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Abstract—Pyrogenic losses of carbon and nitrogen from the surface horizons of soils in shrub ecosystems of
mountain tundra, which are the most affected by fires in natural environments, have been estimated in labo-
ratory simulation tests. The specific features of pyrogenic transformation of the physical and chemical prop-
erties and microbiological processes after exposure to high temperatures simulating the effect of fires of dif-
ferent intensity have been identified. Pyrogenic nature of the impact depends not only on the intensity of a
fire, but also on the soil type. Its impact on tundra soils leads only to short-term increases in CO2 emissions
due to the destruction of pyrogenic organic compounds. A high level of fire impact leads to a significant
reduction in microbiological processes in soils and shows no trend toward recovery in the long term, even
under optimal conditions.
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INTRODUCTION
Fire as an environmental factor affecting all ecosys-

tem subunits is relatively well studied for boreal forests.
The increase in occurrence frequency [27] and large
areas of fires [21] observed in the last decade in the
tundra zone indicate that fire is becoming an import-
ant factor affecting these ecosystems. However, the
consequences of tundra fires still remain unappreci-
ated.

Due to low reserves of aboveground phytomass in
tundra ecosystems, the main impact of a fire is on the
litter and organogenic horizons of the soil, depositing
carbon for a long time, which primarily affects the cir-
culation of this element. Thus, С–СО2 emission
caused by one of fires in the Alaskan tundra was equiv-
alent to the value of its annual discharge in Earth’s
entire tundra zone [23]. According to estimates [16],
the 2007 fire that affected more than 1000 ha of Alas-
kan tundra cause emission of C–CO2 equivalent to the
amount of carbon accumulated in this territory in the
last 50 years. A fire in the shrub ecosystem of the
southern tundra near Vorkuta resulted in the loss of
almost 30% of its carbon reserves [3]. In addition to
destroying carbon reserves, a fire leads to a change in
this element f lux. Thus, in the tussock–cottongrass
tundra of Alaska (Seward Peninsula), the emission of
carbonaceous gases (especially CO2) greatly increased
immediately after the fire and decreased over time,

and the ecosystem gradually transformed into carbon
sink, compensating the losses [25]. The duration of
recovery varies greatly, and the process can f luctuate
around the equilibrium position of the carbon balance
for a long time. The change in carbon fluxes under
conditions of the southern tundra (Vorkuta) in the
shrub ecosystem is different and depends on the sea-
son: in spring, undisturbed areas of tundra, as well as
8-year-old burned areas, function as a source of C–
CO2, and the 2-year-old, as a sink [3]. In summer,
undisturbed areas of the tundra exhibit a multidirec-
tional balance of C–CO2 depending on the air and soil
temperatures, and burned areas of different ages func-
tion as a C–CO2 sink zone. In general, the carbon bal-
ance in a shrub ecosystem of postpyrogenic succession
is unstable until the productivity of the sites reaches its
maximum.

Disturbances of the carbon and nitrogen cycles
from fire largely depend on the changes in the struc-
ture of soil microbial complexes. Most information on
this issue relates to forest ecosystems, for which the
negative effect of fire on soil microbiocenoses has
been demonstrated (a decrease in the amount and bio-
mass of microorganisms of the carbon–nitrogen
cycle, in respiration rate, and in the composition of the
microbiocenoses). There are also data on the transfor-
mation of the microbial complex of bog soils, which
are the most functionally close to tundra soils [2, 15].
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In particular, the regularities of burned areas being set-
tled by new bacterial groups not typical of natural peat
bogs have been revealed; this can cause disturbances in
some ecosystem functions. The questions of microbial
successions in burned areas in tundra and the degree of
disturbance of their natural microbiological processes,
as well as postfire adaptation processes, remain largely
outside the attention of researchers.

The aim of this study is to evaluate under labora-
tory experiment conditions the influence of the pyro-
genic factor of different intensities on the physical and
chemical properties and the processes of the carbon
and nitrogen cycles in the tundra soils of Khibiny, as
well as to find the most informative indices for assess-
ing the effect of fire on soils.

MATERIALS AND METHODS
The organogenic horizons (upper 5 cm) of tundra

soils were sampled in two ecosystems: shrubby–lichen
(SL) and bushy tundra (BT), located on the north-
western slope of Vudyavrchorr Mountain (Khibiny
mountain massif) at 525 m above sea level. In the SL
biogeocoenosis, dry-peat–podzolized brown illuvial–
humus soil [4] (folic leptosol [20]) is formed; in BT,
humus–coarse-humus leptosol (folic leptosol). Sam-
ples were collected in five replicates from plots with
the area 25 × 25 cm, the plant remains that had not
lost their anatomical integrity were removed, and then
the soil samples were air-dried. The samples were
sieved through a 2-mm sieve and divided into three
parts. The first part was the control; the second part
was heated in a muffle for 1 h at a temperature 200°C;
the third part, for 1 h at 400°C, simulating the effect of
a fire of varying intensity. Temperatures of 200 and
400°C were chosen as the extreme marks of the fire
range observed on the soil surface during fires in forest
ecosystems [24], as well as previously recorded during
controlled burning of the Khibiny tundra in Septem-
ber 2016.

The weighed portions of the initial and heated soil
were placed in plastic containers, moistened with dis-
tilled water to 60% field capacity, and were inoculated
with fresh soil that had not been dried and heated by
1 g of inoculum per 50 g of soil. The incubation was
carried out in a SANYO MIR-153 climate chamber in
the dark for 60 days with a daily moisture control by
the weight method.

Soil samples for analysis were taken immediately
after wetting (0 days) as well as after inoculation with
fresh soil on days 1, 3, 7, 15, 30, 45, and 60 of the
experiment. The oxidation–reduction potential, pH,
and specific electrical conductivity of the aqueous
extract (soil : solution = 1 : 50) were determined.

The total content of carbon and nitrogen (Ctot and
Ntot) was determined on an Elementar Vario EL III
element analyzer. Labile compounds of the elements
were extracted with 0.05 M K2SO4 [6]. Extractable

organic carbon (Cextr) and total extractable nitrogen
were determined on an automatic TOC-VCPN (Shi-

madzu) analyzer; N-N , by the indophenol
method; N–N , after reduction on a cadmium col-
umn to nitrite and production of a Griss-colored azo
compound. Colorimetric determinations were per-
formed on a GENESYSTM 10 UV spectrophotometer
(United States). Nitrogen extractable organic com-
pounds (Norg) were calculated from the difference
between the extracted nitrogen and the sum of the
inorganic compounds of the element. Carbon and
nitrogen of the microbial biomass (Cmic and Nmic) were
determined by the fumigation extraction technique
[17, 31].

Basal soil respiration was determined after incuba-
tion of 0.5 g samples at a temperature of +22°C for
24 h on an Agilent 6890N chromatograph (Hewlett
Packard, United States) equipped with a f lame ioniza-
tion detector and a methanator (Supelco 10182004
column with an internal diameter 3.175 mm and the
length 1828.8 mm; the adsorbent is 80/100 Porapak Q;
temperature of the column thermostat, 60°C; the car-
rier gas f low (helium), 20 mL/min; temperature of the
detector, 300°C; temperature of the back port, 375°C;
helium flow, 30 mL/min; air f low, 400 mL/min; the
volume of the introduced gas sample, 1 mL).

Methanogenesis intensity was determined 7 days
after incubation of 0.5 g samples at +28°C on a Crystal
5000 chromatograph with a f lame ionization detector.
Because of the low activity of methanogenesis, in
addition to the actual one (without the addition of glu-
cose), the potential (with the addition of 1% glucose
solution) methane production rate was measured.

The actual nitrogen fixation rate was determined
by the reduction of acetylene to ethylene after 0.5 g
samples had incubated at +28°C for 7 days without the
addition of glucose. The concentration of acetylene
and ethylene was determined by gas chromatography
technique a Crystal-2000 chromatograph (SKB Chro-
matek) with a f lame ionization detector (column
length 1 m, diameter 3 mm, filler Porapak N 80/100,
column temperature 60°C, detector temperature
160°C, evaporator temperature 100°C, carrier gas f low
(N2) 50 mL/min, air f low 280 mL/min, hydrogen
flow 28 mL/min). Nitrogen fixation activity was cal-
culated with recalculation of the amount of formed
ethylene to the amount of fixed nitrogen in a ratio of
1 : 3. Similarly, the potential nitrogen fixation rate was
calculated by adding 1% glucose solution to the vials.

All of the soil biological activity parameters were
determined in three to five analytical replications for
each sampling period and each variant of the experi-
ment.

+
4H

–
3O
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RESULTS AND DISSCUSSION

General Characteristics 
of the Studied Tundra Soils (Table 1)

Surface horizons have a slightly acidic reaction (pH
5.5–5.7), low salt content in aqueous extract, and high
redox potential (ORP) typical of automorphic soils.
Since only the upper 5 cm were sampled, including the
lower subhorizons of the litter, the soils were charac-
terized by a high carbon content (25–30%), but were
relatively poor in nitrogen (1.1%, C/N = 23–27),
which is due to conservation of weakly humified
organic matter close in chemical composition to the
mortmass of tundra plants in this layer [8, 9].

The most significant differences were typical of the
labile and microbial components. However, the soil of
the SL biogeocenosis contains significantly higher
concentrations of labile (Cextr) and microbial (Cmic)
carbon, as well as organic and ammonium nitrogen
(Table 1). Nitrate nitrogen was found in trace amounts
inherent to tundra soils [5, 18, 28]. In general, carbon
and nitrogen concentrations of the labile and micro-
bial components of the studied soils were close to the
previously published values for tundra soils of Fennos-
candia [7, 10].

Table 2 gives the potential transformation rate of
carbon and nitrogen compounds in soils. The main
process of carbon compound transformation is their
aerobic oxidation with the formation of C–CO2.
Methane formation was hardly typical of the studied
soils even in the optimal hydrothermal and anaerobic
conditions of the laboratory experiment; this is due to
the initial composition of the soil microorganism
complex of the well-aerated upper horizons. The func-
tioning of SL and BT ecosystems under conditions of
periodic drying does not contribute either to metha-
nogenesis.

Nitrogen fixation activity in tundra soils is rather
weak. As a rule, nitrogen-fixing microorganisms in

tundra and highlands are associated with mosses in
wetland areas or with lichens in relatively dry habitats
[29]; free-living nitrogen-fixing bacteria are not typi-
cal of cold climate ecosystems [26]. It should be noted
that in the SL ecosystem, the soil nitrogen fixation
process was twice as intense as in the soil of the BT
biogeocoenosis. One reason for this is, in our opinion,
the greater availability of Cextr for microorganisms,
which contributes to the development and mainte-
nance of the population of nitrogen fixers in the soil.

The denitrification process is not pronounced,
which is obviously due to the low number of denitrify-
ing microorganisms in the native soil due to the almost
total absence of nitrates. In cold climate ecosystems,
these processes occur only in water-saturated soils
[29].

Pyrogenic Transformation of Soils

Losses during heating at different temperatures
showed a significant difference in the behavior of
organogenic soil horizons of the SL and BT ecosys-
tems under pyrogenic impact. At 200°C, the soil of the
SL ecosystem lost twice as much mass as the soil of the
BT biogeocenosis. The difference in mass loss during
heating of SL soil at 200 and 400°C was minimal and
did not exceed 5%, which indicates the predominance
of thermolabile compounds (e.g., cellulose and hemi-
cellulose [11, 12]) in organic matter. This is consistent
with the botanical composition of the community’s
mortmass, in which the dead parts of lichens and
wasteland herbaceous plants predominate. Nondecid-
uous dwarf shrub debris is a minor fraction of the
mortmass. Loss during BT soil heating at 200 and
400°C, on the contrary, increased twofold (from 20 to
39%), which indicates the predominance of heat-
resistant compounds (e.g., lignin) in the soil organic
matter content, formed due to the input of deciduous
dwarf shrub leaf debris.

Table 1. Main chemical parameters of the soil (Mean ± St. error).

Biogeo-
cenosis, 
horizon

рНwat Eh, mV

Specific 
electrical 

conduction, 
μS cm–1

Ctot, % Ntot, %
Cextr, 

mg kg–1

Norg, 
mg kg–1

N-N , 
mg kg–1

Cmicr, 
mg kg–1

Nmicr, 
mg kg–1

SL, TJ 5.5 ± 0.3 508 ± 75 29 ± 5 29.4 ± 1.5 1.1 ± 0.2 1021 ± 110 41 ± 5 8.8 ± 0.7 1081 ± 121 70 ± 7
BT, АН 5.7 ± 0.2 646 ± 92 33 ± 5 25.4 ± 0.8 1.1 ± 0.3 866 ± 99 31 ± 4 6.4 ± 0.5 682 ± 91 63 ± 7

+
4H

Table 2. Transformation rate of carbon and nitrogen compounds in the soil (mean ± SE)

Biogeocenosis, 
horizon

Basal respiration, 
mg С-СО2 kg–1 day–1

Methanogenesis, 
mg СН4 kg–1 day–1

Nitrogen fixation, 
mg N2 kg–1 day–1

Denitrification, 
mg N2О kg–1 day–1

SL, TJ 595.0 ± 38.9 4.7 ± 0.3 2.9 ± 0.6 0.3 ± 0.07
BT, АН 433.6 ± 27.1 2.6 ± 0.4 1.7 ± 0.5 0.2 ± 0.05
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The losses of soil mass as a result of heat exposure
leads to an increase in the percentage of carbon and
nitrogen, but also to a significant reduction (by 30–
50%) of their reserves.

Pyrogenic impact leads to an increase in soil pH
compared to the control. A significant increase in this
indicator in the upper horizons after fires is related to
the formation of potassium and calcium carbonates
and (hydra)oxides during the pyrolysis of organic mat-
ter [30]. The possibility of pH increasing due to
denaturation of organic acids during heating has
been demonstrated for postpyrogenic forest soils
in Siberia [1, 22]. In our experiment, this increase
under pyrogenic impact is probably associated
with the destruction of certain organic acids, since
previously published data [13] indicate that the
organogenic horizons of Vudyavrchorr tundra soils
contain insignificant amounts of exchangeable cal-
cium (3.9–12.1 mmol/100 g) and magnesium (6.6–
9.3 mmol/100 g).

The thermal action significantly increases the con-
centration of mineral salts, which is expressed in 5–10
times increase of the specific electrical conductivity of
water extract of SL ecosystem soil and 2–3 times
increase for BT soils. The increase in specific electric
conductivity is associated with the release of some of
the mineral elements from the composition of the
weakly humified organic matter of the soil during
burning. Not less significant is the change of ORP:
after burning, it decreases 2–4 times and approaches
values corresponding to strongly reducing conditions,
which is associated with an increase in the hydropho-
bicity of soil particles after the fire passage and the for-
mation of an additional amount of anaerobic zones
inside the soil.

The pyrogenic impact leads to a decrease in the
Cextr and Norg concentrations in the surface horizons of
tundra soils. It is proportional to the intensity of the
thermal action, which is especially developed in soils
of the BT ecosystem. The effect of fire on microbial
biomass is almost the same: it leads to the death of
microorganisms and soil loss of carbon and nitrogen

compounds with gaseous combustion products. The
death of microorganisms sharply reduces soil biologi-
cal activity. This primarily affects their basal respira-
tion: at 200°C it decreases 6–10 times and falls to zero
at 400°C in comparison with intact samples. This is
caused not only by the death of the microorganism
population or just part of it, but also by a decrease in
the availability of substrates.

Postpyrogenic Dynamics of Microbial Activity 
and Carbon and Nitrogen Fluxes in Soils

The pyrogenic effect alters the balance of labile
carbon in soils. Not only the action, but also the inten-
sity of the fire is very important. The Fig. 1 shows the
dynamics of labile carbon, microbial biomass carbon,
and C–CO2 in the soil of the BT ecosystem.

In the control, during 60 days of incubation, a
gradual decrease in the Cextr concentration occurred.
The curve of the carbon microbial biomass dynamics
has a classical form with a lag period of up to two days,
a subsequent maximum, and a gradual decay. Such a
Cmic dynamics is associated with the release of part of
the microbial biomass carbon during soil drying, its
transition to the labile pool, the subsequent use of the
labile carbon pool by microorganisms as a source of
nutrition, and its gradual depletion due to the respira-
tion of microorganisms. The low-intensity pyrogenic
effect (200°C),first leads to an increase in the labile
carbon concentration in the soil, apparently due to
depolymerization of its organic components with the
formation of pyrogenic products (“black” carbon)
[19], dehydration products of complex carbohydrates,
and destruction of lignin [14]. Second, it leads to a sig-
nificant increase in Cmic concentration and CO2 emis-
sion. The increase in microbial biomass in the soil in
this case is possible due to the combination of the fol-
lowing factors: an increase in the availability of carbon
sources and energy due to the thermal destruction of
biopolymers, an increase in mineral salt concentra-
tion, and the relatively weak impact of a short-term
fire on the microbial pool. A more intense pyrogenic

Fig. 1. Carbon dynamics (mg С kg–1, mg С-СО2 kg–1 day–1) in soil of BT ecosystem: (a), control; (b), heating at 200°C; and
(c), heating at 400°C. 
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impact on the soil (400°C) leads to significant losses of
labile carbon and almost complete death of microor-
ganisms. The lack of available carbon, even against the
background of a significant increase in the availability
of mineral salts, does not promote the growth of
microbial biomass in pyrogenic soil after inoculation.

The main trends in changes in the carbon pools of
the soils under pyrogenic impact are also specific to
the nitrogen pool. However, a significant increase in
the concentration of mineral, especially ammonium,
nitrogen with an increase in burning intensity should
be noted. The increase in the net mineralization rate is
related to the release of additional amounts of nitrogen
from previously inaccessible forms and is due to a
decrease in the net immobilization rate on the part
microorganisms due to loss of available carbon in the
soil. An increase in the nitrification rate is associated
with both an increase in ammonium nitrogen concen-
tration and a decrease in the nitrogen consumption by
plants and microorganisms.

The studied soils showed an extremely low actual
rate of methane production, nitrogen fixation, and
denitrification, which, in our opinion, could be
explained by the lack of available carbon for microbi-
ota development and, obviously, by the low number of
target groups of microorganisms.

Potential rates of methanogenesis, nitrogen fixa-
tion, and denitrification yield more evident indicators
of changes in these processes under pyrogenic impact.
So, additional introduction of glucose to the soil
increases methane production, although it remains at
a low level (within 3–8 ng CH4 g–1 day–1 for the con-
trol soils). The pyrogenic effect increases methane
production by 1.5–2 times , which is associated with
the formation of an additional amount of anaerobic
zones and the creation of microaerophilic conditions
in the soil.

The potential rate of nitrogen fixation in the con-
trol soils was 2.6–5.0 ng N2 g–1 day–1. In soils exposed
to pyrogenic impact, the potential rate of molecular
nitrogen fixation decreases two to four times, which is
caused by the release of additional amounts of free,
including mineral, nitrogen due to the thermal
destruction of nitrogen-containing biopolymers. The
relative increase in mineral nitrogen availability (in the
absence of competition from plants) suppresses nitro-
gen fixation in tundra soils. With an increase in nitro-
gen availability, the potential denitrification rate also
increases. In pyrogenic soils, nitrogen loss is five to six
times higher than in the control soil. However, this is
only true at the early stages of incubation; by approxi-
mately the middle of the incubation period, the
denitrification rate in the control samples was almost
equal to values typical of soils exposed to pyrogenic
impact.

CONCLUSIONS
Fire significantly changes the physical and chemi-

cal parameters of tundra soils, as well the parameters
of the carbon and nitrogen cycle. The result of pyro-
genic impact depends both on the initial properties of
the soil and the intensity of the fire. At a low burning
rate, a positive response of microbial biomass growth
(an increase in the carbon and nitrogen concentra-
tions of the microbial biomass) and the release of addi-
tional amounts of labile carbon and organic and min-
eral forms of nitrogen were observed. A high-intensity
fire results in almost complete loss of labile carbon by
soil, which determines the low growth rate of its
microbial biomass and the low biological activity of
the soil. However, the concentration of mineral forms
of nitrogen, primarily ammonium, substantially
increases. The most sensitive parameter of the biolog-
ical activity of tundra soils to pyrogenic impact is soil
respiration. Methane production, molecular nitrogen
fixation, and denitrification were poorly expressed
due to the lack of available carbon. The potential rates
of these processes were also small. An increase in
methane production in pyrogenic soils due to the cre-
ation of microaerophilic conditions there was also
noted. An increase in the availability of mineral nitro-
gen in tundra soils suppresses nitrogen fixation but
stimulates denitrification.

It is obvious that pyrogenic impact on microorgan-
isms is largely manifested not in direct thermal effects,
but in changes in the availability and physical and
chemical properties of the consumed substrates. This
is the reason for the short-term stimulating effect of
low-intensity thermal action (200°C) on the respira-
tory activity of the soil microbiocenosis.
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