperatures of 550, 683, and 950 ◦C, while the R50 values were similar.
The observed differences in the composition of PyOM can be related to variations in the
heating conditions (fire characteristics and flammability of plant materials) and differences
in the chemical degradation of lignin of each plant species during burning [13,14]. Our
findings clearly showed that the forest floor, down wood, and cones in a spruce forest were
noticeably less affected by fire due to its lower severity. Higher moisture conditions in the
spruce forest were not conducive to the intense burning of organic matter. The obtained
results indicate that fire severity played a key role in the transformation of plant materials
in the studied forests. In general, the thermal stability of the PyOM samples decreased
in the following order: bark > cone > down wood > forest floor in the Scots pine forest;
bark/down wood > cone > forest floor in the larch forest; bark > down wood > cone > forest
floor in the spruce forest; and bark > forest floor in the birch forest. In our opinion, the
thermal stability of formed PyOM is significantly influenced first of all by the fire severity,
and then by the chemical composition of fuels.

Assessment of the carbon sequestration potential of PyOM showed that, in general,
the majority of the PyOM formed from fuels affected by high-severity fires in the Scots pine,
larch, and birch forests had higher recalcitrance R50 indexes compared to the PyOM formed
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during moderate-severity fire in the spruce forest. The PyOM derived from bark, down
wood, and cones during fires of high severity showed intermediate carbon sequestration
potential, while the forest floor PyOM in all the studied forests was characterized by low
carbon sequestration potential. In the spruce forest affected by a fire of moderate severity,
all the PyOM samples, except for bark PyOM, demonstrated low carbon sequestration
potential. None of the PyOM samples showed a high carbon sequestration potential. The
low carbon sequestration potentials indicate a much higher susceptibility of the PyOM
to biodegradation than intermediate carbon sequestration potential [21]. Our results are
consistent with an earlier study by Santín et al. [22] who also found that the PyOM formed
from the forest floor and down wood during a wildfire had low and intermediate carbon
sequestration potentials.

5. Conclusions

This study demonstrates the alterations in properties of organic matter associated
with wildfires of various severity in Scots pine, larch, spruce, and birch forests of southern
Siberia. We compared, for the first time, the properties of fresh PyOM formed during
naturally occurring spring fires from various fuel types in different forest ecosystems of
Siberia. Our findings showed a significant decrease in thermolabile components (mostly
hemicelluloses and cellulose) and a concomitant increase in aromatic structures, including
highly recalcitrance compounds, in the fuels affected by fires. PyOM generated from the
forest floor, down wood, cones, and outer bark of tree stems showed enhanced thermal
stability compared to unburned samples. PyOM formed during fires of high severity had a
greater value of the thermal recalcitrance index R50 than PyOM generated by a moderate-
severity fire, with maximum values found for the bark affected by a high-severity crown
fire, indicating less susceptibility to subsequent biological degradation. We found that the
characteristics of PyOM varied substantially depending on fire severity and the type of
vegetation burned. The predicted increases in fire severity across the boreal forests would
lead to the production of more stable pyrogenic organic matter. To better understand the
role of PyOM in the carbon budget, more regional studies are required to account for a
range of different ecosystem types and fire characteristics.
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fuels (left) and PyOM (right) from a larch forest. Note: k—wavenumber; Figure S3: FTIR spectra of
unburned fuels (left) and PyOM (right) from a spruce forest. Note: k—wavenumber; Figure S4: FTIR
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