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Abstract: Wildfires are increasingly understood as an ecological driver within the entire Arctic biome.
Arctic soils naturally store large quantities of C, as peat has formed throughout the Holocene. For
the Siberian Arctic, we used observations from the MODIS remote sensing instrument to document
changes in frequency, geographic extent, and seasonal timing of wildfires as well as vegetation pro-
ductivity (GPP, NPP, EVI). We also used correlation and regression analysis to identify environmental
factors of temperature, precipitation, and lightning occurrence associated with these changes. For the
Siberian Arctic as a whole, we found that the decadal frequency of wildfire tripled from the 2001–2010
to the 2011–2020 periods. Increased decadal frequency was accompanied by the increased extent of
the burnt area by a factor of 2.6. This increase in fire frequency and extent was not uniform, with
the greatest increase in western Siberia with no marked increase for the Siberian Far East. These
changes were accompanied by the northward migration of the northern limit of wildfire occurrence
and an increase in duration of the wildfire season. We found that annual fire frequency and the
extent of burnt areas were related to various combinations of seasonal air temperature, precipitation,
ground moisture, and lightning frequency. After fires, vegetation productivity rapidly recovered to
pre-fire levels. The northward spread of wildfire into the tundra will release carbon long-stored as
peat. The enhanced vegetation productivity, rapid recovery of carbon fixation for burnt areas and the
northward migration of boreal forest tree species may offset that release and maintain the current
status of the Siberian Arctic as a C sink. Increased wildfire and loss of permafrost may threaten
ongoing settlement and industrialization, particularly for western Siberia.

Keywords: Arctic fires; northward fire migration; lightning fire ignition; heat waves; Arctic vegetation
productivity; wildfire recovery

1. Introduction

Wildfire is an intrinsic component of the boreal biome that shapes tree evolution, forest
community structure, and biogeochemistry (e.g., [1,2]). The fire regime is determined by
the ‘triad’ of: (i) fuel availability, (ii) the readiness of the fuel to burn (i.e., fuel moisture),
and (iii) a source of fire ignition. Fuel is readily available within the arctic forest-tundra
as scattered standing and fallen trees, woody shrubs, herbaceous plants, and substantial
deposits of peat. Fuel readiness depends on the thermal and moisture regimes within
the territory. The dominant source of ignition at high latitudes are lightning strikes [3].
Since the onset of the current warming period, fire frequency and the extent of burnt areas
continue to increase throughout the boreal biome and even into Greenland tundra [4].
Wildfire threatens to shift the status of the northern boreal forest from being a sink to a
source of atmospheric carbon (C) (e.g., [5,6]).
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In Siberia, fire has long been the primary source of disturbance in vast taiga land-
scapes. However, wildfire is a recent driver for tundra ecosystem dynamics. During the
21st century, wildfire frequency and the total area burnt have increased for northern forests
and Arctic tundra. The fire return interval appears to have shortened from that reported
earlier for northern areas (e.g., [7,8]). Arctic fires coupled with atmospheric warming tend
to transform tundra to shrublands [9] and have a potential to accelerate the northward
expansion of forest cover [10–12]. Increased fire frequency may also be supported by
increased frequency of lightning strikes due to atmospheric warming [13–15]. At northern
latitudes, lightning strikes cause about 90% of fire ignitions [3]. Increased frequency of light-
ning within the boreal zone has the potential to further increase fire frequency throughout
the Siberian Arctic [13–15].

The Siberian Arctic, especially the West Siberian forest-tundra and tundra ecoregions,
largely consists of lowland taiga forests and wetlands that have accumulated C throughout
the Holocene. The increased frequency of fires causes more damage and releases long-
stored carbon into the atmosphere, thereby threatening to transform the high latitude
territory from a C sink to a net source of atmospheric C. Increased atmospheric C has the
potential to fuel a positive feedback loop resulting in increased fire frequency and warming
(e.g., [16]). Alternatively, increased atmospheric CO2 may provide a fertilization effect,
increasing C fixation, and biomass production at high latitudes (e.g., [17–21]). Alongside
that, warming promoted increased C fixation. Thus, tree ring analysis associated an increase
in radial growth index for northern forests in Canada and Siberia attributed to atmospheric
warming [22–24]. Potentially these effects, i.e., CO2 fertilization and warming, may offset
C loss from increased wildfire.

Due to the remoteness and geographic scale of the Siberian boreal and arctic regions,
wildfire analysis is based primarily on remote sensing data with a resolution of 250–1000 m
as provided by MODIS (the Moderate Resolution Imaging Spectroradiometer) on the Terra
and Aqua platforms. MODIS also provides near real-time data on the areas burnt and
location of fire ignitions including localized thermal points (“hotspots”) [25]. Similar data is
provided by the vegetation sensor on the PROBA-V platform [26] and the VIIRS instrument
on the Suomi NPP satellite [27,28]. More detailed fire impact and post-fire vegetation
succession analysis is based on medium (10–30 m) and high (1–2 m) resolution instruments
such as Landsat (e.g., [29,30]), Sentinel (e.g., [31]), or Quickbird [32].

Here we report on wildfire dynamics within the Siberian Arctic in the 21st century.
We propose to test the hypotheses that climate change in the Arctic has caused wildfire
to increase in frequency and extent and that the northern limit of fire occurrence has
migrated northward to the Arctic Ocean. We seek to answer the following questions for the
Siberian Arctic:

(i) What are the dynamics of wildfire parameters such as fire frequency, burned area extent,
fire season duration, and the position of the northern boundary of fire occurrence?

(ii) How are wildfire parameters related to air temperature, precipitation, ground cover
moisture, and occurrence of lightning strikes?

(iii) What the temporal patterns of post-fire recovery are of gross (GPP) and net (NPP)
primary productivity?

2. Materials and Methods
2.1. Geography and Floristics of the Study Area

The study area includes Siberian territory north of 65◦ N latitude, a commonly used
proxy for the Arctic Circle (66◦32′ N). The territory was divided into three sectors: Western
Siberia (WS, from the Ural Mountains eastward to the Yenisei River), Eastern Siberia (ES,
from the Yenisei River eastward to the Kolyma River), and Far East (FE, from the Kolyma
River through to easternmost Siberia) (Figure 1). The WS sector is part of the Western
Siberian Plain and is influenced by both Arctic and Atlantic Oceans. Trees are sparse in
occurrence and include larch (Larix sibirica Ledeb.), Scot pine (Pinus sylvestris L.), Siberian
pine (Pinus sibirica Du Tour), spruce (Picea obovata Ledeb.), and birch (Betula spp.). The
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shrubs and grasses are primarily Salix spp., Betula spp., Ledum palustre L., Vaccinium sp.,
Carex arctisibirica (Jurtzev) Czerep., Cassiope tetragona (L.) D. Don, Eriophorum vaginatum L.,
Equisetum arvense L., and some other species. Moss and lichen cover are primarily Dicranum
acutifolium (Lindb. & Arnell) C.E.O.Jensen, Aulacomnium turgidum (Wahlenb.) Schwägr.,
Ptilidium ciliare (L.) Hampe, Hylocomium splendens (Hedw.) Schimp., Tomentypnum nitens
(Hedw.) Loeske, and Cladonia spp.
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Figure 1. Geographic sectors of the Siberian Arctic: (1) Western Siberia (from the Ural Mountains
eastward to the Yenisei River), (2) Eastern Siberia (eastward from the Yenisei River to the Kolyma
River), (3) Far East (eastward from the Kolyma River to the easternmost. The locations of wildfires
during the 2001–2021 period are marked by red.

Within the Siberian Arctic, we determined vegetation cover types based on the map
from the VEGA-PRO information service (http://pro-vega.ru/maps (accessed on 5 May
2021); [33]). We excluded forested area (i.e., forest stands with trees crown closure > 20%)
from the analysis. Thus, the study area included the following vegetation classes: tundra,
shrub-tundra, and sparse tree stands (crown closure ≤ 20%).

2.2. Determination of Fire Frequency and Extent

We analyzed the temporal dynamics of wildfire parameters in the Siberian Arctic
including fire frequency, the extent of burnt area, fire season onset, and duration, and the
position of the northern boundary or limit of wildfire occurrence. Fire season onset and
duration and limit of wildfire occurrence were calculated based on the annual mean of
three observed maximum values for each variable. We correlated wildfire parameters to
June-August and May-September mean air temperature (Tjja and Tmjjas), precipitation (Pjja
and Pmjjas), drought index (SPEIjja and SPEImjjas), ground cover moisture content (Wjja,
Wmjjas), and lightning strike index (LSI).

The annual fire frequency was calculated from analysis of thermal points (“hotspots”)
with a spatial resolution of 1 × 1 km obtained from the MODIS Collection 6 database
package MCD14DL of the Fire Information for Resource Management System (FIRMS). The
area investigated included the latitudinal range of 65–80◦ N for the years 2001–2021, which
included about 165,300 hotspots. We excluded false (non-fire) thermal points from the
initial dataset (ca. 240,000) by the following procedures. (1) In light of the topographic maps,
hotspots from settlements or industrial infrastructures (in the Western Siberia mostly) were

http://pro-vega.ru/maps
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excluded. (2) In addition, we used expert comparison with high-resolution satellite scenes
from Google Earth (https://earth.google.com/web (accessed on 5 May 2022)), Bing Maps
(https://www.bing.com/maps (accessed on 5 May 2022)), and Yandex Maps (https://
yandex.ru/maps (accessed on 5 May 2022)). On-ground resolution of these satellite scenes
enabled identification of hotspots from industrial infrastructure or settlements. (3) Then,
we excluded mineralized stony surfaces that potentially could be the source of the false
signals through comparison with Pro-Vega land cover maps (http://pro-vega.ru/maps
(accessed on 5 May 2021); [33]).

The annual burnt area extent was calculated from the FIRMS dataset MCD64A1 (DOI:
10.5067/MODIS/MCD64A1.006; [25]). Available data covered the 65–70◦ N latitudes for the
2001–2021 period with spatial resolution of 0.5 × 0.5 km2. Decadal ratios of fire frequency
and burned area extent for the first two decades of the 21st century were calculated as the
quotient of cumulative annual values for the 2011–2021 period divided by the cumulative
annual values for the 2001–2010 period.

2.3. Sources of Environmental Data

Air temperature, precipitation, and ground cover moisture content (0–7 cm depth)
were obtained at a spatial resolution of 0.1◦ × 0.1◦ from the ERA5-Land dataset [34].
The standardized precipitation evapotranspiration index (SPEI) values were obtained
from the Global Drought Monitor (https://spei.csic.es/map/maps.html (accessed on
21 February 2022)). SPEI is a measure of the air moisture content and is an estimation of
drought intensity and is defined as the difference between total precipitation and potential
evapotranspiration for the that month or year [35]. We calculated the lightning strike
index (LSI) for the Siberian Arctic from the annual lightning frequency for the entire Arctic,
provided by the World Wide Lightning Location Network for 2010–2020 [36]. Lightning
frequency was not available for earlier periods. We assume that the frequency of light-
ning strikes was uniform throughout the Arctic. The LSI is a normalized unitless metric
which varies between 0.0 (no lightning) and 1.0 (maximal number of strikes for the entire
period. To estimate vegetation recovery after fire, we analyzed the temporal dynamics of
the gross (GPP) and net (NPP) primary productivity and the enhanced vegetation index
(EVI) for 13,940 distinct burnt areas within Siberian Arctic. We calculated GPP, NPP, and
EVI temporal trends within each hotspot. The trend was determined as the tangent of the
angle between the abscissa (i.e., time interval) and the regression line of the mean annual
GPP or NPP values. We used a conservative approach and considered that vegetation
recovery begins after the second year following the fire event. Thus, post-fire trends were
calculated from the second year after the fire. In addition, we calculated GPP, NPP, and EVI
temporal trends for the whole Siberian Arctic. GPP and NPP values were obtained from
the Terra/MODIS product MOD17A2H at temporal and spatial resolutions of 8-days and
500 m2, respectively (https://search.earthdata.nasa.gov (accessed on 5 May 2022); [37]).
EVI values were obtained as MODIS/Terra product MOD13Q1 at temporal and spatial res-
olutions of 16-days and 250 m2, respectively (https://search.earthdata.nasa.gov (accessed
on 5 May 2022); [38]).

2.4. Statistical Analysis and Regression Modelling of Wildfire Parameters

Significant differences among sectors within the Siberian Arctic for decadal fire fre-
quency and the extent of burnt areas, fire season duration, and the timing of the onset
and conclusion of the fire season were identified using the Kruskal-Wallis ranked Anal-
ysis of Variance test (KW-ANOVA, p < 0.10 and 0.05). Differences in the underlying
distribution for the wildfire parameters by sector were detected using the Mann-
Whitney U test (p < 0.10 and 0.05). These tests were made with Statsoft Statistica
(https://www.moonsoft.net/products/000649.aspx (accessed on 5 May 2022)).

The correlations of annual fire frequency, burnt area extent, fire season duration, and
the position of the northern boundary of wildfire occurrence to the climate variables to the
climate variables (Tjja, Tmjjas, Pjja, Pmjjas, SPEIjja, SPEImjjas, Wjja, Wmjjas), were tested using

https://earth.google.com/web
https://www.bing.com/maps
https://yandex.ru/maps
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the Pearson correlation test for variables with a Gaussian distribution and the Spearman
correlation tests for variables with a non-Gaussian distribution.

We used a multiple linear and hierarchical regression analysis realized in the R-project
for statistical computing (R version 4.1.3, name “One Push-Up”; https://www.r-project.
org/ (accessed on 5 May 2022)) and RStudio (version 2022.02.3+492, name “Prairie Tril-
lium” https://www.rstudio.com (accessed on 5 May 2022)). R libraries gvlma v.1.0.0.3,
AICcmodavg v.2.3-1, trafo v.1.0.1, readxl v1.4.0, writexl v.1.4.0 were used. A multiple
model was used to estimate the dependence of hotspots and burned area on the climate
variables. We used hierarchical linear regression to test the improvement of model relation-
ships between wildfire parameters and individually added environmental variables for
the 2001–2021 years [39]. Candidate selection was based on correlation analysis (Pearson
r and non-parametric Spearman rho), guided by the corrected Akaike information coeffi-
cient (AICc) [40]. That analysis allowed us to determine dispersions intercepted by each
independent variable.

3. Results
3.1. Changes in Fire Frequency and Burnt Area Extent

The total annual number of fires in the Siberian Arctic increased by a factor of 3.0 from
the first (3792) to the second (11,547) decade of the 21st century (Figure 2a). This increase in
decadal frequency was accompanied by a 2.6 times increase of the total area burnt (Table 1).
Annual fire frequency and the extent of the burnt area for the whole Siberian Arctic were
positively related to variation in summer air temperature and negatively related to variation
in precipitation and ground cover moisture content (Table 2). The response of fire frequency
and burnt area extent to climate was uneven within the Arctic. In the WS and ES, decadal
fire frequency increased from the 2001–2010 to the 2011–2021 period by factors of 2.3 and
2.1, respectively. Burnt area increased in the WS and in the ES by factors of 3.5 and 2.5,
respectively. No significant changes in fire frequency or burnt area extent were observed
for the FE sector (Table 1).
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Figure 2. For the Siberian Arctic as whole, (a) decadal mean fire frequency and burned area (broken
lines) increased 2.8 and 2.6 times from 2001–2010 to 2011–2021. (b) The mean timing of the wildfire
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Arctic. (c) Duration of the wildfire season differs across the Arctic, with an increase for Western
Siberia and decrease for the Far East sector. Trends significant at p < 0.05.

Table 1. Wildfire parameters for the Siberian Arctic and its regional sectors: a median values
comparison of two time intervals (2001–2010 vs. 2011–2021).

Parameter Whole Siberian
Arctic

Western Siberia
Sector

Eastern Siberia
Sector Far East Sector

Fire frequency ratio 2.8 2.3 * 2.1 1.1
Burnt area extent ratio 2.6 3.5 ** 2.5 0.5

Fire season duration (days) 18.0 ** 36.5 ** 8.5 −19.0 *
Onset of fire season (days) −6.0 −23.0 ** −5.0 6.5

Conclusion of fire season (days) 11.5 18.5 * 1.0 −15.5
Northern fire boundary shift

(degrees of latitude) 0.0 2.6 ** −0.4 0.1

Kruskal-Wallis test significance at p < 0.10 (*) and p < 0.05 (**). Mann-Whitney U-test significance at p < 0.10 (italic)
and p < 0.05 (bold).
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Table 2. Correlation of wildfire characteristics with climate in the Siberian Arctic (2001–2021) A.

Variables

Whole Siberian
Arctic

Western Siberia
Sector

Eastern Siberia
Sector Far East Sector

Annual Fire Frequency

Air temperature (June–August) 0.66 ** 0.41 * 0.68 ** 0.39 *
Precipitations (June–August) −0.56 ** −0.38 * −0.53 ** −0.36

Ground cover moisture
(May–September) −0.82 ** −0.46 ** −0.84 ** −0.50 **

SPEI B (May–September) −0.68 ** −0.42 * −0.70 ** −0.50 **

Burnt area extent

Air temperature (June–August) 0.70 ** 0.43 * 0.68 ** 0.27
Precipitations (June–August) −0.49 ** −0.27 −0.44 ** −0.15

Ground cover moisture
(May–September) −0.76 ** −0.34 −0.78 ** −0.49 **

SPEI B (May–September) −0.59 ** −0.56 ** −0.62 ** −0.56 **

Fire season duration

Air temperature
(May–September) 0.41 * 0.72 ** 0.19 0.28

Precipitations (June–August) −0.47 ** −0.22 −0.32 −0.39 *
Ground cover moisture

(May–September) −0.48 ** −0.50 ** −0.43 ** −0.61 **

SPEI B (May–September) −0.09 −0.10 −0.25 −0.62 **

Northern boundary

Air temperature
(May–September) 0.41 * 0.65 ** 0.38 * 0.18

Precipitations (June–August) −0.26 −0.25 −0.36 −0.37 *

Ground cover moisture
(May–September) −0.28 −0.42 ** −0.32 −0.33

SPEI B (May–September) −0.68 ** −0.27 −0.62 ** −0.15

Onset date

Air temperature (May–June) −0.41 * −0.59 ** −0.32 −0.23

Final date

Air temperature
(August–September) 0.29 0.58 ** 0.11 0.09

A Values in the table are Pearson and Spearman (italic) correlation coefficients. Spearman statistic was used in
cases of non-Gaussian distribution. Significance levels at p < 0.10 (*) and p < 0.05 (**) are marked. B SPEI is
Standardized Precipitation Evapotranspiration Index. Median values were used in analysis. Note: SPEI increase
corresponded to the drought decrease by definition.

3.2. Seasonality of Wildfire

Considered as a whole, the seasonal distribution of fire frequency was unimodal for
the Siberian Arctic for the 2001–2021 period (Figure 2b). That pattern is typical at high
latitudes [8]. However, for the severe 2019 fire year, the seasonal distribution was bimodal
for the Siberian Arctic (Figure 2b).

The duration of the wildfire season in the Siberian Arctic increased by about 12 days
during the 2001–2021 period, although changes varied by geographic sector. In WS, the
fire season duration increased by 36 days, with no significant change in ES sector. For FE,
fire season duration decreased by ca. 20 days (Figure 2c; Table 1). Similarly, the date of fire
season onset trended earlier in WS and later in the FE (Table 1). Fire season duration in
the WS sector was positively correlated to summer air temperatures, while the decrease in
duration for the FE was related to precipitation, ground cover moisture, and SPEI drought
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index (Table 2). In WS, higher air temperature was associated with an earlier onset and
longer duration of the fire season (Table 1).

3.3. Northward Migration of the Wildfire Boundary

In ES, the northernmost wildfire boundary has already reached the Arctic Ocean coast
(Figure 1). In WS, the wildfire boundary moved further northward in the 2001–2021 period
(Figure 3a; Table 1). Boundary migration was correlated with the mean May–September air
temperature (Figure 3b; Table 2). The extreme shift northward of fire occurrence (which
was observed in 2013, 2015, 2016, and 2020 years) was synchronized with extremes of air
temperature (“heatwaves”; Figure 3a).
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3.4. Relationship of Wildfire to Climate including Lightning Frequency

Annual fire frequency and the extent of the burnt area for the whole Siberian Arctic
were positively correlated to variation in summer air temperature and negatively correlated
to variation in precipitation and ground cover moisture content (Table 2).

The potential effect of lightning strike frequency as well as more traditional mea-
surements of climate was tested by hierarchical regression analysis for two time intervals:
2001–2021 and 2010–2021. The first, longer period includes all climate data except for
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lightning strike frequency, which was not available for the first half of the period. The
second, shorter period added the available lightning strike frequency for the entire Siberian
Arctic as a regressor variable.

(i) Period 2001–2021

The annual fire frequency (Ff ) was significantly related to climate:

Ff = 0.69 × Tjja − 0.40 × Pmjjas (1)

in which Tjja is summer air temperature and Pmjjas is May-September precipitation. For the
model, the adjusted R2 = 0.70 and the intercepted dispersion is 73%. The contribution of
the variables to the intercepted dispersion included: Tjja = 57%, Pmjjas = 16%. In this and
the following equations, all coefficients are significant at p < 0.05.

The burnt area (Ba) extent was described by the equation:

Ba = 0.46 × Tmjjas − 0.54 ×Wmjjas (2)

where Tmjjas and Wmjjas are the May-September air temperature and ground cover moisture
content, respectively. Adjusted R2 = 0.69, intercepted dispersion is 72%. The variables input
to the intercepted dispersion are following: Tjja = 49%, Wmjjas = 23%.

(ii) Period 2010–2021

With the availability of lightning strike data, the dependence of fire frequency on
climate was described by:

Ff = 0.60 × Tjja − 30 × SPEImjjas + 0.27 × LSI (3)

in which Tjja and SPEImjjas are the summer air temperature and May-September drought
index SPEI values, and LSI is the lightning strike index. Adjusted R2 = 0.88, intercepted dis-
persion is 92%. The variables input to the intercepted dispersion are following: Tjja = 77%,
SPEImjjas = 9%, LSI = 6%.

The burnt area extent was described by the following equation:

Ba = 0.77 × Tmjjas + 0.33 × LSI (4)

Adjusted R2 = 0.85, intercepted dispersion is 88%. The variables input to the inter-
cepted dispersion are following: Tjja = 80%, LSI = 8%.

3.5. Wildfire Influence on the GPP, NPP and EVI

After fire, vegetation GPP, NPP, and EVI rapidly recovered to pre-fire levels (within
about 10 years) (Figure 4). Positive GPP and NPP trends were observed for >96% of the
hotspot locations (and >93% for EVI) (Figure 5). As for the whole Siberian Arctic, an
increased GPP, NPP, and EVI trends were prevailed. Thus within the Siberian Arctic,
we found positive trends for about 42% (GPP), 38% (NPP), and 36% (EVI) of the territory
(Figure S1 in Supplementary). Whereas negative trends in GPP, NPP, and EVI were observed
only for 1.2%, 1.3%, and 0.3% of the Siberian Arctic, respectively (p < 0.05, Figure S1).
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areas represent the 95% confidence interval around the trend line.
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4. Discussion
4.1. Changes in Wildfire Dynamics for the Siberian Arctic

Wildfire severity in the Siberian Arctic greatly increased in the first two decades of
the 21st century. From the 2001–2010 to the 2011–2021 period, wildfire frequency increased
by a factor of about 3, accompanied by a doubling of the extent of the area burnt. This
increase in frequency and areal extent is consistent with the pattern of increased wildfire in
the Siberian taiga since the 1990s [41] and in the tundra of Alaska and Canada [42,43].

We report here that annual fire frequency and extent of burnt area in the Siberian
Arctic was more strongly correlated with ground moisture content (rho = −0.82 and −0.76,
respectively) than with precipitation (rho = −0.56 and −0.49, respectively). In this region,
ground moisture is gained through precipitation and stored as ice in the frozen permafrost.
We suggest that this pattern of greater sensitivity may be due to release of soil water from
thawing permafrost. Results presented here suggest that this increase in wildfire frequency
and extent is likely due to the combination of a greater land area potentially subjected to
fire due to dryer ground cover, i.e., a longer fire season, and increased sources of ignition.
All of those factors are driven by present climate trends.

The positive correlation to growing season temperature is likely due to the indirect
effects of temperature on fuel quality, particularly moisture content. Extreme shifts in the
fire boundary were synchronized with air temperature and drought index SPEI anomalies
(“heat waves’). Earlier fire boundary advance was noted on the Yamal Peninsula of Western
Siberia [7]. We found that that the seasonal distribution of the wildfires in the extreme
years turns from typical for high latitudes unimodal pattern to the bimodal pattern that is
typical for the lower latitudes [41].

The increased frequency and extent of wildfire will likely accelerate the northward
migration of the taiga-tundra boundary [10]. Burnt tundra reduces competition from fire-
sensitive grass and moss/lichen communities and provides opportunities for shrub and
tree settlement by pioneer trees species (e.g., larch, birch, and alder) [15]. Migration of
bushy shrubs and larch into former tundra has been described for the Yamal peninsula
(Western Siberia) and the Anabar Plateau (Eastern Siberia) [9,44,45].
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The northward migration of the northern limit or boundary of wildfire occurrence in
WS has both quantitative and qualitative effects. The additional land area apparently subject
to fire would be expected to result in an increased number of fires. Meanwhile, previous
research estimated that the fire return interval (the time period between consecutive stand-
replacing fires) at the northernmost larch forest boundary in Siberia may reach 300 yrs. [46].
Additionally, the northward migration subjects a greater proportion of Arctic tundra as
well as taiga to wildfire.

The duration of the fire season in the continental climate of WS increased by more
than a month and was correlated to growing season temperature which in turn increased
the flammability of potential fuel. The decreased duration of the fire season in FE was
correlated to increased moisture in the ground cover, resulting in decreased flammability
of potential fuel. Our analysis indicates that lightning strike frequency explained 6–8% of
the year-to-year variation in wildfire frequency.

Lightning strikes are the primary source of wildfire ignition in this region [3]. Light-
ning is especially efficient in causing ignition during “dry thunderstorms” that yield little
or no precipitation [47]. Low ground moisture content driven by warming conditions in the
Arctic increase the likelihood that a given lightning strike will result in wildfire. In a syner-
gistic fashion, warming conditions themselves are reported to increase the frequency of
lightning strikes within the circumboreal Arctic (e.g., [15]). Research on lightning strikes in
the continental USA projects that an increase in air temperature by 1 ◦C leads to an increase
in lightning frequency of ~12% [13]. For Alaska and northern Canada, lightning ignition
was estimated to increase by 90–230% by the end of this century [15]. Increased wildfire
ignition by lightning was also reported for closed-canopy forests in North America [14].
Although such estimates have not been made for the Siberian Arctic, similar increases in the
frequency of lightning strikes are likely. In addition to combustion of aboveground vegeta-
tion, fire from lightning and other sources may smolder and overwinter in the carbon-rich
taiga and tundra soils, to emerge in the subsequent spring as described for Alaska, the
Northwest Territories in Canada, and northeast Siberia [48,49].

4.2. Implications for Arctic Ecology and Carbon Storage

Our analysis of wildfire dynamics in the Siberian Arctic suggests that fire frequency
and extent will continue to increase under current climate trends that increase the availabil-
ity of both above- and below-ground fuel and lightning frequency as a source of ignition.
With continued regional warming, the role of lightning as a source of wildfire ignition
is likely to increase both because of the increased availability of dry fuel as well as from
a direct increase in lightning frequency. Our results show that the relationship of fire to
climate is based not just on continuous climate trends, but on “heat waves”, unusual spikes
in air temperature.

The implications for C dynamics are somewhat less clear. Throughout the Holocene,
Arctic taiga and tundra biomes have stored soil C that was removed from the atmosphere
and fixed into organic biomass by Arctic vegetation. Although growing seasons are short
in the Arctic, conditions that promote microbial decay of soil organic matter are also
suppressed to a sufficient degree to result in net accumulation of soil C in deep, wet taiga
and tundra soils. The northward migration of the wildfire boundary along with increased
fire frequency and extent increases the contribution of greenhouse gases from arctic soils
that have accumulated C throughout the Holocene particularly in the carbon-rich soil and
turf deposits of the boggy areas of Western Siberia. Increased wildfire has been described
as a threat to shift the status of the region from a sink to a source of atmospheric C [16].

A countervailing trend may be presented for aboveground C storage through enhanced
vegetation growth. Since the onset of the current warming period, larch species that
dominate in the permafrost zone have increased in growth index, leading to a potential
increase in woody biomass [23,24]. Although quantitative analysis and projections of the
balance between fire-driven C loss and vegetation-fixed C accumulation are still poor, these
observations support the current status of the Siberian Arctic as a carbon sink [50]. Our
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analyses of the vegetation productivity markers for GPP, NPP, and EVI indicate increased
carbon fixation by Siberian Arctic vegetation both within burnt areas (Figure 4) and for the
region as a whole (Figures 5 and S1). Similar findings have been reported for boreal forests
of North America e.g., [19,22] who found that net ecosystem biomass production and black
spruce growth increased in northern Canada.

Fundamental changes in vegetation type following wildfire were reported by
Mack et al. [51] who found that severe burning of organic soils in Alaskan forests shifted
tree dominance from slow-growing black spruce to fast-growing deciduous broadleaf
trees, resulting in a net increase in C storage by a factor of five over the disturbance
cycle. Tall woody shrubs (e.g., Alnus fruticosa) have been reported to replace low-growing
herbaceous vegetation after tundra wildfires in western Siberia [52]. Increased dominance
of deciduous species in Arctic taiga and tundra could increase the C residence time and
mitigate to some extent the release of stored soil C into the atmosphere. Remote sensing
of the circumpolar Arctic indicates the phenomenon of “tundra greening” in response to
more favorable growing conditions supports increased C fixation (e.g., [18,52]). The same
environmental changes in C fixation and storages will be accompanied by changes in the
microbial flora that directly affect rates of organic breakdown, so that increased C fixation
does not necessarily lead to long-term C storage.

Although commonly regarded as remote, the circumpolar Arctic is increasingly the
focus of modern industrialization, particularly for resource extraction. The implications
of increased wildfire, particularly in western Siberia, will pose additional challenges for
natural gas and petroleum exploration and utilization.

5. Conclusions

We conclude that for wildfire in the Siberian Arctic, the decadal frequency tripled and
the areal extent doubled from 2001–2021. Contributing factors included the northward
migration of the northern limit of wildfire occurrence, increased duration and potential
change in distribution of the fire season, and increased frequency of lightning strikes, all
of which were correlated to seasonal warming and drought. Meanwhile, rapid vegetation
NPP and GPP recovery in combination with prevailed increasing GPP and NPP trends
throughout the region and shifts in community composition, suggests that the Siberian
Arctic continues to serve as a sink for atmospheric C.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fire5040106/s1, Figure S1: Trends in productivity of the Siberian Arctic.
(a) Enhanced vegetation index, EVI. (b) Gross primary productivity, GPP. (c) Net primary productivity,
NPP. Positive trends observed for 36% (EVI), 22% (GPP) and 22% (NPP) of the territory. Negative
trends observed on the 1.3%, 0.4%, and 0.3%, of the territory, respectively. Trends significant at
p < 0.05.
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