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Active land disturbance of soil and environments appears even in remote landscapes of tundra and forest tundra. Wildfires
become a frequent factor of soil degradation and intensification of permafrost degradation, also affecting the global balance of
carbon, especially content and distribution of polycyclic aromatic compounds. Mature unaffected by fire sandy-textured podzols
soils were investigated in comparison with the same soil strongly affected by surface fire in the end of August 2016 in surroundings
of the Pangody settlement, Nadym district, Yamal region. Data obtained showed an intensive morphological transformation of the
topsoil layers, decreasing total organic matter and apparently increasing the humus enrichment by nitrogen. Wildfires also result
in complete transformation of the fractional composition of the polycyclic aromatic compounds. )e sum of PAHs increases
intensively as well as benzo(a)pyrene content in soils. )erefore, soils of the cryolithozone become more faced to the wildfires
during the last decades. Even one-time fire effect results in serious transformation of soil geochemical state.

1. Introduction

Anthropogenic successions caused by climate dynamics
and effects of natural (windfalls and pests irruption),
natural and anthropogenic (wildfires), and anthropogenic
(logging) phenomena are characteristic of tundra and
forest ecosystems. )e human impact on natural bio-
geocenoses, which becomes more actual nowadays, leads
to a change in ecosystems functioning and makes mon-
itoring work extremely important. An important factor,
disturbing natural processes in ecosystems, is wildfires,
whose consequences are difficult to predict. Wildfires are
given special attention in natural ecosystem surveys. A
considerable body of work existing in the science litera-
ture is about the forest fires role in the forest cover natural
dynamics as they are the most important environmental
factor among others that determine the structure and
dynamics of forests and, accordingly, the ecological ter-
ritory state [1–5]. A lot of attention is paid to the problem

of postpyrogenic soil change, its properties, soil regime,
and functions in a boreal zone. A variety of research
studies are devoted to pyrogenic transformation of the
water regime, vegetation, and forest landscapes in whole
[6–15]. However, data on similar studies of the pyrogenic
transformation in polar, tundra, and subboreal landscapes
of cryolithozone are extremely rare in the literature. )e
main directions in this field are research studies on
postpyrogenic transformation of plant cover. )erefore,
the purpose of this work is to study soil changes after
wildfires affect the cryolithozone of tundra and forest-
tundra ecosystems.

Besides, scientific interest in PAHs has continued un-
abated over the last decades since the temperature effects on
soil organic matter (SOM) are considered the most common
way of the PAH formation.

PAHs’ anthropogenic sources of pyrogenic origin (ve-
hicles, industrial facilities, energy facilities, and others
emissions) have been studied in detail so far. At the same
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time, there is a trend to reduce the PAH pollution of various
landscape components in developed countries due to im-
proved technologies and environmental standards [16, 17].

)erefore, increasingly greater attention is paid to
natural pyrogenic sources of PAHs such as volcanism and
wildfires. Volcanic sources of PAHs are very local, but
forest, steppe and peat fires damage significant areas
annually, which is considered as one of the global factors
of PAH environmental release. Besides, the world liter-
ature contains numerous laboratory experiment data on
the possibility of PAH formation from vegetation com-
ponents; moreover, burning conditions (temperature and
oxygen access) and a vegetation type significantly influ-
ence on the quantity and structure of the compounds
formed.

A more detailed review on this issue was given by Tsibart
and Gennadiev [18]. At the same time, the trend of the
pyrogenic PAH accumulation in landscapes, especially in
soils as a deposit environment, has not been practically
studied. Individual publications are devoted to investigation
of PAHs in fire-affected soils of different genesis [19–25]. But
still there are no enough data in the literature on the
composition, quantity, and distribution of PAHs in soils
coming from wildfires, particularly in the north region of
cryolithozone. North polar ecosystems are characterized by
low resistance to anthropogenic impact against the back-
ground of high resource potential. )ere are some works
that aimed at peculiarities of PAH accumulation in tundra
ecosystems under the different influences, for example,
Yakovleva et al. [26], but fire effect was not investigated yet.

)e main objective of this work is to investigate PAHs in
the initial stage of the demutation postfire sequence of
postpyrogenic soils.

2. Materials and Methods

2.1. Study Site and Soil Sampling. )e research object is
located near Pangody settlement, Nadym district, Yamal
region, Western Siberia, Russia (see Figures 1 and 2) (N 65-
50-356, E 074-24-210). )e study plots are represented by
forest-tundra ecosystem, sublayered by stratified parent
material, namely, sand sublayered by silty textured per-
mafrost grounds (on the depth of 1.7m, morphologically
measured). )e objects of investigation for comparison fire
effect are two soils pits (2 soil profiles) presented by mature
soil, podzol (according to WRB podzols), and fire-affected
soil, which was initially the same with mature podzol soils.
)e control plot contained plant cover and soil unaffected by
wildfire and was situated close to the fire-affected plot. )e
surface fire event occurred in 2016, at the end of the summer.
Soil samples were taken in 2016 too, immediately after the
fire. Soil samples were selected from each horizon in three
replications with an aim to analyze basic chemical prop-
erties: (1) podzol, mature soil, unaffected by wildfire;
stratification of layers is folic-albic-spodic-podzol (accord-
ing to WRB) and O-E-BF-BC-C (according to Russian soil
classification); (2) podzol, affected by fire, stratification of
layers is folicpyr-albicpyr-spodic-podzol (according to WRB)
and Opyr-Epyr-BF-BC-C (according to Russian soil clas-
sification). So, the fire effect on soil macromorphology is

Study site

Figure 1: )e study site location. )e source of this map is Google Earth Pro (https://www.google.com/intl/ru/earth/).

Figure 2: Surface fire in forest-tundra landscape, surroundings of the Pangody settlement.
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pronounced only in the topsoil or superficial soil horizons.
Two soil pits were investigated (at unburned site as a control
and at surface fire plot); totally, more than 30 individual soil
samples were sampled for further chemical analyses in
laboratory and were analyzed.

2.2. Chemical Analyses of the Fine Earth. Air-dried soil
samples were grounded and passed through a 2mm sieve for
further analysis of fine earth. Analyses were conducted in the
certified laboratory of St. Petersburg State University at the
Department of Applied Ecology, Russia. Soils were analyzed
according to the following methods: determination of actual
acidity (pHw) and potential soil acidity (CaCl2). Soil mi-
crobial respiration was determined using incubation
chambers. An element analyzer Euro EA3028-HT Analyzer
was used for determination of C and N content in SOM, a
pH meter pH-150M for assessing pH in water and in salt
suspensions.

Concentrations of following 14 polynuclear aromatic
hydrocarbons (PAHs) and its total sum were studied:

Acenaphthene (ANA)
Anthracene (ANT)
Benzo(a)anthracene (BaA)
Benzo(a)pyrene (BaP)
Benzo(b)fluoranthene (BbF)
Benzo(g,h,i)perylene (BPE)
Benzo(k)fluoranthene (BkF)
Chrysene (CHR)
Dibenz(ah)anthracene (DBA)
Fluoranthene (FLT)
Fluorene (FLU)
Naphthalene (NAP)
Phenanthrene (PHE)

Pyrene (PYR).

National standard method PND F 16.1 : 2:2.2 : 3.62–09
[27], US EPAmethod 8310 [28, 29], and publications of D.N.
Gabov [30, 31] were used for PAH content analysis. )e US
EPA method 3550b [29] was used for PAH extraction. It
consists of ultrasonic treatment via Branson 5510 ultrasonic
bath (USA, power 469W, working frequency 42 kHz) at
room temperature with methylene chloride (high purity
grade).

Kuderna Danish concentrator (Supelco) was used for
solvent removal (evaporation). )e US EPA purification
method 3660c (1996) for refining PAHs fractions is focused
on consecutive chromatography in columns filled with
aluminum oxide (Brockman activity grade 2–3, Neva
Reaktiv) and silica gel (Fluka). )e absence of peaks in the
blank chromatogram meant the purity of PAH fractions.
Standard PAH solutions were prepared using a standard
mixture of 14 PAHs (Supelco) (concentrations of each
component in the range of 100–2000 μg/cm3). A reverse-
phase HPLC (high-performance liquid chromatography)
was used for analysis of components and quantities of PAHs
in soils. )is analysis was made in gradient mode with
spectrofluorimetric detection via chromatograph “Lyu-
mahrom” (“Lumex”, Russia) at 30°C on a column
Supelcosil™ LC-PAH n5 μm (25 cm× 2.1mm).Mobile phase
was provided with acetonitrile-water gradient. A special
valve was used for injection of 10 μl volume samples. In-
dividual PAHs were identified by the time of retention. And
then components’ fluorescence spectra from the column
were compared with standard PAH spectra. PAH quantity
was determined using the external standard method.
Moreover, the same procedure was performed for standard
reference materials (1944 New York/New Jersey Waterway
Sediment (National Institute of Standards and Technologies
NIST, USA)) that contain a mixture of 14 PAHs in order to
assure the quality. An error of PAH determination (in
particular benzo(a)pyrene) in the soils was 35% in the range
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Figure 3: )e profile distribution of total organic carbon (a) and nitrogen (b).
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of 5–40 ng/g and 25% in the range of 40–2000 ng/g with a
confidence probability of P � 0.95. )ere are standards for
the benzo(a)pyrene content in the soils (20 ng/g) in Russian
legislation (GN 2.1.7.2041–06). )e results obtained were
compared with these standards. In order to compare the
PAH content with standards for benzo(a)pyrene in soils,
benzo(a)pyrene total potency equivalents were calculated by
multiplying the concentration of each analyzed individual
PAH in the sample by its benzo(a)pyrene toxic equivalency
factor according to the World Health Organization (WHO/
IPCS 1998) scheme. PAH sources apportionment was
performed using special molecular markers and ratios,
proposed by Yunker et al. [32], and a total combustion PAH
index, reported by Hwang and Cutright [33]. Applied
markers, such as ANT/(ANT+PHE), FLT/(FLT+ PYR),
BaA/(BaA+CHR), IPY/(IPY+BPE), CombPAH/14PAH,
and BaP/BPE, are applied in order to distinguish between
pyrogenic and petrogenic sources of PAHs. )e sum of
combustion PAHs (combPAH/14PAH) was used as the
tracer of pyrogenic sources. )e combPAH/14PAH marker
indicates the portion of the sum of combustion-specific
compounds in total PAH content, which are fluoranthene,
pyrene, chrysene, benzo(a)anthracene, benzo(k)fluo-
ranthene, benzo(b)fluoranthene, benzo(a)pyrene, ben-
zo(g,h,i)perylene, and indeno(1,2,3-cd)pyrene [34].

All the measurements were performed in triplicate;
average values were given with standard error. In order to
determine the differences between studied objects, experi-
mental data were statistically treated using Sigma-Plot 8.0
software (calculation of average values, standard deviation,
one-way ANOVA, and post hoc test).

3. Results and Discussion

In the mature soil, the uppermost horizon was presented by
natural forest floor with the thickness of about 5–7 cm, while
the thickness of the postfire remnants of the fire-affected soil
was only 1-2 cm and spatially was expended sporadically,
namely, in discontinuous form. A new shallow pyrogenic

horizon, whose properties are determined by the presence of
abundant coals, is formed [35]. Folicpyr and Albicpyr (Opyr
and Epyr, respectively) horizons are black layers due the
deposition of an ash and charcoal at the soil surface. Organic
matter and plant residues are lost from the surface horizons
of the soil. It is related to the destruction of the organic
horizons, the mineralisation of root residues, and the almost
complete absence of fresh plant waste, which could be a
material for humification. Moreover, micromorphological
characteristics are changed in case of forest fires [36]. A
decrease in the porous media was recognised as the main soil
development process after the fires as a result of soil porous
infilling by ash and charred organic material of different
natures. Fire-affected soil has a higher pH of 5.2 in com-
parison with increased acidity of 4.7 pH units in a mature
soil unaffected by fire.

)e total organic carbon content was quite different in
soils affected by fire, compared with benchmark ones (see
Figure 3(a)). )is fact could be interpreted as a result of brief
combustion and following losses of soil organic matter
under the spontaneous high-temperature fire effect.

)e content of nitrogen (see Figure 3(b)) was decreased
in soil of postfire plot, but not in proportional ratio with the
TOC content. )is resulted in the values of C/N ratios (see
Figure 4) used for estimation of the humus enrichment
degree by nitrogen. )is index showed that the soil organic
matter of fire-affected soil is more enriched by nitrogen
organic substances of the mature soil. )is was not the result
of real changes in organic matter quality due to humification
or stabilization. It could be result of apparent enrichment of
the humic substance systems by additional accumulation of
mineral form of the nitrogen compounds under effect of fire-
induced mineralisation and transformation of the SOM.
Data obtained are in well correspondence with other py-
rogenic soils of Siberia [7, 8, 11, 15, 37]. A clear maximum of
PAH concentrations in the surface horizons (due to en-
richment with organic matter, which is explained by the high
absorbing capacity of organic matter in comparison with
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Figure 4: C/N ratio in control and fire-affected soils.

(C)

(BC)

Spodic (BF)

Albic (E)

Folic (O)

0 20 40 60 80 100
C-CO2/TOC (%)

Fire
Control

Figure 5: PCM content in control and fire-affected soils.
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mineral matter and the main amount of polyarenes from the
atmosphere) was not revealed in studied soils as, for ex-
ample, in podzols near Baikal lake [38].

)e PCM (potential mineralizable carbon) values of the
mature soil were essentially higher in superficial layers of
mature soil than in lower ones. )is was also an indicator of
the fact that the deepness of fire effect in case of one-time
surface fire is not high, and this effect is not pronounced in
the deepest soil layers (see Figure 5) Data obtained are
comparable with those obtained previously [16, 17, 39, 40].

)e total content of PAHs (see Figure 6) in fire-affected
soil was higher than in control, and this is caused by py-
rogenic factor.)e total concentration of the PAH in control
soil was comparable with those founded for mature soils of
Bely islands [41] and for soils of benchmark merged areas of
the Russian Arctic [42]. However, data obtained for podzol
are less significant than corresponded data shown by other
authors [43, 44] and much more than for soils in forest
steppe [45]. Pyrogenic processes lead not only to formation
of increased total content of the PAHs but also accumulation
of benzo(a)pyrene in soils (see Figure 7) and formation of
completely different component compositions of the PAHs
(see Figures 8 and 9), where the pyrogenic components
became dominant.

)e calculation of the indexes of the PAHs origin showed
that soils under the fires showed accumulation of the pet-
rogenic compounds (FLT/(FLT+PYR)� 0.42, IPY/
(IPY +BPE)� 0.46, CombPAH/PAH� 0.79, and BaP/
BPE�BaP/BP� 1.19). )ese indexes were essentially lower
in natural soils, which indicate the petrogenic sources of the
main PAHs in this soil. )is well corresponds with data on
PAH content in soils of the Belyi island with different
functional loads, collected previously [40]. However, Dymov
et al. [43] showed that content of PAHs such as CHR, FLU,
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NAP, PYR, and ANT significantly increased in OPIR (L)
horizon after wildfires. Only some evidence of the transport
pollution has been fixed in natural soils (BaA/
(BaA+CHR)� 0.24 and IPY/(IPY+BPE)� 0.43). So, the fire
affects not only total concentration of the PAH but also their
component composition.

One-way ANOVA analysis revealed significant differ-
ences in the content of most individual PAHs (phenan-
threne, anthracene, fluoranthene, chrysene, benzo(k)
fluoranthene, benzo(a)pyrene, benzoperylene, and ideno-
pyrene), as well as the total PAH content between the control
soil and postfire soil (P≪ 0.05) (Table 1).

4. Conclusions

Soils of the cryolithozone have faced more wildfires during
the last decades. Wildfires become more and more frequent,
especially in tundra and forest-tundra in theWestern Siberia
[46, 47] (http://wiki-fire.org). )e podzols soils have been
investigated in two plots: not affected by fire and under the
influence of the surface fire in August 2016 in surroundings
of the Pangody settlement, Nadym district, Yamal region.
Data obtained showed an intensive morphological trans-
formation of the topsoil layers decreasing total organic
matter and apparently increasing the humus enrichment by
nitrogen. Wildfires also result in complete transformation of
the fractional composition of the polycyclic aromatic
compounds. )e sum of PAHs increases intensively as well
as benzo(a)pyrene content in soils. )e structural compo-
sition of the PAHs showed changes under the fire effect: the
components of the pyrogenic origin were prevailing in fire-
affected soils. )us, even one-time fire effect results in se-
rious transformation of soil geochemical state.
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