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Abstract: Forest fires are one of the most significant types of disturbance on a global scale, affecting
biodiversity and biogeochemical cycles and playing an important role in atmospheric chemistry
and the global carbon cycle. According to a remote monitoring information system, forest fires in
Yakutia were the largest wildfires in the world in 2021. In this regard, mature pale-yellow soils
unaffected by fire were investigated in comparison with the same soils that were strongly affected
by surface fire in 2021 in the area surrounding Yakutsk, Yakutia region. Data obtained showed an
intensive morphological transformation of the topsoil layers, increase of total organic matter and
slight increase of pH, and apparent decrease of basal respiration and content of microbial biomass. A
slight accumulation of Zn and Ni in soils due to wildfires was recorded, as well as alteration in the
distributions of heavy metals in the soil profile. Moreover, an electric resistivity study was carried
out during field studies. An influence of forest fire on the electrical resistivity value was not reliably
found, but the vertical electrical resistivity sounding provided precise data regarding the degree of
soil-permafrost layer homogeneity and/or heterogeneity.

Keywords: wildfire; succession; pale-yellow soils; burned soils; soil pollution index; trace elements;
electrical resistivity sounding

1. Introduction

The impacts of various natural (windfall, outbreaks of pests), natural-anthropogenic
(wildfires), and anthropogenic (logging) phenomena cause demutational changes in nat-
ural ecosystems. An important factor that disrupts the course of natural processes in
biogeocenoses is forest fire, the consequences of which are widespread and last a long
time. Pyrogenesis processes are widespread phenomena that have huge impacts on soil
formation processes, and it is necessary to pay special attention to them in the study of
natural ecosystems [1,2].

Forest fires alter the morphological and physicochemical properties of soils [3-11], and
lead to complete or partial degradation of organic horizons and the formation of so-called
pyrogenic horizons [12-19].

Fires affect large areas in the present day, but major changes of soil properties are
mostly restricted to surface horizons [9,14,17].

According to the Rosleskhoz remote monitoring information system, the forest fire
area in 2021 was the greatest since the beginning of the 21st century [20]. The forest fire
area, according to the remote monitoring system, reached 18.2 million hectares in 2021. This
year was the most catastrophic for Russian forests in terms of fire over the entire period
for which there are sufficiently reliable and comparable satellite data (since 2001). Almost
8.5 million hectares of the burnt forests were in Yakutia. The forest fires in Yakutia were the
largest wildfires in the world in 2021 [20]. Such fires occur on the territory of the republic
once every 40 years [21-27].
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The smoke from the wildfires reached the Urals, Khakassia, Yamal, the Trans-Baikal
territory, the Irkutsk region, Sakhalin, and other regions of the Russian Federation, as well
as the north-east of Kazakhstan and Alaska. The work of many airports in Russia and of
ferry crossings in Yakutia was slowed down or paralyzed. There was severe air pollution
due to combustion products in many settlements of Yakutia.

The climate of the Yakutia territory is extracontinental and very dry, and only the
presence of permafrost contributes to the fact that there is forest vegetation. If Yakutia is
compared with the driest steppe regions of Russia, there is one and a half to two times less
precipitation in Yakutia than in other territories; moreover, there has been practically no
rain during the fire season since April in 2021. The Yakut forests also periodically burn due
to their inherent biological properties. The light coniferous taiga that dominates in Yakutia
is one of the biomes most prone to burning in Northern Eurasia [24,28-32]. There are tons
of litter in the forests; in addition to deadwood and cones, everything dries without rotting.
Biodegradation is very slow and combustible material accumulates. Pine forests in central
Yakutia burn every 6 to 8 years, and larch forests every 14 to 25 [24,27,29]. Since the late
Pleistocene, or even earlier, the Yakut forests have evolved under conditions of natural fires,
which is why they are called pyrogenic [31].

In recent years, the territory adjacent to the city of Yakutsk and the Lena River has
been studied quite widely in terms of the active development of soil cryogenesis in this
region [33-37], while there have been few works aimed at studying the impacts of forest
fires and trace elements in soils of this region [38]. Moreover, the “Strategy for the socio-
economic development of the Republic of Sakha (Yakutia) until 2032 with a target vision
until 2050” [39] provides for large-scale development of the industry of the Republic of
Sakha (Yakutia). Therefore, it can be assumed that in the next decade there will be a
significant increase in forest fires and the anthropogenic load on the permafrost ecosystems
of the northern regions.

The aim of this work was to study the properties of soils in the burned areas of forest
ecosystems at the early stage of demutational change of the vegetation in Yakutia, the
region with the largest wildfire area in the world in 2021.

Therefore, the tasks of the study were as follows:

- To evaluate the main soil properties affected by the forest fires of the Yakutia region
in 2021;

- To assess heavy metal contents and the peculiarities of their migration in soils of
pyrogenic origin;

- To analyze the vertical pattern of apparent electrical resistivity in soils.

2. Materials and Methods
2.1. Study Site and Soil Sampling

The research area is located more than 100 km to the west of Yakutsk, Yakutia region,
Eastern Siberia, Russia N 62°05'27.7” E 129°15'19.6” (Figure 1). Yakutsk is located in a
flat area in the valley of the Lena River (Tuymaada Valley). The left root bank of the Lena
breaks off into the Tuymaada Valley with a steep grassy ledge about 100 m high, covered
with steppe vegetation. From the Yakutsk side, these cliffs resemble a mountain range, but
in reality they represent the edge of a slightly hilly plain covered with pine-larch taiga and
towering above the Lena Valley [30].

Studies of burned soils in the taiga zone were conducted in 2021, using the example of
the Gornyi forestry territory in the Yakutia region. The top layer of the litter was affected
by the fires of 2021: one soil pit was placed in the burned area and one pit was placed in
the nonburnt area as a control. The vegetation cover consisted of Larix dahurica and Betula
platyphylla Ledum L. with depressed-tuberculate relief. A similar area of the forest ecosystem,
with the same type of soil but not subjected to forest fire, was used as a control. The soil
in the pyrogenic area was a pale-yellow burned soil (Calcic Cryosol (stagnic)—WRB) with
the profile structure Ah-A/B-Bs. The lower part of the soil profile had the structure typical
of pale-yellow soil. Calcic Cryosol (arenic) with the soil profile Oi-O/A-Bs-B/Ck was
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Fire plot g

described in the control plot. Soil identification was carried out using the “Classification
and Diagnostics of Soils of Russia” (2004) [40] and the World Reference Base for Soil
Resources (FAO 2015) (WRB) [41]. The characteristics of the studied soils and their horizons
are given in Table 1; photos are given in Figure 2. Three soil profiles in each study plot were
investigated; in this paper, generalized soil profiles for both situations are described.

Yakutsk

W

7 Yakutsk

JControl plot

Figure 1. The study site location. The source of this map is Google Earth Pro (https://www.google.
com/intl/ru/earth/ (accessed on 7 November 2022)).

2.2. Chemical Analyses of the Fine-Earth of Soils

All samples were dried at +25 °C at the Department of Applied Ecology of Saint-
Petersburg State University and then sieved through a 2 mm sieve. The pH was determined
in HyO suspensions of fine earth using a pH meter: solution ratio 1:2.5 for mineral fine
earth and 1:25 for organic substrata. The carbon content (C) was determined via dichromate
oxidation—titration method [42].

Basal respiration (Vpasa1) Was evaluated by measuring CO, in a 0.1 molar sodium
hydroxide solution. Incubation was conducted for 10 days in sealed plastic containers
before CO, measurement [43,44]. The particle size distribution was determined via the
sedimentation method [45,46].

The carbon content of the microbial biomass (Cpy;c) in the samples was determined via
the fumigation method [43,47].

The selected soil samples were analyzed for the total contents of Pb, Cd, Cu, Ni,
and Zn. The determination of total heavy metal contents in selected samples was carried
out via soil-flame and electrothermal atomic absorption spectrometric method in aqua
regia extracts, using a Kvant 2M atomic absorption spectrophotometer (Moscow, Russia)
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according to the standard ISO 11047-1998 [48]. For each soil sample, total soil pollution
index (Zc) and soil pollution index (SPI) were calculated.

Table 1. Characteristics of studied soils.

Plot Depth, cm Soil Horizon Descriptions Particle Size Distribution
Burned plot
Ah 0-15 Horizon with accumulation of organic matter, pyrogenic, dark-gray, Light loam,
moist, humus streaks (up to 50 cm), coal inclusions. silty-sandy
. . . Light loam,
A/B 35-50 Streak of organic matter after fire, dark-gray, moist. silty-sandy
Bs 15-70 Horizon with stagnic conditions and illuvial concentration, light-gray, Light loam,
humus streaks, rust spots. clay-sandy
Control plot
Oi 0-5 Forest litter, slightly decomposed organic matter
Transitional horizon, organomineral horizon, dark-gray, inclusions of .
. . . Light loam,
O/A 5-13 raw organic material, presence of roots, not compacted, not straight .
o silty-sandy
border, color transition.
IMluvial accumulation of sesquioxides, iron spots, light-gray, rusty spots, Light loam,
Bs 13-40 . o
finely cloggy, gradual transition, not clear boundary. clay-sandy
B/Ck 40-55 Transitional horizon, accumulation of pedogenic carbonates from Light loam,
parent materials, light-gray, darker than the previous one, structureless. silty-sandy

@ (b)

Figure 2. Photo of plots and studied soils: (a) burned plot; (b) control plot.
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Standard limiting indicators were used to calculate the soil pollution index. SPI is an
integral indicator of maximum allowable concentration (MAC) and is calculated using the
following formula:

SPI = Z;(Ci/CMAC) /n (1)

where (C;/Cpmac) is the ratio of the substance content at the sampling point to MAC; n is
the amount of ingredients to be determined.

A soil was considered contaminated when the SPI value > 1.0. The data from the
national report on the state and environmental protection of the Republic of Sakha (Yakutia)
in 2019 were taken as background contents of trace elements [49].

A method of vertical electrical resistivity sounding (VERS) that allows the soil layer to
be divided vertically into genetic layers with different properties and characteristics [50,51]
was applied using a portable LandMapper device (ERM-03). Measurements of the apparent
electrical resistance for soils and strata were carried out at electrode spacings MN 10 and
AB/2 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 300, 400, and 500 cm. This made
it possible to establish values of the apparent soil electrical resistance at corresponding
depths. The results of the field measurements were recalculated according to the method
of A.I. Pozdnyakov, in accordance with geometric coefficients for the different depths and
spacings of the AB and MN electrodes [52,53]. A ZondIP 1D layer software model was
used for data processing and visualization [54,55]. Models obtained using ZondIP software
provided data on apparent electrical resistivity value changes with the layer thickness (h)
and layer depth (z).

Normal distribution of the data was verified and a variance analysis (ANOVA) and
post hoc test (Fisher’s least significant difference) were performed. Differences were
considered significant at p < 0.05. Statistical data processing and analysis were carried out
using standard methods in the software packages MS Excel 2016, Past (version 3.20), and
Statistica 64 (version 10).

3. Results and Discussion

The studied soil profiles were determined to be Calcic Cryosols according to the WRB
system and pale-yellow soils according to the Russian soil classification system. It should
be noted that burned soils fit poorly into the framework of existing soil classifications.
Postfire succession soils are represented by surface organogenic horizons that retain traces
of pyrogenic impact: burnt moss tirr. Only the upper part of the organic horizon (Oi) was
burned and charred by fire and transformed to a pyrogenic horizon (Ah).

The presence of charcoal particles was visually diagnosed at the boundary of the
organic and Bs horizons. The lower part of the soil profile had the structure typical of
pale-yellow soils. Therefore, the effect of fire on soil macromorphology was pronounced
only in the topsoil or superficial soil horizons.

Moss litter and the topsoil humus horizon are most affected by the impact of fire, and a
loss of organic matter and the formation of “pyrogenic humus” resistant to biodegradation
and oxidation are thought to take place.

The data on the basic soil properties of the studied pale-yellow soils are given
in Table 2.

In the newly formed Ah horizon consisting of partial combustion products and ash,
the pH value was 0.5 units higher than that in the Oi horizon before burning. Short-term
changes in acidity after a fire due to ash input have been described previously [14,56]. The
pH values in the underlying layers gradually increased towards the B/Ck horizon up to 6.2.

The results of the ANOVA showed no significant differences in the pH and Cigy
of soils between postfire and control plots. Fisher’s F-criterion and p-values showed the
absence of statistically significant differences in the mean values. The p-values obtained in
the statistical analysis considerably exceeded the critical value of 0.05. This indicates the
absence of significant statistical differences in the mean values of pH and Ci, between
postfire and control plots.
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Table 2. General soil properties.

Plot Horizon, Depth, cm pHu,0 Ciotaly %o Viasal Chic
Ah, 0-15 5.0 2.49 4+ 0.02 3447 +£0.11 0.02 4+ 0.01
Burned A/B, 35-50 6.0 1.42 £+ 0.03 25.12 + 0.05 0.01 £0.01
Bs, 15-70 5.9 0.40 + 0.05 15.58 + 0.07 0.01 + 0.02
Oi, 0-5 45 - 249.46 + 0.13 0.73 + 0.07
C | O/A,5-13 5.8 1.95 £+ 0.12 40.62 4+ 0.09 0.57 £ 0.12
ontro Bs, 13-40 5.8 0.23 +0.03 25.00 + 0.12 0.49 + 0.09
B/Ck, 40-55 6.2 0.26 + 0.06 37.60 £+ 0.07 0.06 4+ 0.07
Post hoc test
Burned—Control 0.91 0.45 p < 0.05 p < 0.05
Significance of differences Insignificant Insign Sign Sign

The data obtained for the total carbon content showed a slight increase in the topsoil
after fire. The upper horizons of burned soils had an average C content of 2.49%, while
the control soils had less content of C in the topsoil at 1.95%. These data disagree with the
information provided in some previous studies about a decrease in organic matter content
of as a result of fires [57,58]; nevertheless, most studies confirm that an increase in total
organic matter content in the upper mineral horizons may occur during the initial postfire
months [14,59], but in a few years it is usually leveled in conditions with a soil percolation
regime. This is carbon from pyrogenic compounds (Cpyr). At first, the additional supply of
carbonized plant residues, including branches and wood bark, contributes to an increase in
the concentration of total carbon in this horizon [60]. Second, mineralization processes are
slowed down in these partly charred materials due to their higher resistance against biotic
decomposition compared to the original organic materials, and also due to the degradation
of soil biota by high temperatures on the surface.

The levels of basal respiration differed significantly (p < 0.05) between burned
(34.47 mg CO, /100 g soil/day) and mature (249.46 mg CO, /100 g soil/day) soils. Con-
trol soils showed higher levels of carbon dioxide emission compared to postfire soils
(especially in the topsoil horizons). A slight increase in CO; emission in the B/Ck horizon
of the control soil (37.60 mg CO, /100 g soil/day) was associated with an increased content
of carbonates.

The intensity of carbon dioxide emission in soils is mainly due to two factors: the
presence of available nutrients and the number of microorganisms; moreover, both the
number and the physiological state of the microbial community are important. The de-
crease in the rate of soil CO, emission after fires is obviously associated with the death of
microorganisms and plant roots, as the main agents of this gas formation. The content of
microbial biomass (Cpic) was significantly reduced as a result of the fires (Table 2). The
carbon contents of total microbial biomass in the upper horizons of the control soils were
0.57-0.73 mg-g~ !, while they were significantly lower than 0.02 mg-g~! in the burned soils.
These data differ significantly (p < 0.05).

The resulting trace metal contents are presented in Table 3. The total contents of Cu,
Zn, Ni, and Pb in the fire-affected soils were higher than in the control ones, as were the
soil pollution index and Zc. Analysis of total pollution index Zc (arithmetic sum) data
showed that the total pollution for all soil samples was characterized as nonhazardous
(Zc < 16). As can be seen in Table 3, the maximum concentration among the metals
was observed for Zn (30.3 mg-kg ! in burned soils; 8.04 mg-kg ! in mature soils). The
minimum concentrations among all metals studied were recorded for Cd in most cases;
the maximum value was recorded in a control soil (0.1 mg-kg~!), and the minimum in a
burned topsoil (0.06 mg-kg ).
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Table 3. Contents of trace metals in studied soils, mg/kg.

Plot Horizon, Depth, cm Cu Zn Ni Pb Cd Zc Soil Pollution Index
B q Ah, 0-15 5.62 30.30 9.92 3.10 0.06 4.99 0.3
urne Bs, 15-70 4.32 1200 585 196 007 224 0.2
O/A, 0-13 2.50 8.04 3.86 1.39 0.10 1.15 0.1
Control Bs, 1340 1.67 9.57 5.69 1.50 0.06 2.05 0.1
B/Ck, 40-55 3.85 11.70 7.73 1.67 0.07 3.08 0.2

Regional background values [49] 12.6 20.5 2.2 6.2 0.9

The total concentrations of Zn and Ni in topsoils were significantly higher than the
regional background [49], at 30.3 and 9.92 mg-kg !, respectively. Pyrogenic processes led
not only to slight increases of the soil pollution index and Zc, but to accumulation of Zn
and Ni in soils.

The vertical distribution of trace metal concentrations across soil profiles is hetero-
geneous. In cases of fire, territories are characterized by a regressive-accumulative dis-
tribution of heavy metals along the soil profile: metals accumulate in the upper humus
horizon of the soil and show a sharp decrease in their concentrations towards the bottom
of profile [61]. The control plot was characterized by an eluvial distribution for Zn, Ni, and
Pb and an eluvio-illuvial accumulative distribution of heavy metals along the soil profile
for Cu and Cd.

No statistically significant differences in the mean values of trace metal concentrations
at the p = 0.05 significance level were found. It is worth noting that under the influence of
permafrost processes in soil, priority toxicants are not removed from the soil but are buried
within the permafrost table [62,63], and, under the influence of cryoturbations, pollutants
are able to migrate from the lower horizons to the upper ones and vice versa [64,65].

Principal component analysis (PCA) analysis (Figure 3) indicated an accumulation of
Zn in the burned soils (Ah horizon).

Moreover, measurements of the electrical soil properties were carried out during
field studies. These measurements extended to depths of 3 m. The results of field soil-
electrophysical studies were further processed using a one-dimensional model
(axes: resistance—depth) (Figure 4).

The investigated soils showed low resistance in the upper solum. The main trend was
an increase in the value of (dm with depth, with some disturbances (fluctuations) occurring
at the depth of 50 sm (Figure 4), which was identified as the depth of the soil-permafrost layer.

The modeling results for the VERS measurements are shown in Figure 5 and Table 4.

One of the methods used to determine the degree of thermal damage both to tree
and plant residues and to soils by fire is the study of electrical resistivity. Changes in the
electrical resistance of coal formed during combustion are connected with the increase of
carbonization degree. It is believed that electrical resistance consistently declines within a
very large range with increasing temperature and duration of thermal impact. However,
the effect of pyrolysis time on the value of electrical resistance is less significant than
the effect of temperature [66]. Moreover, noninvasive electrical resistivity methods are
powerful and quick tools for the study of the hydrophysical properties of soils in areas
affected by natural disturbances [67]. Wildfires are known to change soil hydrophysical
properties. Nondestructive studies of soil properties based on geophysical measurements
are still rarely used in ecological research, although they have been coming to the forefront
in recent years.
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Figure 3. Principal component analysis (PCA) of studied trace metals: 1: Burned soil, Ah, 0-15; 2:
Burned soil, Bs, 15-30; 3: Control soil, O/ A, 0-13, 4: Control soil, Bs, 13—40; 5: Control soil, B/Ck,
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Figure 4. Electrical resistivity (ER, (dm) of burned and control soil profiles: (a) postfire plot;

(b) control plot.
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Figure 5. Electrical resistivity curves and models of soil profiles at investigated sites. Heavy red
line 1: denotes the layer model; thin line 2: denotes measured values; thin line 3: denotes calculated
model curves. Vertical scale: ER values ((Om); horizontal scale: AB/2 distance (m). (a) Postfire plot;
(b) control plot.

Table 4. Electrical resistivity ((0m).

Plot P-Modeled Resistivity ({2 m) Z-Bottom Layer Depth (m) Layer Thickness (h), m

135.54 0 0.098

Burned 2520.00 0.098 0.075

urne 357.14 0.17 0.37
279,769.00 0.55

96.94 0 0.10

c | 2171.40 0.10 0.039

ontro 357.14 0.14 0.41
128,264.98 0.55

However, the influence of forest fire on electrical resistance values has not been reliably
explored. The B/Ck horizon was clearly distinguished in both studied soils. Thus, the VERS
provides precise data about the degree of soil-permafrost layer homogeneity / heterogeneity,
and therefore about soil stratification and the presence of geochemical barriers. The VERS
method can be effectively used for the identification of layer depth (B/Ck horizon), for
specification of soil horizons and borders in field conditions, and for the nondestructive
mapping of soil cover. Values of tens of thousands of (dm are characteristic of permafrost.

4. Conclusions

Russian forest ecosystems and therefore their forest soils have been increasingly
faced with wildfires in recent decades. This trend has been particularly consistent in the
Yakutia region, where fires are becoming more and more frequent. Pale-yellow soils were
investigated in two plots—one not affected by fire and one affected by surface fire in
2021—in the area surrounding Yakutsk, Yakutia region, Eastern Siberia. The data obtained
showed an intensive morphological transformation of the topsoil layers, increase of total
organic matter and slight increase of pH, and apparent decrease of basal respiration and
content of microbial biomass.

The studied soils, both mature and burned soils, were not contaminated with trace
metals, which was proven via the application of various individual and complex soil
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ecotoxicological integrative indices. The potential environmental risk of all soils (including
urbanized soils) was evaluated as low, which indicated a good toxicological state of the
soils. A slight accumulation of Zn and Ni in soils due to wildfires was recorded, as were
alterations in the distributions of heavy metals along the soil profile. Thus, even single fire
events can result in serious transformation of the soil geochemical state.

The method of vertical electrical resistivity sounding allows identification of soil
heterogeneity, because ER values are strongly affected by soil properties and change
significantly at the borders between different geochemical regimes, e.g., on the border
between the active layer and the permafrost. Moreover, noninvasive electrical resistivity
methods are powerful and quick tools for the study of the hydrophysical properties of
soils in areas affected by forest fires. However, there were no differences detected in the
two plots, postfire and control.

This study is one of the first attempts to characterize the burned forests and soils
of Yakutia: each area of Siberia is important in terms of the inaccuracies in the general
estimates of carbon stocks and the determination of forecasts for fire and postfire events in
Russia caused by strong data clustering. It is necessary to address the severe data limitations
and logistical difficulties encountered in remote regions by continuing the studies we have
carried out over a large area and time scale.
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