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Abstract: The observed high spatial variation in soil respiration (SR) and associated parameters
emphasized the importance of SR heterogeneity at high latitudes and the involvement of many factors
in its regulation, especially within fire-affected areas. The problem of estimating CO2 emissions
during post-fire recovery in high-latitude ecosystems addresses the mutual influence of wildfires
and climate change on the C cycle. Despite its importance, especially in permafrost regions because
of their vulnerability, the mutual influence of these factors on CO2 dynamics has rarely been stud-
ied. Thus, we aimed to understand the dynamics of soil respiration (SR) in wildfire-affected larch
recovery successions. We analyzed 16-year data (1995–2010) on SR and associated soil, biological,
and environmental parameters obtained during several field studies in larch stands of different ages
(0–276 years) in the Krasnoyarsk region (Russia). We observed a high variation in SR and related
parameters among the study sites. SR varied from 1.77 ± 1.18 (mean ± SD) µmol CO2 m−2 s−1 in
the 0–10-year-old group to 5.18 ± 2.70 µmol CO2 m−2 s−1 in the 150–276-year-old group. We found
a significant increasing trend in SR in the 88–141-year old group during the study period, which was
related to the significant decrease in soil water content due to the shortage of precipitation during
the growing season. We observed a high spatial variation in SR, which was primarily regulated by
biological and environmental factors. Different parameters were the main contributors to SR in each
group, an SR was significantly affected by the inter-relationships between the studied parameters.
The obtained results can be incorporated into the existing SR databases, which can allow their use in
the construction and validation of C transport models as well as in monitoring global fluctuations in
the C cycle in response to climate change.

Keywords: carbon; greenhouse gases; Larix; boreal forests; Tura; soil heterotrophic respiration; soil
temperature; high latitudes; soil water content; wildfires

1. Introduction

SR is an essential component in C cycle in terrestrial ecosystems; however, there is
still little information on it available in Siberia (Russia) [1]. With rapid progress in climate
change, the pattern and amount of precipitation at boreal regions has been changing, and,
consequently, SR fluctuates drastically even after recovery process after forest fires [2].
Wildfires in boreal forests are important for the sustainable functioning of these northern
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ecosystems because they regulate the successional processes of permafrost forest ecosystem
formation [3,4], and they are often considered as the main stand-renewing agents [5].

Climate change can shift the balance in forest–fire interaction, which can have irre-
versible consequences. In their review, Balshi et al. (2007) [6] indicated that forest fires
play a key role in interannual and interdecadal changes in C source/sink ratios of north-
ern terrestrial ecosystems, and they suggested that in addition to climate change (e.g.,
elevated temperature, shortage of precipitation, increase in vapor pressure deficit) and
fires, atmospheric CO2 response to these factors may be important too. Consequently,
the mutual influence of forest fires and climate change at high latitudes, especially in
permafrost regions because of their proven vulnerability [7,8], complicates the estimation
of CO2 emissions over post-fire recovery processes. In addition, the variability in soil
respiration (SR) can be 100-fold as a consequence of bioclimatic and soil environmental
differences and disturbance of impact degree [9]. Moreover, large concern of the SR changes
at high latitudes was aggravated by the uncertainties in the response of permafrost, loaded
with large amounts of C, to both climate change and wildfires [10]. Thus, because of the
mutual effects of wildfires, climate change, and high SR variability at high latitudes, it is
complicated to develop models for simulating the response of permafrost ecosystems to
these factors, which can be highly uncertain, as they require a higher frequency of field
research for the validation of such models. The increase in fire frequency and damaged
areas exacerbates this problem every year [11,12]. Some studies have linked the increased
frequency of fires and burned areas in boreal ecosystems to climate change [6,13,14], and
concluded that their combined effects would lead to permafrost degradation [15,16]. For
example, according to IPCC (2014) [17], in the northern regions of Asia, a 1 ◦C increase in
air temperature can prolong the wildfire season by 30%. Bergner et al. (2004) [18] showed a
positive effect of experimental soil warming (0.4–0.9 ◦C) on soil C flux in post-fire soils of
the boreal region (Alaska).

After forest fires, the depth of available soil layers increase and root growth of re-
generated trees develops; however, it decreases with the development of a forest canopy,
which is attributed to an increase in the competition among roots [8]. Consequently, it is
predicted that SR per unit area will decrease. Wildfires alone can completely modify the
SR process [19]. The decadal effects of wildfires in the Northern hemisphere, especially on
permafrost soils and their CO2 emissions, are still not well understood [1], even though
their importance in the global climate change scenario is well recognized. The effect of the
length of post-fire succession on SR dynamics has been studied in Canada [20,21], USA
(Alaska) [18,22,23], Estonia [24,25], and Russia [2,26–29]. Studies on the impact of forest
fires on SR in northern, arctic, and subarctic ecosystems, which were mainly carried out dur-
ing summer field investigations, showed that forests newly affected by fire are C sources,
whereas old forests recovered after fires are C sinks [22,30–32] or are almost C-neutral [33]
during the growing season. Studies have assessed the spatial and temporal variation in
SR and associated parameters, such as changes in soil temperature, soil water content,
albedo, heat-modified soil organic matter composition, and autotrophic and heterotrophic
activity [34–38]. However, because of their remoteness and poor accessibility, only a few
studies have been carried out in the northern taiga forest ecosystems of the Yenisei River
basin in central Siberia, which is the studied area of the presented study [28,33].

In the present study, we evaluated the SR rates along a chronosequence of post-
fire successions in permafrost larch ecosystems located in central Siberia (Tura) during
the period of 1995–2010. To understand the role of forest fire in the SR dynamics of
northern ecosystems, it is also important to evaluate changes in fire disturbance in the
context of other environmental factors. Therefore, we evaluated the most influential
factors among soil, biological, and environmental parameters that could affect the SR
dynamics (including soil temperature, soil water content, soil C and N contents, soil C/N,
soil microbial activity, root biomass, height of the vegetation cover, and litter (i.e., soil
organic layer) depth). We hypothesized that as the fire-disturbed forests recover, the SR
rates would change because the related parameters would vary over time due to wildfire
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disturbance, inherited landscape heterogeneity, and the influence of continuous permafrost.
Moreover, we hypothesized that SR will have an increasing trend along the recovery
succession during the period of 1995–2010 due to well-documented and modeled effects
of climate change on high-latitude ecosystems via increased temperature [6] or soil water
balance changes [39]. Our third hypothesis was that permafrost ecosystems represent
self-sustaining systems which may adapt to different disturbances (e.g., wildfire) via
compensating for the disturbed ecosystem functions (i.e., parameters) by other parameters
in order to achieve ecosystem functional stabilization. Therefore, our main objectives were
(1) to determine how wildfires affect the SR and to evaluate fire-induced changes in SR rates
along the post-fire succession in 0–276 year-old wildfire-affected larch forest ecosystems;
(2) to understand the most influential factors affecting the dynamics of SR at different
stages of the recovery succession; and (3) to estimate the SR trends at different stages of
succession during the period of 1995–2010.

2. Materials and Methods
2.1. Study Location

The area adjacent to the research site (Tura, Krasnoyarsk region, Russia) was charac-
terized as highly burnable (the average fire recurrence time is 60–90 years; [40]). The study
sites included 23 permanent wildfire-affected plots in northern taiga forests of different
ages located within a 100-km radius from the Evenkian Field Station in Tura (Figures 1
and 2, Table 1). The sites were examined in parallel at the same time to infer the status of
the ecosystem as a function of age (i.e., time since fire disturbance). We used this chronose-
quence approach [22,36,41] to acquire age-related data in a short period, and we repeated it
every 4–5 years. The advantage of this approach was that it took less time than long-term
observations. In addition, fire prediction and prevention measures are less developed in
remote areas such as Tura than in populated areas; thus, there is no certainty about the
future safety of the research sites with such a high probability of fire hazards.

Figure 1. Study site locations and layout.
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Figure 2. Study sites in Tura. (A), T20 in 2009 (0-year-old); (B), T20 in 2011 (2-year-old); (C), T21
in 2001 (7-year-old); (D), T21 in 2011 (17-year-old); (E), T23 in 2007 (27-year-old); (F), T22 in 2010
(29-year-old); (G), T1 in 2011 (101-year-old); (H), T3 in 2009 (107-year-old); (I), T4 in 2010 (108-year-
old); (J), T6 in 2010 (141-year-old); (K), T2 in 2001 (253-year-old); (L), T2 in 2011 (272-year-old).

The climate in the Tura area is continental (mean annual air temperature −9.5 ◦C)
with wide temperature amplitudes and precipitation distribution. Cold winters (mean air
temperature in January is −36.7 ◦C) and moderately warm summers (mean air temperature
in July is 16.3 ◦C) with the annual precipitation range of about 250–548 mm are typical for
the studied region. The study sites are characterized by underlying continuous permafrost.
The vegetative period lasts 69–80 days [2]. The area belongs to the northern taiga, which
is dominated by the deciduous tree species Larix gmelinii (Rupr.) Kuzen with occasional
Betula pubescens Ehrh., Picea obovata Ledeb., and shrub Duschekia fruticosa (Rupr.) Pouzar.
The characteristics of each study site are presented in Table 1. The ground vegetation
consists of mosses, lichens, and dwarf shrubs, such as Sphagnum sp., Cladonia sp., Vaccinium
vitis-idaea L., Vaccinium uliginosum L., Ledum palustre L., Pleurozium schreberi (Willd. ex Brid.)
Mitt., Aulacomnium palustre (Hedw.) Schwaegr., Cladina spp., and Cetraria spp.
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Table 1. Site characteristics.

Site Vegetation Types (Species, Structure) Coordinates
Study Period
(Number of

Measurements)

Vegetation Cover
Height (cm)

Stand *
Reference Soil

GroupsTree Composition
(Age, Years)

Average
Stock (m3 ha−1)H (m) DBH (cm)

T1
Dwarf-shrub-green moss larch stand

with Dushekia understory. Control site
of the 2009 burnt area

64.23N 100.17E,
260 m a.s.l. 2009 (6), 2010 (6) 10–25 10L (80–100 as of 2010) 6.9 7.2 31.0 CM

T2
Vaccinium-green moss-lichen larch

stand. Control site of the
1994 burnt area

64.32N 100.20E,
230 m a.s.l.

1995 (40), 1998 (18),
2005 (6), 2007 (10),

2009 (7)
3–27 10L (271 ** as of 2010) 8.3 10.3 43.2 CR

T3 Dwarf-shrub-Sphagnum larch stand 64.33N 100.27E,
230 m a.s.l. 1999 (30), 2001 (14) 10–25 10L (104 as of 2006) 4.1 4.1 9.6 HS

T4 Dwarf-shrub-green moss larch stand.
Control site of the 1981 burnt area

64.35N 100.23E,
204 m a.s.l.

1994 (30); 2005 (4);
2010 (18) 8–16 10L (104 as of 2006) 7.3 6.3 26.5 CM

T5
Vaccinium-Ledum-green moss larch

stand. Control site of the 1990
burnt area

64.32N, 100.27E,
215 m a.s.l.

1999 (20), 2004 (33),
2005 (6), 2007 (10) 15–23 10L (104 as of 2006) 7.4 5.8 32.2 CM

T6
Dwarf-shrub-lichen-green moss larch

stand (near the soil warming
experimental plot). Burnt area of 1869

64.21N 100.46E,
190 m a.s.l. 2009 (56), 2010 (14) 6–25 10L (141 as of 2010) 4.2 4.0 29.4 CR

T7

Vaccinium-dry moss-larch stand
dominated by Rhytidium rugosum
(Hedw.) Kindb. Control site of the

landslide of 2009

64.33N 100.23E 2009 (6) ND 7L3P (100–200 as of 2010) 12.0 20.0 110.0 CM

T8

Ledum-Vaccinium-green moss larch
stand dominated by Pleurozium

schreberi (Brid.) Mitt. Control site of
the landslide of 2001

64.18N 100.53E 2007 (6), 2008 (6) 2–4 10L (150 as of 2007) 13.0 14.0 50.0 CM

T9

Ledum-Vaccinium-green moss larch
stand dominated by Pleurozium

schreberi (Brid.) Mitt. Control site of
the landslide of 1972

64.18N 100.68E 2007 (6), 2008 (6) 3.5–5 10L (90–150 as of 2007) 9.0 10.0 90.0 CM

T10
Dwarf shrub-Carex-green moss larch

stand with Salix spp. understory
(Tura Station)

64.29N, 100.20E 1999 (29), 2000(71),
2001 (160), 2010 (6) 5–22.5 9L1B (105 as of 2013) 4.9 4.4 42.6 CM

T11
Dwarf-shrub-green moss larch stand.

South-exposed control plot of the
1993 burnt area (S93)

64.33N, 100.22E,
160 m a.s.l. 2008 (7), 2009 (6) 2–8 10L (188 as of 2008) 10.5 11.0 39.0 CM

T12
Vaccinium-green moss-larch stand.
Northern exposition of the control
plot of the burnt area of 1993 (N93)

64.33N, 100.22E,
160 m a.s.l. 2008 (9), 2009 (6) 5–10 10L (228–275 as of 2008) 6.9 7.8 32.0 CR

T13

Vaccinium-Ledum-green moss larch
stand. North-facing slope of the

control plot of the 1990
burnt area (N90)

64.33N, 100.26E,
176 m a.s.l.

1999 (21), 2004 (34),
2007 (11) 9–11 10L (104 as of 2006) 7.7 5.8 41.7 CR
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Table 1. Cont.

Site Vegetation Types (Species, Structure) Coordinates
Study Period
(Number of

Measurements)

Vegetation Cover
Height (cm)

Stand *
Reference Soil

GroupsTree Composition
(Age, Years)

Average
Stock (m3 ha−1)H (m) DBH (cm)

T14 Dwarf-shrubs-larch stand. PP1-2 64.33N, 100.25E 1999 (20) 2.5–6 9L1B (83 as of 2001) 6.1 6.2 10.7 CM
T15 Burnt area of 2005 64.53N, 100.24E 2005 (6) - 10L (1 as of 2006) 0 0 - CR

T16
Dwarf shrub-lichen-green moss larch

stand, control plot of the burnt
area of 2005

64.53N, 100.25E 2005 (6) ND 10L (154 as of 2006) 9.6 10.6 53.1 CR

T17
Dwarf shrub-green moss-larch stand
with Dushekia understory, burnt area

of 2009, ground wildfire

64.23N 100.17E,
260 m a.s.l. 2009 (6), 2010 (21) 3–10 10L (1 as of 2010) 0.2 0.0 - CM

T18
Vaccinium-green moss-lichen-larch
stand, burnt area of 1994, a steady
ground fire of moderate intensity

64.32N 100.20E,
230 m a.s.l.

1995 (40), 1996(7),
1997 (21), 1998 (21),
1999 (10), 2000 (12),
2005 (6), 2007 (10),
2009 (7), 2010 (24)

2–10 10L (16 as of 2010) 1.4 0.46 6.0 CR

T19
Dwarf-shrub-green moss larch stand,

burnt area of 1981, strong rapid
ground fire

64.35N 100.23E,
203 m a.s.l. 2005 (6), 2010 (24) 4–7 10L (29 as of 2010) 4.1 2.4 22.2 CR

T20
Vaccinium-Ledum-green moss-larch

stand, burnt area of 1990, strong
running ground fire

64.33N 100.35E 2000 (6), 2004 (8),
2005 (6), 2007 (8) 8–10 10L (26 as of 2010) 2.9 1.5 14.4 CM

T21
Ledum-Vaccinium-green moss-larch

stand, burnt area of 1978, strong
running ground fire

64.34N, 100.27E 2000 (6) 13–20 10L (32 as of 2010) 4.8 2.7 32.0 CR

T22

Dwarf-shrub-green moss shrubland
with Salix spp. and D. fruticosa, sparse
Larix, burnt area of 1993, a ground fire

of high intensity

64.33 N, 100.22E 1995 (30) ND 0L (17 as of 2010) 0 0 - CR

T23

Ledum-Vaccinium-green moss-larch
stand with Dushekia understory, burnt
area of 1951, strong running ground

fire after winter selective cutting

64.30N, 100.22E 2005 (6) ND 10L (55 as of 2006) 9.5 6.8 73.3 CM

CM, Cambisols; CR, Cryosols; HS, Histosols [42]; ND, no data available; * living trees; ** Kajimoto et al. (2003) [43].
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2.2. Field Measurements

At each site, we set a 20 m transect where we placed 6 to 20 polyvinylchloride (PVC)
collars (D = 10 cm) for subsequent setting of the chamber of the IR gas analyzer Li-Cor 6200
(LI-COR, Lincoln, NE, USA). The measurements of SR (µmol CO2 m−2 s−1) were carried
out from June to September over 1995–2010 (Table 1). Measured in the present study, SR
included several sources of CO2 emission, e.g., soil microbial respiration, root respiration
associated with mycorrhiza, and CO2 diffusion as the driving source of chemical-physical
processes [37]. SR collars were laid into the soil organic layer at the depth of 1–2 cm to
prevent gas leaking, which can disturb the results. The SR measurements were started
24 h after this to achieve the equilibrium of the gas rate. Along with SR measurements,
mineral soil temperature at the depth of 5 cm (ST5, ◦C) was recorded using an electronic
thermometer Checktemp 1 (CheckTemp, Hanna, USA), as described by Masyagina et al.
(2020) [2]. Measurements of the vegetation cover height (mosses and lichens, VegH) and
litter depth (organic soil layer, LitD) were performed near the SR collar.

2.3. Field Sampling

To assess the water content at the depth of 5 cm (SWC5, %) in the mineral soil, we
collected mineral soil samples with a steel corer at the same depth (5 cm) within each collar.
SWC was calculated after drying the samples at 105 ◦C to a constant weight.

To understand how SR is related to chemical and biological soil parameters, we
collected soil samples for subsequent analyses of C and N contents and for conducting the
incubation experiments to assess the soil heterotrophic basal respiration (BR, mg CO2-C
kg−1 of soil day−1) and substrate-induced respiration (SIR, mg CO2-C kg−1 of soil day−1).
In August, mineral soil samples were collected near the SR collars from below the top 5 cm
of soil (i.e., the mineral soil layer) with 3–4 repetitions, and they were then placed in the
refrigerator and kept at 4 ◦C until transportation. The samples were then transported to
the laboratory and processed according to previously described methods [28].

2.4. Laboratory Analyses and Incubations
Mineral Soil C and N Contents

Before analysis, soil samples were dried at 60 ◦C for 48 h and sieved to obtain fractions
of < 2 mm. Then, the soil C and N contents were determined with the Elemental Carbon
and Nitrogen Analyzer (Vario EL III, Elementar, Langenselbold, Germany).

Microbial Soil BR and SIR

As the representatives of soil microbiological activity, we determined microbial BR
and SIR during the soil incubation experiments. The soil samples were air-dried, and the
roots with D > 1 mm were removed from the soil. The root material that remained after soil
sieving was used for root biomass evaluation after drying at 60 ◦C for 48 h. The dried soil
material was homogenized and then sieved through a 2 mm mesh. To assess the BR and
SIR, fresh mineral soil (5 g) with absolute soil moisture of 60% was placed in 250 mL glass
flasks. In the flasks for SIR determination, we added 0.1 mL of a glucose-mineral solution
to obtain soil glucose concentration of 10 mg g−1. The flasks were then hermetically closed
with resin stoppers and incubated at 22 ◦C. The soil gases were sampled twice from the
flasks: the first time after the flasks were sealed, and the second time 24 (in case of BR) or
3 h later (in case of SIR). CO2 concentrations were analyzed using a gas chromatography
(Agilent 6890N (Santa Clara, CA, USA); [28]).

2.5. Data Analyses

Our dataset included > 1000 measurements from the 23 study sites (Table 1) with
different post-fire histories and ages. The studied parameters (age of the burned area, SR,
ST5, SWC5, and VegH) were analyzed using principal component analysis (PCA) using the
“factoextra” R package. Four age classes (Figure 3; 0–10, 11–54, 88–141, and 150–276 years
old) of the burned areas were used for further analysis.
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Figure 3. Correlation principal component analysis (PCA) of the studied environmental parameters (variables PCA; right)
and various age groups of the burnt areas (individuals PCA; left). Individuals PCA: (1), 0.25-year-old burnt areas; (2),
1-year-old burnt areas; (3), 2-year-old burnt areas; (4), 3-year-old burnt areas; (5), 4-year-old burnt areas; (6), 5-year-old
burnt areas; (7), 6-year-old burnt areas; (8), 10-year-old burnt areas; (9), 11-year-old burnt areas; (10), 13-year-old burnt
areas; (11), 14-year-old burnt areas; (12), 15-year-old burnt areas; (13), 16-year-old burnt areas; (14), 17-year-old burnt
areas; (15), 21-year-old burnt areas; (16), 22-year-old burnt areas; (17), 29-year-old burnt areas; (18), 54-year-old burnt
areas; (19), 88-year-old burnt areas; (20), 89-year-old burnt areas; (21), 90-year-old burnt areas; (22), 97-year-old burnt areas;
(23), 99-year-old burnt areas; (24), 100-year-old burnt areas; (25), 101-year-old burnt areas; (26), 103-year-old burnt areas;
(27), 105-year-old burnt areas; (28), 110-year-old burnt areas; (29), 140-year-old burnt areas; (30), 141-year-old burnt areas;
(31), 150-year-old burnt areas; (32), 151-year-old burnt areas; (33), 153-year-old burnt areas; (34), 200-year-old burnt areas;
(35), 260-year-old burnt areas; (36), 263-year-old burnt areas; (37), 270-year-old burnt areas; (38), 272-year-old burnt areas;
(39), 274-year-old burnt areas; (40), 275-year-old burnt areas; (41), 276-year-old burnt areas. Variables PCA: SR, mean
soil respiration; Age, burnt area age; ST5, mean summer soil temperature; SWC5, mean summer water content; VegH,
vegetation cover height. cos2, the squared cosine which represents the quality of representation for variables on the factor
map. contrib, the contributions (in %) of the variables to the principal components.

The studied parameters (SR, ST5, SWC5, C and N contents, C/N, BR, SIR, VegH,
LitD, and root biomass) were tested for normality prior to analysis. Due to non-normally
distributed data, the Kruskal–Wallis chi-squared test (p < 0.05, R package “dplyr”) was
used to test the main effects of stand age class and month of the growing season (June,
July, August, and September) on all studied parameters. The Kruskal–Wallis test by rank
is a non-parametric alternative to one-way analysis of variance (ANOVA). We performed
pairwise comparisons using the Wilcoxon rank sum test (p < 0.05) in analyses of more than
two groups of variables. PCA was used to study the correlations between parameters (SR,
ST5, SWC5, C and N contents, C/N, BR, and SIR) among various burnt area age groups.
Comparisons of post-fire successions between different age groups for the 16-year period
(1995–2010) were performed using the Kruskal–Wallis test extended with the Wilcoxon test.
Pearson’s product-moment correlation coefficients (significant at p < 0.05 or p < 0.01) were
used for correlation analysis between all studied parameters. Kα is a criterion assessing
the permafrost sensitivity to climate change [44]. It was calculated as the ratio of ST5 to air
temperature measured at the same time in the same plot [44]. The R package “aplpack”
with the function “faces” was used to generate the Chernoff faces (presented at Figure
A1, Appendix A) [45]. The analyses of the obtained data were performed using RStudio
version 1.3.1073-© 2009-2020 RStudio, Inc (Boston, MA, USA).

3. Results
3.1. Postpyrogenic SR Data Clustering Using PCA

Before analysis, the SR data were classified into groups according to the age of post-fire
forest successions, ST5, SWC5, VegH, and SR using PCA (Figure 3), which classified the
original 41 age gradations of wildfire-affected sites into four main groups (0–10, 11–54,
88–141, and 150–276 years old). These four groups were used for further analyses.
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3.2. Temporal and Spatial Variation in SR and Associated Factors, and Their Correlations

The analysis of SR data in the studied post-pyrogenic successions of different ages
showed commonly high heterogeneity of SR rates (coefficient of variation, CV > 52%,
Table 2) in both the sites recently disturbed by fires (CV = 67%) and in old successional
sites (CV = 52–67%). The measured SR varied from 0.12 to 12.21 µmol CO2 m−2 s−1

(mean ± SD, 3.16 ± 2.30) seasonally and within the studied period (1995–2010). Among
different stand age groups, the SR varied between 0.12 and 7.16 µmol CO2 m−2 s−1 (mean
± SD, 1.77 ± 1.18, CV = 67%) in 0–10 years old burnt areas, from 1.08 to 12.02 µmol CO2
m−2 s−1 (mean ± SD, 4.65 ± 2.73, CV = 59%) in 11–54 years old burnt areas, from 0.40 to
11.02 µmol CO2 m−2 s−1 (mean ± SD, 2.83 ± 1.89, CV = 67%) in 88–141 years old burnt
areas, and from 1.08 to 12.21 µmol CO2 m−2 s−1 (mean ± SD, 5.18 ± 2.7, CV = 52%) in
150–276 years old burnt areas.

Recent wildfire disturbance (0–10 age group) resulted in a 20–30% increase in the varia-
tion in SR, LitD, and root biomass (Table 2) compared to those in the 150–276-year-old group.
In the majority of the studied parameters (BR, SIR, SWC5, C and N contents, C/N, VegH, July
ST5, and September ST5), the variation was 13-102% decreased in the 0–10-year-old group
due to wildfire compared to their values in the 150–276-year-old group.

The age of larch stands affected by forest fires (0–10, 11–54, 88–141, and 150–276 year
groups) and month of the growing season (June, July, August, and September) significantly
affected the studied variables (Table 3). We found that the relationships between variables
influenced by the age of the burnt area, month of the growing season, and interannual
changes are very complex, which is possibly related to climate change in the study area.
The 0–10 age group was characterized by significantly lower values of SR, root biomass,
and BR than those in the other groups, as well as high values of ST5 (averaged over
the growing season), ST5 in August, and SWC5 (Table 2). In the 11–54 and 150–276 age
groups, similar features were observed, such as the same high SR values (mean SR values
of 4.65 and 5.18 µmol m−2 s−1, respectively), the same low SWC5 (39%), and similar root
biomass (1.65 and 3.18 g, respectively) (Table 2). However, these similar SR rates were
likely a consequence of different combinations of the processes involved (autotrophic and
heterotrophic respiration). For example, in the 11–54 age group, low root respiration due
to low root biomass was offset by high BR (135 mg CO2-C kg−1 day−1). In contrast, in the
150–276 age group, the significantly low BR (41.3 mg CO2-C kg−1 day−1) was compensated?
by high root activity. In terms of SR, the 88–141 age group values were between the values
of the 0–10 group and the 11–54 and 150–276 groups. This was because, despite the high BR
values (comparable to the 11–54 group) and high root biomass (similar to the 150–276 group),
severe limitation in hydrothermal conditions (low ST5 = 7.53◦ C and high SWC5 = 73%)
was presented in the 88–141 age group, and this inhibited SR. However, some of the studied
variables (C and N content, C/N, and SIR) did not differ significantly among groups.

Table 2. Descriptive statistics of soil respiration (SR, µmol m−2 s−1), soil temperature (ST5, ◦C), soil water content (SWC5,
%), basal respiration (BR, mg CO2-C kg−1 day−1), substrate-induced respiration (SIR, mg CO2-C kg−1 day−1), C and N
contents (%), C/N, root biomass (roots, g), vegetation cover height (VegH, cm), and litter thickness (LitD, cm) in the four
stand age groups (0–10, 11–54, 88–141, and 150–276 years old). SD, standard deviation of the mean; CV, coefficient of
variation (%). Same letters in each row indicate no significant differences among values.

Variable
Statistics

Stand Age (Years)
0–10 11–54 88–141 150–276 Mean

SR
mean 1.77 a 4.65 b 2.83 c 5.18 b 3.16

SD 1.18 2.73 1.89 2.7
CV 66.7 58.7 66.8 52.1

BR
mean 67.38 a 134.99 b 151.87 b 41.3 a 98.89

SD 51.89 99.09 140.52 48.29
CV 77.0 73.4 92.5 116.9
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Table 2. Cont.

Variable
Statistics

Stand Age (Years)
0–10 11–54 88–141 150–276 Mean

SIR
mean 245.39 a 262.51 a 465.86 a 354.63 a 332.10

SD 177.07 126.92 318.98 290.65
CV 72.2 48.3 68.5 82.0

SWC5 over the
growing season

mean 53.62 a 39.90 b 73.02 c 39.41 b 51.49
SD 13.8 12.07 17.54 17.19
CV 25.7 30.3 24.0 43.6

ST5 over the
growing season

mean 11.69 a 8.15 b 7.53 b 9.69 c 9.27
SD 5.2 4.86 4.77 4.3
CV 44.5 59.6 63.3 44.4

LitD
mean 7.54 a 2.84 b 6.46 a 5.29 a 5.53

SD 6.76 2.57 3.91 3.37
CV 89.7 90.5 60.5 63.7

C
mean 2.52 a 3.82 a 4.35 a 4.06 a 3.69

SD 0.88 2.81 2.96 2.07
CV 34.9 73.6 68.0 51.0

N
mean 0.11 a 0.175 a 0.18 a 0.184 a 0.16

SD 0.037 0.102 0.102 0.089
CV 33.6 58.3 56.7 48.4

C/N
mean 18.83 a 17.175 a 18.7 a 19.94 a 18.66

SD 1.57 4.05 4.01 3.28
CV 8.3 23.6 21.4 16.4

roots
mean 0.23 a 1.65 b 3.15 c 3.18 b 2.05

SD 0.57 1.18 2.69 6.25
CV 247.8 71.5 85.4 196.5

VegH
mean 2.36 a 2.83 a 5.49b 2.47 a 3.29

SD 1.3 2.83 2.98 1.83
CV 55.1 100.0 54.3 74.1

ST5 in July
mean 12.84 a 10.99 a 11.54 a 8.01 b 10.85

SD 3.39 4.92 4.13 4.27
CV 26.4 44.8 35.8 53.3

ST5 in August
mean 12.01 a 7.68 b 6.16 c 10.36 d 9.05

SD 4.99 3.38 3.97 4.14
CV 41.5 44.0 64.4 40.0

ST5 in
September

mean 0.63 a 4.1 b 1.13 a 1 a 1.72
SD 0.19 1.29 0.6 0.45
CV 30.2 31.5 53.1 45.0

Table 3. Statistical results of the Kruskal-Wallis chi-square test for some physical, chemical, and biological parameters on
the study sites during the growing season (June-September), depending on the age group of the sites. ST5, soil temperature;
SWC5, soil water content; SR, soil respiration; BR, basal respiration; SIR, substrate-induced respiration.

Parameter
Kruskal-Wallis Chi-Square

Age Group of the Burnt Areas Month of the Growing Season

ST5 (◦C) 63.47 * 80.34 *
SWC5 (%) 152.91 * 38.67 *

Total soil C at a 0–5 cm horizon (%) 0.93 NA
Total soil N at a 0–5 cm horizon (%) 1.45 NA

C/N at a 0-5 cm soil horizon 3.56 NA
SR (µmol CO2 m−2 s−1) 237.30 * 73.24 *

Microbial BR in the 0–5 cm mineral soil
horizon (mg CO2-C kg−1 day−1) 22.01 * NA

Microbial SIR in the 0–5 cm mineral soil
horizon (mg CO2-C kg−1 day−1) 4.64 NA

Root biomass (roots, g) 21.88 * NA
Vegetation cover height (VegH, cm) 66.13 * 17.66 *

Litter thickness (LitD, cm) 65.23 * 57.66 *

* p < 0.01; NA, data not available.
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The seasonal dynamics of SR varied among different age groups of the burnt areas
(Figure 4a). In the 0–10-year-old group, the maximum SR value was observed in July–
August and the minimum in September. In the 11–54 years old group, SR did not differ
significantly over the growing season. In the 88–141 years old group, the maximum SR
value was recorded at the beginning of the growing season (June), after which it gradually
decreased towards the end of the season. In the oldest 150–276 year-old forest successional
group, the maximum SR value was recorded in July, and the minimum in August.

Figure 4. (a) Soil respiration (SR, µmol CO2 m−2 s−1); (b) soil temperature (ST5, ◦C); (c) soil water content (SWC5, %)
in wildfire-affected stands of different ages during the growing season. The horizontal line within the box indicates the
median, box boundaries indicate 25th and 75th percentiles, whiskers indicate highest and lowest values, and dots above or
below the whiskers indicate the outliers. Medians followed by different letters in the same plot are significantly different
at p < 0.05 according to the Kruskal–Wallis test extended with the Wilcoxon test. Lowercase letters indicate significant
differences between the SR values of same age group during the growing season (between different months within one
panel, e.g., within 0-10). Uppercase letters indicate significant differences in the SR of different age groups within the same
month (e.g., June). The figure in the grey bar at the top side indicates the age interval of larch stands.

The seasonal dynamics of ST5 were similar in all age groups of the studied burnt
areas (Figure 4b). The maximum ST5 values were observed in the middle of the growing
season (July–August). In August, ST5 levels were significantly higher in the 0–10-year-old
group than in the other three groups (Figure 4b). During the growing season, SWC5 did
not differ significantly among the age groups (Figure 4c), and the highest SWC5 values
were recorded in the 88–141 years old group.

As shown in Figure 5, the four age groups defined in the preliminary PCA (Figure 3)
were ordinated at significant distances from each other; thus, they differed based on the
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measured environmental variables. The main variation was captured by two components
(PC1 and PC2), which described 79.6% of all variations (Figure 5). The main contributors to
PC1 were the C and N contents, ST5, and root biomass, which had the highest impact, and
SIR, and VegH (Table 4), whereas the main contributors to PC2 were mean SWC5 and SR,
which had the highest impact, and LitD, and VegH. For PC3, the main contributors were
soil C/N (highest impact), BR, and root biomass, whereas for PC4–the minimum principal
component—these were ST5 (highest impact) and soil C/N (Table 4). As indicated by the
PCA, SR was negatively correlated with LitD and SWC5 (Figure 5). The parameter most
positively related to SR was soil N content.

Figure 5. Principal component analysis (PCA) of the correlations between the studied parameters (variables PCA, right) and
different age groups of burnt areas (individuals PCA, left). Individual PCA: (1), 0–10-year-old burnt areas; (2), 11–54-year-old
burnt areas; (3), 88–141-year-old burnt areas; (4), 150–276-year-old burnt areas. Variables PCA: SR, mean soil respiration;
ST5, mean summer soil temperature; SWC5, mean summer soil water content; C, mean soil C content; N, mean soil N
content; C.N, soil C/N ratio; BR, mean soil basal respiration; SIR, mean soil substrate-induced respiration; roots, root
biomass; VegH, vegetation cover height; LitD, litter thickness. cos2, the squared cosine which represents the quality of
representation for variables on the factor map. contrib, the contributions (in %) of the variables to the principal components.

Table 4. The parameter contribution to the PCs in the PCA plot (Figure 5). Mean SR, mean soil
respiration; Mean summer ST5, mean summer soil temperature; Mean summer SWC5, mean summer
soil water content; C/N, soil C/N ratio; Mean soil BR, mean soil basal respiration; Mean soil SIR,
mean soil substrate-induced respiration; roots, root biomass; VegH, vegetation cover height; LitD,
litter thickness.

Variables
Contribution to PC

Dim 1 Dim 2 Dim 3 Dim 4

Mean SR 3.75 22.92 2.18 5.28
Mean summer ST5 16.44 0.08 4.14 51.62

Mean summer SWC5 1.84 27.47 0.27 0.93
Mean soil C content 17.24 0.74 1.23 5.55
Mean soil N content 15.04 4.47 1.22 8.02

C/N 0.18 0.92 42.72 21.54
Mean soil BR 6.85 2.82 23.65 0.19
Mean soil SIR 11.76 6.85 5.80 3.44

roots 13.86 0.21 10.25 3.40
VegH 10.16 13.06 0.73 0.01
LitD 2.89 20.46 7.82 0.03

The main contributions are shown in bold.

In the correlation analysis (Table 5) of wildfire-affected successions of different ages
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showed within each group, SR was correlated with various factors. In the 0–10-year-old
group, SR was negatively correlated with BR and SIR (r = −0.54 and r = −0.69, Table 5)
and positively correlated with stand age (or period after disturbance, r = 0.31, p<0.01). In
the 11–54-year-old group, SR was significantly positively correlated with ST5 and SIR, and
negatively correlated with VegH and stand age. In the 88–141-year-old group, SR was
negatively correlated with SWC5 and VegH, and positively correlated with LitD, ST5, and
stand age. In the 150–276-year-old group, SR was positively correlated with soil C and N
contents, SIR, and LitD. These results were in accordance with the PCA results regarding
the most influential factors inferred by the principal components (Figure 5, Table 4).

If we consider the correlations between all parameters within each age group, the
strongest correlations were found between soil C and N contents in all groups (Table 5). In
the 0–10-year-old group, the greatest correlations were found between SIR and BR (r = 0.96,
p < 0.01), stand age and LitD (r = −0.78, p < 0.01), ST5 and BR (r = 0.73, p < 0.05), and ST5
and SWC5 (r = −0.55, p < 0.01). In the 11–54-year-old group, the strongest correlations
were found between C and C/N (r = 0.87, p < 0.05), BR and LitD (r = 0.87, p < 0.05), N and
C/N (r = 0.84, p < 0.01), stand age and LitD (r = 0.82, p < 0.01), and BR and N (r = 0.78,
p < 0.05). In the 88–141-year-old group, the strongest correlations were found between C
content and C/N (r = 0.99, p < 0.01), N content and C/N (r = 0.99, p < 0.01), BR and SIR
(r = 0.76, p < 0.01), stand age and root biomass (r = −0.5, p < 0.01), and stand age and ST5
(r = −0.49, p < 0.01). In the 150–276-year-old group, the strongest correlations were found
between C and LitD (r = −0.89, p<0.05), N and LitD (r = −0.89, p < 0.05), stand age and
C content (r = −0.79, p < 0.01), stand age and N (r = −0.76, p < 0.01), stand age and VegH
(r = 0.68, p < 0.01), and ST5 and BR (r = 0.5, p < 0.05).

3.3. Long Term (1995–2010) Observation of Postpyrogenic SR and Associated Parameters in
Permafrost Larch Forest Successions of Various Ages

A comparison of SR dynamics among the investigated stands during 16 years (1995–
2010) showed that in all stand age groups, except for the 88–141-year-old group, SR was
at the same level during the study period (Figure 6). Significant linear increasing trends
in July and August, as well as SR escalation, were observed in the 88–141-year-old group
(Figure 6). We assessed the dynamics of ST5 over this 16-year period and found that
according to the August data, ST5 showed a significant downward trend in the period of
1995–2010 in the 0–10 and 150–276-year-old groups as well as in the period of 2000–2010 in
the 88–141-year-old group (Figure 6, p < 0.01). The observed decreasing trend of ST5 in
August in the 88–141-year-old group did not inhibit the SR during the period of 1999–2010.
Moreover, in this group, we found significant decreasing trends of SWC5 and VegH and
an increasing trend of LitD (Appendix A, Figure A2). The total precipitation during the
growing season in Tura (data from the Tura Weather Station, www.meteo.ru) visually
(non-significantly) decreased from 1995 to 2010 (Appendix A, Figure A3).

www.meteo.ru
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Table 5. Correlation analysis performed on various age groups (0–10, 11–54, 88–141, and 150–276-years-old groups) by the means of Pearson’s product-moment correlation coefficients
(significant at p < 0.05 and at p < 0.01). SR, soil respiration; ST5, soil temperature; SWC5, soil water content; C, soil C content; N, soil N content; C/N, soil C/N ratio; BR, soil basal
respiration; SIR, soil substrate-induced respiration; roots, root biomass; VegH, vegetation cover height; LitD, litter thickness; Age, stand age; NA, no data available.

0–10-Year-Old Group
Age SR ST5 SWC5 C N C/N BR SIR roots VegH LitD

Age p < 0.01 p < 0.01 p = 0.054 p < 0.01
SR 0.31 p < 0.05 p < 0.05
ST5 0.32 −0.04 p < 0.05 p < 0.01

SWC5 −0.44 0.04 −0.55 p = 0.085
C NA NA 0.09 0.99
N NA NA 0.18 0.92 0.96

C/N NA NA 0.94 0.54 0.43 0.17
BR −0.16 −0.54 0.73 −0.06 −0.23 −0.49 0.78 p < 0.01
SIR NA −0.69 0.52 0.47 NA NA NA 0.96

roots NA 0.14 −0.53 0.69 NA NA NA NA NA
VegH 0.45 0.47 NA NA NA NA NA NA NA NA
LitD −0.78 −0.23 −0.74 0.60 NA NA NA NA NA 0.50 0.33

11–54-Year-Old Group
Age SR ST5 SWC5 C N C/N BR SIR roots VegH LitD

Age p < 0.01 p < 0.05 p < 0.01 p < 0.01
SR −0.29 p < 0.01 p < 0.05 p < 0.05
ST5 −0.07 0.35 p = 0.056 p < 0.01

SWC5 −0.21 0.01 −0.21 p < 0.01
C −0.11 0.08 0.43 0.004 p < 0.01 p < 0.05 p < 0.05
N −0.11 0.17 0.43 0.08 0.99 p < 0.01 p < 0.05

C/N 0.28 −0.21 0.20 0.11 0.87 0.84
BR −0.12 −0.04 0.38 0.19 0.76 0.78 0.64 p < 0.05
SIR 0.60 0.59 0.44 0.21 NA NA NA 0.34 p = 0.058

roots −0.24 0.23 0.64 0.22 NA NA NA NA NA
VegH 0.64 −0.44 −0.09 0.74 NA NA NA NA NA −0.10 p < 0.01
LitD 0.82 −0.14 −0.52 −0.14 NA NA NA 0.87 0.80 −0.11 0.59
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Table 5. Cont.

88–141-Year-Old Group
Age SR ST5 SWC5 C N C/N BR SIR roots VegH LitD

Age p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.05
SR 0.17 p < 0.05 p < 0.01 p < 0.01 p < 0.01
ST5 −0.49 0.15 p < 0.01

SWC5 −0.38 −0.28 0.3 p = 0.064 p < 0.05
C NA −0.02 0.14 0.25 p < 0.01 p < 0.01 p = 0.073
N NA −0.05 0.16 0.28 0.99 p < 0.01 p = 0.078

C/N NA −0.05 0.08 0.26 0.99 0.99
BR −0.17 −0.21 0.4 0.27 0.84 0.84 0.79 p < 0.01
SIR 0.15 −0.25 −0.39 0.55 NA NA NA 0.76

roots −0.50 0.10 0.16 0.15 NA NA NA NA NA
VegH −0.27 −0.22 0.36 0.11 NA NA NA NA NA −0.31 p < 0.01
LitD 0.12 0.39 0.58 0.09 NA NA NA NA NA 0.09 −0.15

150–276-Year-Old Group
Age SR ST5 SWC5 C N C/N BR SIR roots VegH LitD

Age p < 0.01 p < 0.01 p < 0.01 p = 0.063 p < 0.01 p = 0.052
SR −0.27 p < 0.05 p < 0.05 p < 0.05 p = 0.06 p < 0.05
ST5 0.04 0.08 p = 0.07 p < 0.05

SWC5 −0.004 −0.2 −0.29
C −0.79 0.64 −0.13 0.29 p < 0.01 p = 0.085 p = 0.061 p < 0.05
N −0.76 0.70 −0.02 0.25 0.99 p = 0.055 p = 0.073 p = 0.079 p < 0.05

C/N -0.43 -0.09 -0.39 -0.13 0.42 0.38
BR 0.42 −0.17 0.50 −0.03 −0.50 −0.51 −0.46
SIR −0.60 0.89 0.65 −0.17 0.79 0.76 0.03 −0.44

roots 0.27 0.44 0.15 −0.005 NA NA NA NA NA
VegH 0.68 −0.22 0.11 0.005 NA NA NA NA NA NA
LitD −0.26 0.29 −0.05 0.21 −0.89 −0.89 −0.5 −0.03 −0.83 0.33 0.16
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Figure 6. Soil respiration (SR, µmol CO2 m−2 s−1) and soil temperature (ST5, ◦C) at wildfire-affected sites of different ages
in the 1995–2010 study period. Grey areas represent standard errors. The figure in the grey bar at the right side indicates the
age interval of larch stands.

Kα is a measure of permafrost sensitivity to climate change [44]. We calculated
Kα over the study period to understand the extent to which permafrost in the study
area is susceptible to climate change. As shown in Figure A4 (Appendix A), Kα had a
significant decreasing trend in the 0–10 and 88–141-year-old groups, indicating a decrease
in permafrost sensitivity to climate change (ST5 and SWC5 decreasing trends, Figures 6
and A2 in Appendix A) over the study period.

4. Discussion
4.1. Spatial and Temporal Variation in SR

High environmental heterogeneity and wide variation in the studied parameters
complicated the analysis of SR data in the study area consisted of wildfire-affected larch
stands of different ages located in the permafrost zone of central Siberia (Figures 1 and
2, Table 1). To overcome this problem, we grouped the data into four age classes using
PCA (Figure 3). We assessed the spatial and temporal patterns of SR in the four groups
(0–10, 11–54, 88–141, and 150–276-year-old stands, Figure 3). We found great variations
in SR (from 0.12 to 12.21 µmol CO2 m−2 s−1, mean ± SD=3.16 ± 2.30) across all sites
within the spatial CV range of 52–67% (Table 2). The range of these values is considered
high according to Warrick and Nielsen (1980) [46], who classified CV > 24% as high, CV
between 12 and 20% as intermediate, and CV < 12% as low, but rather stable. Such a high
variation can be caused by both wildfire disturbance and naturally inherited environmental
heterogeneity, including the effect of permafrost on SR. A similar wide variation in SR
has been reported in studies carried out in postpyrogenic forest formations in permafrost
habitats. For example, SR varied from 5.68 to 17.03 µmol CO2 m−2 s−1 in 3–100-year-old
post-fire pine forests in Canada [21], and from 1.11 to 6.24 µmol CO2 m−2 s−1 in 1–100-
year-old fire-affected larch succession in Tura (Siberia, Russia; [29]). In 8–179-year-old
fire-affected pine stands in Estonia, SR varied from 1.95 to 6.82 µmol CO2 m−2 s−1 during
the growing season [25]. Yanagihara et al. (2000) [47] reported a wide range of SR in Tura
larch stands in 2000 (0.6–12.6. µmol CO2 m−2 s−1), which was similar to the range that we
observed in the present study. In our study, the observed high variation in SR was attributed
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to the high heterogeneity of the studied soil and environmental factors (Table 2). Some
parameters, such as VegH (54%–100%), BR (73%–117%), and root biomass (72%–248%),
were very variable. Despite the high variability in SR-associated factors, the variability in
SR itself was not as high (52%–67%, Table 2). This confirmed our third hypothesis, which
stated that permafrost ecosystems are well-adapted to wildfire disturbance, and certain
factors compensate for the disturbances in other factors in order to stabilize the ecosystem
functions.

We found that temporal variability in SR occurred on both a seasonal and an inter-
annual scale. The seasonal variability in SR was assessed during the growing season
(June–September). Most stand age groups had similar patterns of seasonal SR dynamics,
with peak SR values at the beginning (June) or in the middle (July) of the growing season
(Figure 4), and the lowest SR values in September. ST5 was significantly higher in the
middle of the growing season (July–August) than in September, whereas SWC5 did not
differ significantly within the growing season (Figure 4). Ribeiro-Kumara et al. (2020) [25]
observed a similar pattern of seasonal dynamics in SR, which increased towards summer
and decreased towards autumn in all successional stages except in the stage eight years
after the fire.

4.2. SR Associated Factors, and Their Correlations

Multiple factors affect SR after a forest fire. This issue of complexity is critical for
estimating the response of SR to the combined effects of fires and climate change at high
latitudes. To address this issue, we studied the correlations between SR and associated
factors (stand age, ST5, SWC5, C and N contents, C/N, BR, SIR, root biomass, VegH, and
LitD) to explain the observed high variation in SR (Table 5). We found that in different age
groups, SR was correlated with different factors. Most of the studied sites were considered
as different stages of recovery succession after wildfire disturbance, as it is known that
forest fires are the main disturbing factor that shapes northern permafrost ecosystems. The
primary factor influencing SR in the permafrost area is supposed to be ST5. However,
the effects of ST5 on SR were not that clear in the studied age groups because the highest
contribution of ST5 was found only in two groups: 0–10 and 150–276 groups (Table 4),
and moderate/weak correlations between SR and ST5 were observed in 11–54 and 88–141
groups (Table 5). Bergner et al. (2004) [18] did not observe changes in ST5 and SWC5 after a
fire in Alaska. In the present study, the differences in ST5 between the studied groups and
weak correlations between ST5 and SR were a consequence of the high heterogeneity of
ST5 in the permafrost area and were mostly driven by differences in radiation penetration
to the ground due to different canopy density and vegetation recovery. Therefore, at a
certain age of postpyrogenic larch succession, various environmental and biological factors
can control the SR rates. We confirmed our first hypothesis that the SR changed along the
fire chronosequence of permafrost larch forests in central Siberia due to the influence of
different factors that regulate the processes of autotrophic and heterotrophic respiration.

Thus, in the youngest larch stands (0–10-year-old group), which are usually freshly
burned-out areas, we found a negative correlation between SR and the parameters of soil
microbial activity (BR and SIR, Table 5). This is because wildfires eliminate the vegetation
cover and partially or completely destroy the soil organic layer (litter), which caused a
decrease in SR rates in the youngest group compared to those in the other age groups.
Pyrogenic C developed in the soil after wildfires represents recalcitrant compounds [48],
which are difficult to decompose by soil microbiota and may reduce SR for extended
periods. Wildfires have a negative effect on soil CO2 emissions in the first years after
disturbance [23,28,49,50]. The SR rates observed in the post-fire plots in Alaska within
three years after a fire (0.56–0.62 µmol CO2 m−2 s−1, [18]) were within the range we
observed in the present study. Ribeiro-Kumara et al. (2020) [25] found that in Estonia,
the SR rate in an 8-year-old pine stand (1.95 µmol CO2 m−2 s−1) was significantly lower
than the SR rate in 179-year-old pine stands (4.31 µmol CO2 m−2 s−1). Sawamoto et al.
(2000) [26] reported lower SR rates in recently burned larch forests in northeastern Siberia
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(1.07–1.50 µmol CO2 m−2 s−1) than that in intact larch forests (4.16–4.20 µmol CO2 m−2

s−1) due to low rates of root and microbial respiration. In the present study, in the 0–10 age
group, the main processes involved in SR (e.g., soil microbial activity and root respiration)
were changed due to wildfire disturbance. Thus, in this group, we found significantly (8–
10-fold) lower values of root biomass (mean value = 0.23 g) compared to those in the other
groups, which probably led to the decrease in root respiration. In contrast, soil microbial
activity (particularly SIR) in the 0–10 group was at the same level as that in all other groups,
and BR in the 0–10 group (mean value = 67.38 mg CO2-C kg−1 day−1) was comparable
with that in the 150–276 group (Table 2). This was consistent with the suggestion of Smith
et al. (2010) [20] that the high soil microbial activity after a fire can offset the decrease
in autotrophic respiration caused by fire. Zhou et al. (2020) [51] found that potential
functional genes responsible for C degradation were more frequent in soil microbiota of
3-year-old burnt areas than in older (25–100-year-old) stands in the permafrost region
of Canada. In addition, as wildfire causes soil organic matter transformation through
vegetation burning and heat-induced chemical transformation of litter, it often results in
the increase in soil nutrients and has a stimulating effect on soil microbial activity (SIR) [52].
However, we did not observe significant differences in C and N contents and C/N among
the different stand age groups; there was only a slight (non-significant) decrease in C and
N contents in the 0–10 group compared to that in the other groups (Table 3). Similar to our
results, Ribeiro-Kumara et al. (2020) [25] did not find significant differences in C and N
contents in organic and mineral soil layer among different age classes of postpyrogenic
pine stands. Another reason for active SIR is that the soil microbial species that colonize
post-fire areas have high respiration rates [18,53]. Thus, in the 0–10 group from the present
study, wildfire-disturbed root respiration was partially offset by high soil microbial activity
in the presence of the necessary substrate. Hu et al. (2017) [54] also reported that the
components of SR, heterotrophic and root respiration, could act controversially (increase
or decrease) after fire disturbance. In addition, in the 0–10-year-old group, we found a
strong positive correlation between SIR and BR. Soil microbial activity is an important
process contributing to SR remains highly uncertain in its response to disturbances and
environmental changes [55]. In the present study, we analyzed how soil microbial activity
(BR and SIR) is related to the other studied parameters. A strong negative correlation
between stand age and LitD and an important significant positive correlation between ST5
and BR was found (Table 5). Aaltonen (2020) [56] concluded that even if permafrost thaw
was apparent after fire, the soil organic matter (SOM) stored in the permafrost would not
be especially labile or temperature-sensitive. This supports the conclusion by Anisimov
et al. (2012) [44] that permafrost in the Tura area is moderately sensitive to changes in
temperature, and it is in accordance with our calculations of Kα (Figure A4). Thus, CO2
emissions were limited after the fire due to suppressed root respiration, likely reduced
quality of fire-affected SOM, and limited biodegradability of permafrost SOM.

In the 11–54-year-old group, a significant positive correlation was found between SR
and SIR. In the larch recovery successions 11–54 years after wildfire disturbance, SR was
2.6 times higher than that in the previous successional stage (0–10 group) due to the rapid
proliferation and growth of tree root systems (Figure 2, [57]). According to Kajimoto et al.
(2010) [57], in the Tura area, belowground C stock increases sharply with the development
of coarse roots during earlier stages of plant growth (<30 years), showing a trend similar to
that of the aboveground C stock. We observed significantly (7-fold) higher root biomass in
the 11–54 group than in the 0–10 group (Table 2). This explained the significant positive
correlation (Table 5) between SR and SIR observed in this age group (11–54-year-old group),
as increased root exudates originating from actively proliferating root systems contributed
to soil microbial activity, which stimulated SR. In the 11–54-year-old group, the strong
correlations between C and C/N, N and C/N, and BR and LitD also resulted in high SR
rates (Table 5). In turn, litter accumulation due to vegetation recovery promoted soil BR
and SR. Thus, both root respiration and soil microbial activity contributed to the high SR
level in the 11–54 group.
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In the 88–141-year-old group, SR was positively correlated with LitD and ST5, and
negatively correlated with SWC5 and VegH. A negative correlation between SR and SWC5
was also observed by Morishita et al. (2010) [27] in a 105-year-old larch stand near the
Tura site. In the present study, in the 88–141-year-old group, the strongest correlations
were found between BR and SIR and between LitD and ST5. The negative correlation
between SR and VegH observed in this group showed that abundant post-fire vegetation
regeneration could re-assimilate CO2 released from the soil, thereby reducing the overall
SR value. In the 88–141 group, despite similar soil microbial activity and 1.9 times higher
root biomass than that in the 11–54 group, SR was significantly (1.6 times) lower than that
in the 11–54 group. This was because of the harsher environmental conditions in the 88–141
group than in all other groups, including significantly lower ST5 (<6 ◦C in August, Table 2)
and waterlogged soils (SWC5 > 73%). Morishita et al. (2010) [27] reported similar low SR
rates (2.03 µmol CO2 m−2 s−1) in a 105-year-old larch stand near Tura. Together, these two
factors decreased the SR in this group (mean value, 2.83 µmol CO2 m−2 s−1), as both of
them can negatively affect soil microbial activity and root respiration. Thus, in the 88–141
group, SR was controlled and suppressed to a great extent by environmental factors.

In the 150–276-year-old group, SR positively correlated with SIR, soil C and N contents,
and LitD (Table 5). In addition, the greatest correlation was found between C and LitD, N
and LitD, C and stand age, N and stand age, VegH and stand age, and ST5 and BR. A strong
negative correlation between stand age and C and N contents indicated that in the climax
associations, as a consequence of litter accumulation (increased LitD), the main nutrients
(C and N) are trapped in the litter layer (soil organic horizon) and do not migrate into
mineral soil layers. This was confirmed by the weak and insignificant negative correlation
between the stand age and C and N contents in the 11–54 group (Table 5). The SR values
were found to be the highest in the 150–276 group (mean value = 5.18 µmol CO2 m−2 s−1)
and did not differ from the SR rates in the 11–54 group. Because of the highest root biomass
(mean value = 3.18 g) among all groups, root respiration was considered to be the main
contributor to SR in this group. This finding was consistent with that of Ribeiro-Kumara
et al. (2020) [25], who found that due to high root biomass, the autotrophic component
of SR had higher contribution to SR than soil microbial activity in old (> 179 years) pine
stands, which remained constant throughout the chronosequences.

In conclusion, we observed an increase in SR with the increase in time since the fire.
We hypothesized that this was mainly due to differences in autotrophic respiration rather
than changes in heterotrophic respiration because SIR was rather stable during the post-
fire succession.

4.3. Long-Term (1995–2010) Observation of Postpyrogenic SR Rates and Associated Parameters in
Permafrost Larch Forest Successions of Various Ages after Wildfire Disturbance

Wildfires complicate the assessment of greenhouse gas dynamics in permafrost habi-
tats at high latitudes due to many interrelationships between soil, landscape, biological,
and environmental factors, which, in response to fire disturbance, can be contradictory
and can be influenced by the high heterogeneity of these factors. Our second hypothesis
appeared to be partially correct. Long-term observations (1995–2010) of the SR rates in
Tura fire-affected forest ecosystems showed a significant increasing SR trend in the 88–
141-year-old group (Figure 6). It was revealed that under conditions of progressive litter
accumulation (a significant increasing trend of LitD, Figure A2), along with a significant
decrease in ST5 (Figure 6), drying of the upper soil horizons (a significant decreasing
trend in SWC5, Figure A2) resulted in higher SIR and BR via the development of more
favorable conditions for soil microbes (Table 2), which ultimately contributed to SR in the
88–141-year old group. The observed significant decreasing trend of SWC5 was supported
by the decreasing (non-significant, Figure A3, Appendix A) trend of precipitation during
the growing season (June–September) for the period of 1995–2010. As shown by PCA
(Figure 5), the most important factors shaping the ecosystems in the 88–141 group were
SWC5, VegH, and SIR (which had the highest impact). This important finding indicated
that climate change affected the SR (in the 88–141 group) at high latitudes of central Siberia
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not through direct heating of the soil and transformation of the thermal regime, as reported
by Berger et al. (2004) [18], but through the improvement of waterlogged conditions
in permafrost soils (a significant decrease in SWC5 was probably related to a long-term
decrease in precipitation). Similar to our results, Feurdean et al. (2019) [58] found that
a recent decline in peatland moisture caused a decrease in carbon accumulation in peat-
lands of western Siberia (Vasyugan Mire, Tomsk region). This conclusion also clarified the
significant increase in SR in 41–276-year old larch stands in the period of 2005–2010 due
to the increase in soil heterotrophic respiration in 2007–2010, as described in our recent
paper [2]. This is pointed to the successful postfire regeneration of ground vegetation
and the higher contribution of root systems to SR in studied larch ecosystems, which
represent the different stages of postfire succession. Moreover, as indicated by Kα trends
(Figure A4, Appendix A), the permafrost became less susceptible to climate change in the
period of 2007–2010 than in the period of 2000-2001 due to that compensatory effect of
regenerated vegetation. This was partially supported by similar values of Kα = 0.6 reported
by Anisimov et al. (2012) [44] for the Tura area over the 1965–2007 period; they concluded
that the permafrost in Tura territories was moderately susceptible to climate change. We
found an improvement in the soil hydrothermal conditions in the 88–141-year-old group in
2005–2010, which provided an additional substrate for the soil aerobic microbiota, which
was not available previously due to soil waterlogging. Even if the permafrost in the investi-
gated area is not yet showing signs of sensitivity to climate change, the soil microbiota that
are flourishing because of the additional substrate can increase the C emissions from the
soil, which can change permafrost sensitivity. These findings emphasized the importance of
postpyrogenic successions of 88–141-year-old larch stands in terms of SR dynamics related
to environmental changes (drying of the upper soil horizons in the period of 1995–2010)
in permafrost-affected high-latitude boreal ecosystems. A positive trend of SR in the per-
mafrost area of central Siberia during the same period based on 20 published studies was
reported in a recent meta-analysis study [59].

5. Conclusions

SR and associated soil, biological, and environmental parameters were studied in a
long chronology of wildfire-affected larch ecosystem successions in the permafrost area
of Central Siberia. Data from the 23 sites showed a high spatial variation in SR, which
was primarily regulated by biological and environmental factors. However, along the
post-fire recovery succession, different factors had a different influence on SR, and their
inter-relationships varied, which further complicated the investigation of this succes-
sional process.

SR varied significantly among groups, and in the 88–141 group, it was significantly
different from that in the other groups. The observed high variation in SR resulted from the
specific combination of dominant factors during each stage of postpyrogenic succession.
The number of factors influencing the SR in each group, which represented a certain post-
fire successional stage, increased from three to six from the youngest post-fire successions
to the old ones. Thus, the complexity of the effects of different factors on SR increased along
with post-fire succession. In the 0–10 group, the SR was the lowest and it was negatively
correlated with BR and SIR; thus, the significantly low SR rates were due to the wildfire
effect on root systems and soil microbial associations. In the 11–54 group, 2.6-fold higher
SR rates compared to that in the 0–10 group were associated with activated soil microbiota
(positive correlation with SIR) and favorable soil thermal regime developed during post-fire
recovery succession. A negative correlation between SR and VegH indicated that vegetation
regeneration may play an important role in the re-assimilation of CO2 emitted from the
soil, thus decreasing the SR. In the 88–141 group, SR was considered to be suppressed
due to the negative influence of soil hydrothermal conditions (low ST5 and high SWC5)
on both main contributors–root systems and soil microbiota. SR was correlated with four
factors (LitD, VegH, ST5, and SWC5) in this group. Maximum SR was recorded in the
150–276 group, and was correlated with soil C and N content, SIR, root biomass, and LitD.
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Both soil microbial activity and root respiration (due to the highest root biomass) positively
contributed to the SR rates in the presence of favorable environmental conditions.

The most important age group in terms of recent promotion of SR in the studied
ecosystems due to environmental changes (e.g., decrease in ST5 and SWC5) was the 88–
100-year-old group. It is highly likely that the decrease in ST5 favored litter accumulation
(e.g., increasing trend of LitD) in this group during the period of 1995–2010. However,
substantial drying of the upper soil layer made litter a valuable substrate for soil microbiota,
thus supporting higher levels of SR due to increased soil microbial activity. Long-term
(1999–2010) SR promotion in the group of 88–141-year-old burnt areas was correlated with
the significant decrease in ST5, SWC5, VegH, and an increase in LitD.

The observed high spatial variation in SR and associated parameters highlighted the
importance of SR heterogeneity at high latitudes and the involvement of many factors in
its regulation, especially within fire-affected areas. Therefore, we concluded that this topic
requires to be studied more thoroughly in the future.
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Appendix A. A Drop of Humor

Figure A1. The Chernoff faces diagram, which reflects the parameters and some key processes in the soil of wildfire-affected
larch stands of different age (0–14, 15–54, 78–100, 119–276-year-old stands) and describes them as characteristics of the
human face: face height—vegetation cover height (VegH), face width—litter thickness (LitD), face shape—root biomass
(roots), mouth height —mean soil respiration (SR), mouth width—mean soil basal respiration (BR), smile curve—mean soil
substrate-induced respiration (SIR), eye height—mean summer soil water content at the depth of 5 cm (SWC5), eye width—
mean summer soil temperature (ST5), hair height—mean September ST5, hair width—mean August ST5, hair styling—mean
July ST5, nose height—mean C content, nose width—mean N content, ear width—C/N, ear height—VegHLitD (VegH
and LitD).
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Figure A2. Litter thickness (LitD, cm), vegetation cover height (VegH, cm), and soil water content (SWC5, %) at wildfire-
affected sites of different ages in the 1995–2010 study period. Grey areas represent standard errors. The figure in the grey
bar at the right side indicates the age interval of larch stands.

Figure A3. Monthly air temperature (Tair, ◦C) and precipitation (mm) over the growing season (June–September) at
wildfire-affected sites of different ages in the 1995–2010 study period according to Tura Weather Station (www.meteo.ru).
Grey areas represent standard errors. Blue line represents linear regression.

www.meteo.ru
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Figure A4. Permafrost sensitivity criterion (Kα) in July (blue open circles and linear regression lines)
and August (red open circles and linear regression lines) at wildfire-affected sites of different ages in
the 1995–2010 study period. Grey areas represent standard errors. The figure in the grey bar at the
right side indicates the age interval of larch stands.
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