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ABSTRACT
Siberian boreal forests have experienced increases in fire extent and intensity in recent years, which may threaten their role 
as carbon (C) sinks. Larch forests (Larix spp.) cover approximately 2.6 million km2 across Siberia, yet little is known about the 
magnitude and drivers of carbon combustion in these ecosystems. To address the paucity of field-based estimates of fuel load and 
consumption in Siberian larch forests, we sampled 41 burned plots, one to two years after fire, in Cajander larch (Larix cajanderi) 
forests in the Republic of Sakha (Yakutia), Russia. We estimated pre-fire carbon stocks and combustion with the objective of 
identifying the main drivers of carbon emissions. Pre-fire aboveground (trees and woody debris) and belowground carbon stocks 
at our study plots were 3.12 ± 1.26 kg C m−2 (mean ± standard deviation) and 3.50 ± 0.93 kg C m−2. We found that combustion 
averaged 3.20 ± 0.75 kg C m−2, of which 78% (2.49 ± 0.56 kg C m−2) stemmed from organic soil layers. These results suggest that 
severe fires in Cajander larch forests can result in combustion rates comparable to those observed in North American boreal 
forests and exceeding those previously reported for other forest types and burning conditions in Siberia. Carbon combustion was 
driven by both fire weather conditions and landscape variables, with pre-fire organic soil depth being the strongest predictor 
across our plots. Our study highlights the need to better account for Siberian larch forest fires and their impact on the carbon 
balance, especially given the expected climate-induced increase in fire extent and severity in this region.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

In recent decades, warming and drying in high-latitude regions 
has led to intensifying fire regimes in boreal forests, with large 
increases in extent and severity in North American and Siberian 
boreal forests (Flannigan et  al.  2009; Hanes et  al.  2019; Jain 
et al.  2024; Jones et al.  2022, 2024; Li et  al.  2024; Ponomarev 
et  al.  2016, 2021; Soja et  al.  2007; Young et  al.  2017; Zheng 
et  al.  2021, 2023). The recent years of 2019, 2020, and 2021 
experienced the largest burned areas in eastern Siberia since 
at least 2001 (Scholten et  al.  2022), the beginning of the con-
sistent satellite record from the Moderate Resolution Imaging 
Spectroradiometer (Giglio et al. 2018). In these regions, fires are 
a natural disturbance that have an important influence on the 
carbon (C) balance of ecosystems (Stocks et al. 2001). Boreal for-
ests have been considered long-term C sinks (Goodale et al. 2002; 
Gurney et  al.  2002; Pan et  al.  2011), storing around one-third 
of the current terrestrial C in the world (Pan et al. 2024). Most 
of the C is stored belowground in the form of organic soils, as 
a result of cold temperatures, saturated soil conditions, and 
poorly decomposable plant litter that slow decomposition rates 
(Hobbie et al. 2000). Boreal fires emit large amounts of carbo-
naceous greenhouse gases to the atmosphere by both direct fire 
emissions from the combustion of vegetation and organic soils, 
and by longer-term emissions from soil respiration after fire 
(Eckdahl et al. 2024; Harden et al. 2000; Kasischke et al. 2005; 
Kelly et  al.  2024; Ueyama et  al.  2019). In permafrost regions, 
fires can accelerate permafrost thaw and degradation, which 
in turn can enhance post-fire soil emissions through changes 
in soil thermal and moisture conditions that influence decom-
position processes (Genet et al. 2013; Gibson et al. 2018; Köster 
et al. 2018; O'Donnell et al. 2011; Schuur et al. 2008). After fire, 
as the ecosystem recovers, C is sequestered and C stocks are par-
tially or completely replenished over a period of approximately 
50 to 200 years, depending on boreal forest ecosystem types 
(Johnstone et al. 2010; Kharuk et al. 2021). Although regional 
warming has enhanced boreal forest productivity over the past 
two decades, fire emissions have significantly offset the result-
ing increase in CO2 uptake (Virkkala et  al.  2025). Increased 
disturbances, including fires, have been associated with a 42% 
decline in the C sink of Asian Russian boreal forests from 1990 
to 2019 (Pan et al. 2024). The climate-driven increase in fire fre-
quency and intensity has the potential to transition some boreal 
forest regions from a C sink to a source (Dieleman et al. 2020; 
Fan et al.  2022; Walker et al.  2019; Wang et al.  2021). To bet-
ter understand the impacts of changing fire regimes on C dy-
namics, it is critical to accurately predict C emissions over space 
and time.

A common approach for estimating C emissions from fires is to 
calculate the product of burned area, fuel loads, combustion ef-
ficiency, and C concentrations (Seiler and Crutzen 1980). Most 
of the uncertainty in fire emissions arises from the high spatial 
variability of fuel loads, interactions between fuel structure and 
fire behavior, and the influence of fuel conditions at the time 
of fire on fuel consumption (i.e., the amount of C emitted per 
unit area burned) (French et al. 2011). Field measurements from 
various forest and vegetation types, climate zones, and under 
different burning conditions are essential to understand the 
magnitude and drivers of C combustion. Significant progress has 
been made to quantify fuel loads and consumption in Alaskan 

and Canadian boreal forests over recent years (Boby et al. 2010; 
de Groot et al. 2009; Dieleman et al. 2020; Hoy et al. 2016; Rogers 
et  al.  2014; Turetsky et  al.  2011; Walker, Rogers, et  al.  2018), 
with more than 500 field estimates currently available across six 
ecoregions (Walker, Baltzer, et  al.  2020), capturing broad gra-
dients in forest composition and structure, pre-fire ecosystem 
C storage, drainage conditions, and fire weather from 18 fires 
that burned between 2004 and 2015. The increasing volume 
of field observations has enabled the development of numer-
ous emissions models in boreal North America, using statisti-
cal techniques to predict combustion based on field estimates, 
satellite observations, and other geospatial data (Dieleman 
et  al.  2020; Potter et  al.  2023; Rogers et  al.  2014; Veraverbeke 
et al. 2015, 2017; Walker, Rogers, et al. 2018). Field observations 
are also used for the calibration and validation of regional and 
global process-based models, such as the Global Fire Emission 
Database (GFED) (van der Werf et  al.  2017). Eurasian boreal 
forests are undersampled and, as a result, significantly under-
represented in field databases used to constrain biogeochemi-
cal models. For example, among 58 site-level estimates from 
boreal forests included in the fuel consumption database used 
in GFED4s (“s”, including small fires), only three were from 
Eurasian fires (van Leeuwen et al. 2014). While more than 70% 
of the total Arctic-boreal burned area is in Eurasia, the num-
ber of field measurements of C combustion is an order of mag-
nitude lower than in North America (Veraverbeke et al. 2021). 
Additionally, large areas of boreal Eurasia remain poorly stud-
ied, with currently available field data limited to northern 
Europe and central Siberia. This lack of representative sampling 
limits our understanding of fire process variability across the 
boreal region and makes estimates of Eurasian fire emissions 
much more uncertain.

Quantifying and understanding C combustion in Eurasian bo-
real forests is critical to determine the regional land-atmosphere 
C balance, as remote sensing studies show that fire regimes differ 
between the North American and Eurasian continents (de Groot 
et al. 2013; Rogers et al. 2015; Scholten et al. 2024), and therefore 
knowledge from boreal North America may not directly trans-
late to Eurasia. A central component of our understanding of fire 
regime differences is the disparity in dominant overstory species 
traits (Rogers et al. 2015). Fire embracers, such as black spruce 
(Picea mariana Mill.) and jack pine (Pinus banksiana Lamb.), 
prevail in boreal North America and promote stand-replacing 
crown fires that spread rapidly through the overstory canopy. 
Crown fires are the most intense type of fire and influence sur-
face energy budgets and forest structure for decades (Amiro 
et al. 2006; O'Halloran et al. 2012; Potter et al. 2020; Randerson 
et al. 2006; Rogers et al. 2013). Potter et al. (2023) estimated that 
combustion in northwestern North American boreal forests av-
eraged 3.13 kg C m−2 during the 2001–2019 period, of which 90% 
originated from belowground C pools as a result of deep burning 
into organic soils. In contrast, fire resisters, particularly larch 
species (Larix sibirica Ledeb., Larix gmelinii Rupr., and Larix 
cajanderi Mayr.) and Scots pine (Pinus sylvestris L.), dominate in 
boreal Eurasia, resulting in a higher fraction of low-intensity sur-
face fires that spread through understory vegetation and forest 
floor litter. In C-rich soils, sustained surface fires can turn into 
ground fires that consume the organic matter beneath the sur-
face litter (Kharuk et al. 2021). Most field-based estimates avail-
able for Eurasia are limited to surface fires in the pine forests 
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of central Siberia, where fuel consumption ranged between 
0.82 and 1.69 kg C m−2 (Ivanova et al. 2011, 2020; Kukavskaya 
et al. 2013, 2017; McRae et al. 2006). Many of these estimates 
were derived from experimental fires, which may not be repre-
sentative of fire weather conditions that occur during wildfires. 
In particular, deeper belowground combustion might be under-
estimated as these fires typically exhibit lower energy release. 
Siberian larch forests in permafrost terrain have experienced 
large areas of stand-replacing fires in recent decades (Krylov 
et al. 2014), yet in situ fuel consumption measurements remain 
scarce and are often not represented in regional emission mod-
els (Ponomarev et al. 2021). A recent study conducted in larch 
forests of northeastern Siberia reported combustion rates sim-
ilar to those of North American boreal fires (mean = 3.36 kg C 
m−2), suggesting that emissions from this region may be higher 
than previously thought (Webb et al. 2024).

Climate influences the type, arrangement, and amount of fuel 
that accumulates over long timescales (Abatzoglou et al. 2018; 
Bowman et al. 2009). In boreal forests, most of the C released 
during wildfires originates from surface and ground fuels 
(Kasischke et  al.  1995). Fuel loading is also related to stand 
age, which represents the time since the last stand-replacing 
disturbance (Dieleman et al. 2020; Walker, Rogers, et al. 2018). 
Landscape-level variations in drainage conditions not only con-
trol the rate of soil C accumulation but also influence combus-
tion efficiency (Walker, Baltzer, et al. 2018). For instance, Scots 
pine forests, typically located at drier landscape positions, are 
more prone to fires than Siberian dark-coniferous forests (Pinus 
sibirica, Abies sibirica, Picea obovata) found in poorly drained 
areas (Kharuk et  al.  2021). However, these well-drained sites 
have relatively shallow organic soils, which limits the extent 
of combustion (Kukavskaya et  al.  2023). Fuel consumption is 
also influenced by topography, permafrost conditions, plant 
species composition, and the timing of burning during the fire 
season (Kane et  al.  2007; Kasischke and Hoy  2012; Turetsky 
et al. 2011). At shorter timescales, weather patterns control ig-
nition, fuel availability (i.e., the portion of total fuel load dry 
enough to burn), as well as fire behavior (Pyne  1984). Recent 
extreme fire events in Siberia have been linked to severe heat-
waves and prolonged droughts that enhanced fire-prone condi-
tions (Scholten et al. 2022; Zheng et al. 2021). Walker, Rogers, 
et al. (2020) showed that C combustion in northwestern North 
American boreal forests was more strongly controlled by fine-
scale drainage conditions, overstory species composition, and 
fuel accumulation rates than by fire weather conditions. To our 
knowledge, the factors controlling fuel consumption have not 
yet been assessed in Siberian larch forests.

The present study builds on a field campaign conducted in 2019 
in two fire scars in northeast Siberia, where 41 burned plots were 
sampled to assess the effects of fire on larch forests. In a previ-
ous study (Delcourt et al. 2021), field data were used to assess 
the potential of a spectral index, the differenced Normalized 
Burn Ratio (dNBR), as a proxy for fire severity in these ecosys-
tems. Delcourt et al. (2021) evaluated the relationships between 
the dNBR and field measurements of fire severity, such as the 
geometrically structured Composite Burn Index (GeoCBI) (De 
Santis and Chuvieco 2009) and the depth of burn into the soil 
organic layers. Here, the same plot network was used to quan-
tify C losses from both surface and stand-replacing fires and to 

investigate the impact of various landscape and fire weather 
drivers on combustion rates. We used a multiple regression 
model to spatially extrapolate our estimates of combustion to the 
entire fire scar areas, and a Monte Carlo framework to assess 
uncertainty. This study aims to fill knowledge and data gaps 
associated with Siberian larch forests by contributing valuable 
insights to our understanding of fire and C dynamics in these 
ecosystems.

2   |   Methods

2.1   |   Study Area and Plot Selection

In the summer of 2019, we investigated two fire events that 
burned approximately 800 km2 during 25 June to 16 August 2017, 
and 910 km2 during 1 July to 21 July 2018 near Batamay (63.53° N, 
129.42° E) and Yert (62.02° N, 125.79° E) towns, Russia (Figure 1). 
We sampled forest stands dominated by Cajander larch (L. cajan-
deri) with an understory of shrubs (e.g., Alnus spp., Rosa acicu-
laris, Salix spp., Vaccinium vitis-idaea) and mosses (Ceratodon 
purpureus, Aulacomnium palustre). According to the permafrost-
landscape classification by Fedorov et al. (2018), this forest type 
covered approximately 60% of the area of each of the Batamay 
and Yert burn scars, and accounts for 15% of the land area in the 
Republic of Sakha (Delcourt et al. 2021). In some stands, Scots 
pine co-occurred with larch, and lichen could be found in ad-
dition to shrubs and mosses. Roughly 30% of the area of Yert 
fire consisted of larch-pine forests. The Batamay burn scar lies 
within the Central Yakutian Lowland, a vast depression stretch-
ing along the Lena river and its tributaries (Chevychelov and 
Bosikov 2010). The Batamay burn scar is situated around 15 km 
south of the Verkhoyansk range foothills, with elevations rang-
ing between 80 and 160 m above sea level at our plots. The Yert 
burn scar is located 200 km west of Yakutsk in the Near Lena 
Plateau where elevations averaged 230 m at the study plots. Mean 
slope, calculated from a 32 m digital elevation model (ArcticDEM 
Mosaics v4.1) (Porter et al. 2023), at the study plots was 2.4°. Two-
thirds of sampled forest stands were located on well-drained 
slopes, or flat to gentle sloping terrain with noticeable surface 
moisture, while the remaining occupied shallow depressions 
with moderate to considerable surface moisture. The climate in 
the region is strongly continental, with very low winter and rela-
tively high summer temperatures, and small amounts of precipi-
tation (Chevychelov and Bosikov 2010). A detailed description of 
the study areas can be found in Delcourt et al. (2021).

Our approach aimed to collect measurements in burned plots that 
allow reconstruction of pre-fire C pools, including vegetation, 
woody debris, and soil organic layers (Figure 2). In total, we sam-
pled 41 burned plots and conducted control measurements in 12 
unburned plots located in the vicinity. Burned plots were selected 
within a wide range of fire severity, stand age, species composi-
tion, and landscape position based on visual assessment and geo-
spatial layers. For fire severity, we used dNBR layers computed 
using pre-fire and post-fire Sentinel-2 imagery from one year 
prior to and after the fire events. Selected burned plots were clas-
sified into three dominant pre-fire vegetation types based on sig-
nificant differences in stand structure, species composition, and 
soil properties (Figure S1). Burned plots where larch trees were 
intermixed with Scots pine were classified as ‘mixed’. Despite the 
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relatively low number of these plots (n = 4), they were included in 
a separate group because vegetation and soil conditions consid-
erably differed from those of larch-dominated stands. The latter 
were further divided into two groups using an agglomerative clus-
tering technique with larch proportion, tree density (i.e., stems 
per area), and stand age as inputs (Delcourt et al. 2021). In total, 
17 burned plots were assigned to dense, young-aged (50–70 years 
old) larch-dominated stands (‘larch dense’), and 20 burned plots 
were assigned to more open and mature (110–130 years old) larch-
dominated stands (‘larch open’). See Supporting Information 
Methods for information on stand age determination. This clas-
sification was integral to our methodology for estimating pre-fire 
aboveground and belowground C stocks (see Section 2.2). It was 
also motivated by field observations of differences in fire severity 
between forest types and provided a framework for illustrating 
the influence of pre-fire stand structure on fuel consumption. 
Control plots were selected to best match conditions at sampled 
burned plots, in terms of stand structure, dominant tree species, 
and landscape position: six were in ‘larch dense’, three in ‘larch 
open’, and three in ‘mixed’ forests. Rather than being paired 

with individual burned plots, control plots were pooled per for-
est type to derive pre-fire vegetation and soil conditions. For each 
plot, we established a 30 m by 30 m quadrant, in which measure-
ments were taken along a 2 m by 30 m belt transect oriented in the 
north–south direction through the plot's center, following a de-
sign used to investigate North American boreal forest fires (Boby 
et al. 2010; Dieleman et al. 2020; Rogers et al. 2014).

2.2   |   Carbon Combustion Estimates

2.2.1   |   Aboveground Combustion

In each plot, we inventoried every tree and shrub inside the belt 
transect of the following dominant species: Cajander larch (L. 
cajanderi), Scots pine (P. sylvestris), silver birch (Betula pendula), 
alder (Alnus spp.), and willow (Salix spp.) species. We measured 
diameter at breast height (DBH, 1.3 m above ground) for each 
individual stem ≥ 1.3 m tall and basal diameter (D0) for stems 
< 1.3 m in height. We used a number of species-specific allometric 

FIGURE 1    |    Study areas in the Republic of Sakha (Yakutia), Russia. (a) Batamay fire scar, (b) Yert fire scar, (c) study domain within the larch for-
ests of northeastern Siberia. The background images in panels (a) and (b) are surface reflectance from Sentinel-2A Multispectral Instrument (MSI) 
band 8A (855–875 nm, VNIR) post-fire images (tile ID: T52VER, 13 August 2017; tile ID: T51VXK, 14 August 2018). The area of the entire fire scar 
is shown in grey in each inset in panels (a) and (b). Fires in panel (c) were retrieved for 2001–2022 using the Terra and Aqua combined MCD64A1 
collection 6.1 burned area data product (Giglio et al. 2018). Deciduous needleleaf forest cover is from the land cover map for Northern Eurasia for the 
Year 2000 (Bartalev et al. 2003). Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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equations developed from naturally regenerated stands in Siberia, 
as well as from managed stands in northern Europe and the USA 
(Table S1). These equations relate tree diameter (DBH or D0) to the 
pre-fire biomass associated with each tree component, including 
stem wood, stem bark, branches, and foliage. We developed new 
allometric equations for P. sylvestris based on measurements of 41 
trees retrieved from Schepaschenko et al. (2017) using the same 
approach as in Delcourt and Veraverbeke (2022). See Supporting 
Information for further details about the development of these 
equations (Figures S2 and S3, Table S2). When several equations 
were available for a given species, we computed the average bio-
mass. Dry mass values were then converted to C content using C 
concentrations of 0.47 for stem wood and bark, 0.48 for branches, 
and 0.46 for cones and needles (Alexander et al. 2012). We also 
visually assessed fire consumption of aboveground tree biomass 
using an approach similar to Rogers et al. (2014) and Dieleman 

et al.  (2020), in which each tree was scored on a discrete scale 
spanning the possible range of fire consumption from low to high. 
In this study, we used a 12-point scale, whereby each score was 
translated into fractional consumption for each tree component 
(Figure  S4). The resulting consumption rates were multiplied 
with C content to estimate C consumption for each individual 
tree and summed up over the whole transect to derive vegetation 
C consumption per unit area.

We used the line-intersect method (Brown  1971; Brown 
et al. 1982; Brown and Roussopoulos 1974; Van Wagner 1968, 
1982; Warren and Olsen 1964) to estimate pre-fire biomass of all 
dead and down woody material on the ground within each plot. 
This involved tallying every piece that intersected a transect line 
(i.e., the west side of our belt transect) using size classes for fine 
woody debris (FWD, ≤ 7 cm in diameter) and decay classes for 
coarse woody debris (CWD, > 7 cm). A detailed description of the 
approach used to determine fuel loads is provided in Supporting 
Information Methods (Tables S3 and S4). We visually assigned 
percentages of FWD and CWD consumption to each burned 
plot, which were multiplied by pre-fire C stocks to determine 
plot-level woody debris C consumption.

2.2.2   |   Belowground Combustion

To quantitatively reconstruct C combustion of organic soils in 
burned plots, we combined measurements of residual C stocks 
with estimates of pre-fire C stocks. Soil cores were taken every 
7.5 m along each transect, resulting in a total of five cores per plot. 
Where possible, cores were taken at the base of the nearest tree as 
close to the bole as possible. Because sampling only at tree bases 
might bias the estimation of residual soil organic layer depth 
(Boby et al. 2010), at least two cores per transect were taken away 
from trees (i.e., more than 70 cm away from tree bases). First, a 
larger 20 cm by 20 cm block of soil was excavated with a shovel 
to the depth of the mineral soil to avoid compaction of the soil 
organic material. For each excavated soil core, we measured the 
distance from the surface to the mineral soil and the depth of the 
following soil organic horizons according to the classification of 
Manies et  al.  (2004): litter, live moss, lichen, dead moss, fibric, 
mesic, and humic. A 10 cm by 10 cm subset of the soil block was 
sampled, and soil horizons were separated using sharp serrated 
knives. Biomass that had accumulated after the fire event, such as 
regenerating vegetation and unscorched litter, was removed from 
the surface of the soil core at burned plots. Soil materials were 
wrapped in aluminum foil and kept cool until processed in the 
laboratory to determine bulk density and C concentration.

A total of 253 soil cores comprising 382 individual horizons were 
collected from burned and unburned plots. Materials greater than 
2 mm in diameter, including roots, twigs, and gravels, were man-
ually removed from soil samples, which were then oven dried at 
65°C to constant weight. Bulk density was estimated as the ratio 
of the soil sample dry mass to the soil sample volume as measured 
in the field. After grinding and homogenization, soil samples were 
processed using an elemental analyzer (FlashEA 1112, Thermo 
Fisher Scientific, Waltham, MA, USA) to determine total C con-
centration (g C per kg of dry sample weight). Calibration was per-
formed using internationally distributed reference materials, with 
two blanks and two standard samples analyzed every 25 runs.

FIGURE 2    |    Reconstruction of pre-fire carbon stocks and estimation 
of combustion from vegetation and belowground pools in burned plots. 
Tree combustion was calculated from pre-fire biomass (derived from 
diameter-based allometric equations), visually assessed canopy consump-
tion, and canopy carbon content. For belowground pools, measurements 
from unburned plots were used to reconstruct pre-fire soil organic carbon 
content (SOC) in burned plots. Belowground combustion was estimated 
as the difference between reconstructed pre-fire SOC and post-fire resid-
ual SOC. Variables measured in burned and unburned plots are shown 
in red and blue, respectively. See Section 2.2 for methodological details. 
SOL, soil organic layer depth (cm); hz, soil horizon; frac, fractional depth 
(ratio of horizon depth to total soil organic layer depth); ARHab, adventi-
tious root height above mineral soil (cm); C, carbon content (g C kg−1); ρ, 
bulk density (g cm−3); SOC, soil organic carbon content (kg C m−2).
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For each soil core, we obtained pre-fire soil organic layer depth 
(SOLpre-fire, cm) from Delcourt et al. (2021). Delcourt et al. (2021) 
used the position of adventitious roots growing below the soil 
surface as a proxy for pre-fire soil surface height. In response to 
wet and cold soil conditions, these fine lateral roots develop above 
the main root collar system and may still be visible many years 
after the fire. This method has been well established through-
out boreal North America (Boby et al. 2010; Rogers et al. 2014; 
Walker, Baltzer, et al. 2018; Walker, Rogers, et al. 2018; Walker 
et al. 2019; Dieleman et al. 2020) and successfully deployed in 
eastern Siberia (Delcourt et  al.  2021). In unburned plots, the 
position of the uppermost adventitious root below the organic 
soil surface (ARH0, cm) and the soil organic layer depth (SOL, 
cm) were recorded for each soil core made at the base of a tree. 
Using all unburned soil cores (n = 148), a linear relationship was 
derived as follows (Delcourt et al. 2021):

where ARHab is the adventitious root height above mineral soil 
(cm) defined as

In burned plots, Equation (1) was applied to estimate SOLpre-fire 
at soil cores next to trees, and the plot average was used at cores 
away from trees. Delcourt et al. (2021) estimated SOLpre-fire and 
burn depth at the base of ten additional trees per plot, randomly 
selected outside the belt transect, to account for spatial variabil-
ity in soil C distribution within plots.

In this study, pre-fire organic soil C content (kg C m−2) was esti-
mated at each soil core as follows:

where fraccontrol
hz

, �control
hz

, and Ccontrol
hz

 are the fractional depth (i.e., 
ratio of horizon depth to total soil organic layer depth), bulk density 
(g cm−3), and C concentration of the soil horizon hz, respectively 
(Figure 2). These parameters were derived from measurements at 
unburned plots and are provided in Table 1. We calculated residual 
organic soil C content (kg C m−2) for each soil core as follows:

(1)SOL = 0.96 × ARHab + 3.91

(2)ARHab = SOL − ARH0

(3)

Organic soil Cpre-fire = SOLpre-fire ×
∑

hz

fraccontrol
hz

× �
control
hz

× Ccontrol
hz

(4)Organic soil Cpost-fire=
∑

hz

SOL
post

hz
×�

post

hz
×C

post

hz

TABLE 1    |    Organic soil characteristics by horizon and forest types derived from unburned plots.

Soil horizon

Fraction of total depth (n) Bulk density 
(g cm−3) (± SD)

C concentration 
(g C kg−1) (± SD)

Number of 
samplesYert (mesic) Yert (no mesic) Batamay

Larch dense

Live moss 0.06 (45) 0 (45) 0.016 (± 0.008) 401.6 (±69.7) 4

Litter 0.29 (45) 0.37 (45) 0.036 (± 0.016) 422.9 (±57.9) 25

Dead moss 0.39 (45) 0.05 (45) 0.045 (± 0.024) 371.4 (± 60.1) 11

Fibric 0.26 (45) 0.58 (45) 0.153 (± 0.079) 258.7 (± 78.7) 22

Mesic 0 (45) 0 (45) 0.534 (± 0.247)a 69.9 (± 30.7)a 10a

Larch open

Live moss 0.02 (30) 0 (15) 0.016 (± 0.008) 401.6 (± 69.7) 0

Litter 0.23 (30) 0.37 (15) 0.036 (± 0.016) 422.9 (±57.9) 14

Dead moss 0.33 (30) 0.05 (15) 0.072 (± 0.030) 371.4 (± 60.1) 9

Fibric 0.42 (30) 0.58 (15) 0.153 (± 0.079) 258.7 (± 78.7) 14

Mesic 0 (30) 0 (15) 0.534 (± 0.247)a 69.9 (± 30.7)a 22a

Mixed larch/pine

Live moss 0 (15) 0.05 (30) 0.016 (± 0.008) 401.6 (± 69.7) 2

Litter 0.68 (15) 0.42 (30) 0.063 (± 0.019) 422.9 (± 57.9) 15

Dead moss 0 (15) 0.05 (30) 0.057 (± 0.029) 371.4 (± 60.1) 0

Fibric 0.25 (15) 0.48 (30) 0.296 (± 0.157) 169.7 (± 90.5) 13

Mesic 0.07 (15) 0 (30) 0.254 (± 0.102)a 182.0 (± 107.9)a 6a

Note: These parameters were used to reconstruct pre-fire organic soil carbon (C) stocks in burned plots. For averaged fractional depth, the number of measurements 
(soil cores and soil profiles at tree base) is given in parentheses. The two fire scars differed in soil horizon distributions: Yert plots were grouped based on the presence 
or absence of mesic horizons in the soil column, while Batamay plots were treated separately due to their distinct soil profiles (namely, the absence of live moss layer 
and a thin or absent dead moss layer). Note that bulk density and C concentration did not differ significantly between fire scars. These parameters are reported as 
different between forest types only when control plots exhibited significantly different means. SD, standard deviation.
aSince mesic layers were very rare in unburned plots, the values provided here were derived from burned plots.
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where SOLpost
hz

, �post
hz

, and Cpost
hz

 are the depth (cm), bulk density 
(g cm−3), and C concentration of the residual soil horizon hz. C 
combustion was determined as the difference between pre-fire 
and post-fire organic soil C. In this calculation, we did not allow 
physically impossible negative combustion values. In the rare 
cases this occurred, the combustion value was set to zero. Using 
the C combustion estimates derived from all soil cores in burned 
plots (n = 109), we found a strong linear relationship between 
burn depth and soil C combustion (R2 = 0.89, p-value < 0.001; 
Figure S5). The mean belowground combustion at a given plot 
was finally computed as the average of (1) mean combustion 
from the soil cores within the belt transect and (2) combustion 
derived by applying this relationship to the burn depth at the 
ten trees outside the transect. All data analyses were performed 
using R statistical software version 4.4.2 (R Core Team 2024). 
Significant differences in carbon stocks and combustion be-
tween forest types were assessed using a one-way analysis of 
variance (ANOVA) followed by a Tukey–Kramer post hoc anal-
ysis for multiple comparisons. In cases where the assumptions of 
ANOVA were not fulfilled, we used the non-parametric Kruskal-
Wallis test and the Wilcoxon rank sum test for pairwise compar-
isons with Benjamini-Hochberg corrections for multiple testing 
as implemented in the R ‘stats’ package (R Core Team 2024).

2.3   |   Uncertainties

We adopted a Monte Carlo framework to quantify uncertainties 
in our estimates of carbon stocks and combustion, similar to 
Rogers et al. (2014), Walker, Rogers, et al. (2018), and Dieleman 
et al.  (2020). For each C pool, we identified the major sources 
of error associated with our approach. The three sources we 
identified for trees were (i) the available allometric equations, 
(ii) the percentage C of tree biomass, and (iii) our method for 
visually estimating the extent of biomass consumption for in-
dividual trees. For woody debris, uncertainty was assumed to 
come from the parameters used to calculate pre-fire (i) FWD 
and (ii) CWD biomass from the line-intersect method, (iii) the 
percentage C of woody debris biomass, and (iv) our method for 
visually estimating plot-level woody debris consumption. For 
belowground, we assumed uncertainty to come from (i) the ad-
ventitious root height approach used to determine pre-fire soil 
organic layer depth, (ii) the pre-fire bulk density and C concen-
tration values derived from unburned plots, (iii) the calculation 
of soil cores combustion, and (iv) the calculation of soil combus-
tion at tree bases outside the belt transect using burn depth mea-
surements. A total of 1000 simulations were performed in which 
inputs varied by either the distribution of influential parame-
ters or methodological choices. For example, we systematically 
varied the percentage C of tree components within a normal 
distribution centered on literature-derived values with a stan-
dard deviation of 3%. Additional details about the probability 
distributions and the alternative approaches used to introduce 
systematic errors in our simulations are provided in Tables S5 
and S6. Uncertainty was estimated as the standard deviation of 
the combustion estimates obtained from the 1000 Monte Carlo 
runs. We also conducted a series of simulations to isolate the 
individual contributions of each C pool to overall uncertainty. 
Each series consisted of the following scenarios: (1) the so-called 
“source removed” scenario, where the influence of the C pool 

was excluded across the 1000 iterations by maintaining constant 
values and/or methods for all associated sources of error; and 
the “source only” scenario, where the C pool exclusively influ-
enced the outcome. Finally, this approach was applied within 
each C pool to identify the most influential sources of uncer-
tainty impacting our combustion estimates.

2.4   |   Drivers of Combustion

We hypothesized that combustion was driven by plot-level attri-
butes, pre-fire stand composition and structure, fire characteris-
tics, and weather conditions, or some combination of these factors. 
Our combustion metrics included aboveground, belowground, and 
total C combustion, expressed both in absolute terms and relative 
to pre-fire C pools. The influence of fire-conducive weather was 
explored using the Canadian Forest Fire Weather Index (FWI) 
System. Originally developed to estimate fire danger in Canadian 
boreal forests, the FWI System consists of three fuel moisture 
codes and three fire behavior indices that have also proven use-
ful for predicting fire activity and C emissions globally (de Groot 
et al. 2009; Flannigan et al. 2013). The fuel moisture codes, Fine 
Fuel Moisture Code (FFMC), Duff Moisture Code (DMC), and 
Drought Code (DC), represent the moisture content of surface 
litter and other fine fuels (1–2 cm depth), intermediate layers of 
loosely compacted organic material (5–10 cm depth), and deep 
layers of compact organic material (10–20 cm depth). The Initial 
Spread Index (ISI) estimates the rate of fire spread based on FFMC 
and wind speed, while the Buildup Index (BUI), derived from 
DMC and DC, indicates fuel availability for combustion. The Fire 
Weather Index (FWI) combines ISI and BUI to provide an over-
all indicator of fire intensity (Stocks et al. 1989; Van Wagner 1987; 
Wotton 2009). Additionally, the Daily Severity Ranking (DSR), a 
power function of FWI, represents the difficulty of suppressing 
fires. For each plot, we obtained FWI System components from 
the Global Fire WEather Database (GFWED) (Field et al. 2015), 
gridded at 0.5° latitude by 2°/3° longitude resolution, based on the 
plot location and the day of burn (DOB). FWI System calculations 
use daily weather variables (i.e., temperature, relative humidity, 
wind speed, and snow depth) from the Modern-Era Retrospective 
Analysis for Research and Application version 2 (MERRA-2). In 
this study, we used the set of calculations in which precipitation ac-
cumulated over the previous 24 h was gauge-corrected. DOB was 
retrieved for each plot from the nearest active fire detection using 
the global monthly Visible Infrared Imaging Radiometer Suite 
(VIIRS) product (VNP14IMGML) at 375 m resolution (Schroeder 
et al. 2014). Our field plots in both fire scars were located within 
four separate grid cells of the GFWED product and spanned 12 
different burn dates, resulting in 15 distinct values for each FWI 
System component. Additionally, we calculated the vapor pressure 
deficit (VPD), which represents the difference between the satura-
tion vapor pressure and the actual vapor pressure at a given tem-
perature. VPD describes the ability of the atmosphere to extract 
moisture from the land surface and has been used to analyze fire 
regimes in boreal forest ecosystems (Scholten et al. 2024; Sedano 
and Randerson 2014). We calculated VPD from the MERRA-2 air 
temperature and relative humidity with the following expressions 
(Sedano and Randerson 2014):

(5)VPD = (100 − RH) × SVP
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where RH is the relative humidity (%) and SVP is the saturation 
vapor pressure computed as follows:

where T is surface air temperature (°C).

We first examined linear relationships between our six combus-
tion metrics and a set of hypothesized drivers, including seven 
plot attributes, 16 pre-fire stand composition variables, and 13 
fire attributes (Table S7). To address model assumptions, abso-
lute and relative aboveground combustion variables were trans-
formed using Tukey Ladder of Powers (𝑋𝜆, 𝜆 = 0.35 and 𝜆 = 0.45 
for absolute and relative aboveground combustion), with the 
‘transformTukey’ function from the ‘rcompanion’ R package 
(Mangiafico 2025). Candidate predictors were tested for collin-
earity (Spearman's p-value < 0.05) and excluded if significant 
correlations were found. We defined a set of candidate models 
to reflect our hypotheses about the main drivers of combustion 
(Table 2), and fitted a simple linear regression for each model. We 
conducted model selection using the size-corrected Akaike in-
formation criterion (AICc) as implemented in the ‘AICcmodavg’ 
R package (Mazerolle 2023). A model was considered superior if 
it showed a decrease in AICc by 2 units or more and maximized 
AICc model weights (Dieleman et al. 2020). Residual plots were 
examined to verify homoscedasticity and normality.

2.5   |   Spatial Modeling

To spatially extrapolate our estimates of combustion over the 
Batamay and Yert fire scars, we developed a multiple linear 

regression model following Walker, Rogers, et al. (2018). We ac-
quired 36 initial predictors related to topography, fire severity, 
burn date, tree cover, fire weather, and soil properties (Table S8). 
For each plot, values were extracted using weighted averages 
of pixels covering our 30 m by 30 m quadrants. We excluded 
variables that were significantly correlated with one another 
(Spearman's p-value < 0.05) within each predictor set before fit-
ting separate multiple linear regression models. Significant vari-
ables (p-value < 0.05) within each predictor set were included in 
the final model. Model reduction was performed using backward 
stepwise selection based on the Akaike information criterion 
(AIC). We examined residual plots to test for heteroscedasticity 
and non-normality. To test against overfitting, we conducted a 10-
fold cross validation, repeated 100 times. Final model predictors 
were re-gridded to 30 m on a WGS 84 UTM Zone 52N projection 
(EPSG:36652) using bilinear interpolation. For consistency, we 
re-ran our regression model with these downscaled variables. 
The regression model was finally applied to all pixels contained 
within both fire scars. A Monte Carlo framework was used to 
quantify uncertainty from our spatial modeling, combining the 
plot-level uncertainty estimates described in Section  2.3 with 
uncertainty from our spatial model to predict combustion at any 
given 30 m pixel. For each of 1000 Monte Carlo simulations, trees, 
woody debris, and belowground combustion across all plots were 
adjusted based on their standard deviations. For each C pool, a 
random number was generated from a normal distribution, mul-
tiplied by plot-level combustion uncertainty, and then added to 
our original estimate of plot-level combustion. We derived a new 
regression model for each simulation based on updated estimates 
of combustion in each plot. To account for prediction uncertainty, 
we applied the updated model to each pixel and added an error 
term drawn from the normal distribution of residual model errors.

3   |   Results

Estimated pre-fire C stocks in our 41 burned plots were 
3.12 ± 1.26 kg C m−2 (mean ± standard deviation) and 
3.50 ± 0.93 kg C m−2 in aboveground (trees and woody debris) 
and belowground pools. The ‘larch dense’ forest type was 
characterized by larch-dominated stands (mean larch propor-
tion = 80%), young aged (mean = 55 years old), and high tree 
density (mean = 24,700 trees ha−1) stands, while the ‘larch open’ 
type consisted of more mature (112 years old) and open (10,900 
trees ha−1) forests. Mixed larch/pine stands (mean larch pro-
portion = 30%) averaged 131 years old and were found on drier 
upland sites (Table S9). Despite differences in stand structure, 
species composition, and landscape position, the relative dis-
tribution of aboveground and belowground C showed no sig-
nificant differences across the three forest types, with organic 
soil layers contributing an average of 54% of the total pre-fire 
C stock (Figure  3a,d). Estimated mean aboveground combus-
tion across all plots was 0.71 ± 0.43 kg C m−2. Young and dense 
larch-dominated stands experienced the highest aboveground 
fuel consumption, with a loss of approximately 30% of pre-fire 
C stocks. Burn depth ranged between 4.1 and 12.5 cm, with a 
mean of 8.0 ± 1.8 cm at dense larch plots (n = 17), 10.0 ± 1.6 cm 
at open larch plots (n = 20), and 10.9 ± 0.7 cm at mixed plots 
(n = 4) (Table S9). This corresponded to a range of soil combus-
tion estimates between 0.99 and 3.43 kg C m−2, with a mean 
of 2.11 ± 0.50 kg C m−2 at dense larch plots, 2.70 ± 0.47 kg C 

(6)SVP = 0.6107 × 10

(

7.5×T

T+237.3

)

TABLE 2    |    Variables included in each of the candidate models to 
predict absolute and relative aboveground C combustion (Ca, pCa), 
absolute and relative belowground C combustion (Cb, pCb), and 
absolute and relative total C combustion (Ct, pCt).

Model Variables

Null model None

M1: Plot attributes Stand age

Pre-fire soil organic 
layer depth

Condensed moisture class

M2: Pre-fire stand composition Pre-fire tree biomass

Cajander larch proportion

M3: Fire attributes Fire Weather Index (FWI)

M4: Plot attributes + Pre-fire 
stand composition

M1 + M2

M5: Plot attributes + Fire 
attributes

M1 + M3

M6: Pre-fire stand composition 
+ Fire attributes

M2 + M3

Full model M1 + M2 + M3
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m−2 at open larch plots, and 3.02 ± 0.21 kg C m−2 at mixed 
plots (Figure  3f). Fires consumed an average of 3.20 ± 0.75 kg 
C m−2 across our 41 burned plots, of which on average 78% 
(2.49 ± 0.56 kg C m−2) stemmed from organic soils.

Monte Carlo simulations, accounting for all sources of error 
in aboveground and belowground combustion, resulted in an 
uncertainty of 0.73 kg C m−2 for total combustion estimates 
across field plots (Figure  4). Systematic errors from organic 
soil and tree combustion were relatively similar, with total 
contributions of 0.37 and 0.32 kg C m−2. The average com-
bustion estimate over 1000 runs was 3.33 kg C m−2, or 4.2% 
higher than the value obtained from our main approach. The 
primary contributors to uncertainty within each C pool were 
the allometric equations used to predict pre-fire tree biomass, 
plot-level visual estimates of woody debris consumption, and 
measurements of bulk density and C concentration in un-
burned plots (Figure S6).

The strongest predictors for aboveground and below-
ground combustion were the corresponding pre-fire C pools 
(Figure 5a,b). Belowground combustion was positively related 
to stand age (R2 = 0.36, p-value < 0.001), and all components of 
the FWI System, except for DMC (Table S7). Additionally, we 
found negative relationships between relative aboveground 
and belowground combustion and their corresponding pre-
fire C pools. Total combustion rates increased significantly 
with pre-fire soil depth (R2 = 0.44, p-value < 0.001; Figure 5c) 
and pre-fire soil C stock (R2 = 0.40, p-value < 0.001) across all 
plots. To a lesser extent, stand age and pre-fire aboveground 
C stock also influenced total C combustion (Table S7). Total 
C combustion was positively related to all fuel moisture codes 
and fire behavior indices, with FWI showing the highest ex-
planatory power (Figure 5d). The proportion of total pre-fire C 
combusted decreased with tree basal area (R2 = 0.28, p-value 
< 0.001) and aboveground C pool (R2 = 0.33, p-value < 0.001). 

FIGURE 3    |    Average aboveground (vegetation and woody debris) and belowground pre-fire (a, d), post-fire (b, e), and combusted (c, f) carbon (C) 
across forest types (n = 17 for dense plots, n = 20 for open plots, and n = 4 for mixed plots). Error bars represent one standard deviation. Letters (a, b, 
c) indicate significant differences between forest types based on either a one-way analysis of variance (ANOVA) followed by the Tukey–Kramer test 
(a, b, f), or the non-parametric Kruskal-Wallis and Wilcoxon rank sum tests in cases where the assumptions of ANOVA were not fulfilled (c–e). LC, 
Larix cajanderi.

FIGURE 4    |    Attribution of uncertainty in total carbon (C) combus-
tion estimates using a Monte Carlo framework. Uncertainty sources 
were grouped by the three main carbon pools contributing to combus-
tion. In the all-sources scenario (gray), uncertainty was introduced 
across all relevant parameters and methodological choices. For each 
pool, two additional scenarios were simulated: “source removed” (blue), 
in which the values and methods for the source category remained con-
stant as in the main approach, and “source only” (yellow), in which the 
source category exclusively influenced the outcome. The standard de-
viation (𝜎) of combustion estimates from 1000 runs was calculated for 
each scenario.
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The fraction of combustion from organic soils increased with 
stand age (R2 = 0.15, p-value < 0.05) and decreased with the 
proportion of Cajander larch trees (R2 = 0.17, p-value < 0.01). 
Organic soils in mixed forests, where larch proportion av-
eraged 29%, accounted for up to 83% of total C combustion. 
Of the tested hypotheses, the best-supported model for pre-
dicting total C combustion was M4 (Table 3), which included 
covariates for plot attributes and pre-fire stand composition 
(Table 2). The model including only plot-level variables (M1) 
was the best for predicting belowground combustion and 
performed similarly to M4 for total combustion (ΔAICc < 2; 
Table 3). Across all combustion metrics, the only models with 
any probability (wi > 0) were M4 and the full model (Table 3, 
Table S10). Model selection indicated that fuel conditions and 
weather at the time of fire co-influence aboveground and be-
lowground combustion with pre-fire stand composition (M6) 
and plot attributes (M5), respectively.

The final spatial model predicted total combustion (kg C m−2) 
over the Batamay and Yert fire scars as a function of slope, 
dNBR, and percent sand in the top 15 cm of soil (Figure S7), and 
performed adequately (adjusted R2 = 0.47, overall R2 = 0.51, 10-
fold cross validation R2 = 0.40) (Figure  S8). Mean combustion 
across the Batamay and Yert fires was 2.90 and 3.67 kg C m−2, 
respectively (Figure  6). The model indicated an overarching 
pattern of high C combustion over the Yert burn scar (standard 
deviation = 0.48 kg C m−2; Figure  6b). In contrast, modeled C 
combustion displayed more spatial variability in the Batamay 
burn scar (standard deviation = 0.57 kg C m−2), with a core area 
of high combustion located in the center and lower values in the 
southwestern portion of the fire scar (Figure  6a). Mean pixel-
level combustion inside both fires was slightly higher than mean 
plot-level combustion (3.31 kg C m−2 vs. 3.20 kg C m−2). Mean 
pixel-level uncertainty from the 1000 Monte Carlo simulations 
was 0.97 kg C m−2.

FIGURE 5    |    Relationships between plot-level carbon (C) combustion estimates and key explanatory variables. (a) Aboveground combustion as a 
function of estimated pre-fire aboveground C pool, (b) belowground combustion as a function of estimated pre-fire belowground C pool, and total 
combustion as a function of (c) estimated pre-fire soil organic layer (SOL) depth and (d) Fire Weather Index. The shaded area indicates the 95% con-
fidence interval.
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4   |   Discussion

Although most boreal burned area occurs in Eurasia, there 
is a large paucity of field-based combustion estimates in this 
region compared to boreal forests in Alaska and Canada 
(Veraverbeke et  al.  2021). Hence, the magnitude, variability, 
and drivers of C combustion in Eurasia remain relatively un-
known compared to boreal North America. Efforts have been 
made to quantify fuel consumption from experimental fires 
of varying intensity in Scots pine and larch-mixed forests in 
central and southern Siberia (Ivanova et al. 2011, 2020; McRae 
et al. 2006). These surface fires, which consumed only down 
woody debris, litter, and belowground fuels, resulted in an 
average combustion of 0.8 kg C m−2. The lower estimates in 
these fires, compared to our study, can be attributed to a com-
bination of lower pre-fire fuel loads, burn depth, and combus-
tion efficiency. Pre-fire surface and ground fuel loads in these 
forests averaged approximately 2.5 kg C m−2, which is at the 
lower end of the range of our estimates (2.22–6.03 kg C m−2). 
Additionally, indicators of fire severity, such as burn depth 
and reduction in pre-fire fuel loads, averaged 9.3 cm and 71% 
in our plots compared to 0.9–6.6 cm and 16%–74% in the light-
coniferous forests of central Siberia. Kukavskaya et al. (2017) 
studied the impact of surface fires in dark-coniferous stands 
dominated by Siberian pine (Pinus sibirica Du Tour), where 
ground fuel consumption averaged 1.69 kg C m−2. Dark-
coniferous forests are less likely to burn because they occur 
in areas of relatively higher water supply, such as river valleys 
or mountainous regions. However, extensive drought periods 
can result in large fires in these forests (Kharuk et al. 2021). 
Recent studies assessed C combustion in Scots pine for-
ests following the extreme fire events of 2014 and 2018 in 
Sweden (Eckdahl et al. 2022; Granath et al. 2021; Gustafsson 
et al. 2019; Kelly et al. 2021). These fires exhibited substantial 
canopy fire spread, surface vegetation and litter removal, and 
deeper smoldering combustion, with combustion estimates 
ranging between 0.63 and 4.50 kg C m−2. The variability in 
estimates across different ecosystems highlights the need for 
ecosystem-specific field data to better constrain regional esti-
mates of C combustion in boreal Eurasia. Specifically, there is 
a lack of in situ measurements from key regions, such as larch 
forests, in which most of Siberian wildfires occur (Kharuk 
et al. 2021). Despite the importance of Siberian larch forests in 
the boreal biome, such data remain very scarce.

Our study highlights the potential of the adventitious root height 
approach to estimate C combustion in Siberian larch forests by 
reconstructing pre-fire soil organic layers depth in 41 burned 
stands. By accounting for the significant variation in soil or-
ganic matter distribution at small spatial scales, this method 
provides an alternative to the common paired-sample approach, 
where belowground fuel consumption is estimated as the differ-
ence between fuel loads in unburned sites and residual loads in 
burned sites. In this study, burned sites were sampled one to two 
years post-fire, a time frame considered sufficient to minimize 
the influence of post-fire vegetation recovery and organic mat-
ter accumulation on our estimates. This relatively short interval 
was partly determined by logistical constraints, but is consistent 
with other similar studies (Boby et al. 2010; Dieleman et al. 2020; 
Rogers et al. 2014; Walker, Baltzer, et al. 2018; Walker, Rogers, 
et al. 2018). While we acknowledge that additional C losses may T
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have occurred through microbial respiration, leaching, and ero-
sion, these processes were beyond the scope of this study, which 
focuses on combustion as the primary driver of C emissions. Our 
mean combustion estimate of 3.20 kg C m−2 is close to the esti-
mate of 3.36 kg C m−2 reported in a recent study conducted in 
Cajander larch forests near our study plots (Webb et al. 2024). 
However, organic soils contributed only 13% of the total C loss 
compared to 78% in our plots. These discrepancies can result 
from differences in the characteristics of sampled sites. Pre-fire 
aboveground and belowground pools averaged 3.12 and 3.50 kg 
C m−2 compared to 5.05 and 1.74 kg C m−2 in Webb et al. (2024). 
Remarkably, although these fires were classified as surface fires 
in this study, the results indicated that they consumed over 50% 
of the total pre-fire aboveground biomass, more than twice the 
average proportion observed in our study plots. This contrasts 
with the relationships observed across our plots, where propor-
tional aboveground combustion showed a negative relationship 
with pre-fire aboveground biomass (Table S7). It is worth noting 

that methods used to estimate C combustion differed from our 
study, as site-level C pool values between unburned and burned 
sites were compared using measurements collected 17 years 
after the fire. This approach may introduce bias in the estima-
tion of C combustion, as post-fire C accumulation may have oc-
curred at different rates in early successional stands (i.e., burned 
sites) and late-stage forests (i.e., unburned sites).

Although it is generally assumed that Siberian larch ecosystems 
rarely support crown fires due to the high moisture content of 
deciduous needles (de Groot et al. 2013), we found multiple ex-
amples of high-severity crown fires in both fire scars, especially 
in young larch-dominated stands (Figure S9a,b). Most of the for-
ests burned in Siberia are affected by surface fires, yet the prox-
imity of tree canopies in young and dense stands can promote 
the transition from surface to crown fires (Kharuk et al. 2021). 
This process is further enhanced in L. cajanderi forests, where 
successful regeneration after stand-replacing fires leads to 

FIGURE 6    |    Maps of modeled total carbon (C) combustion (a, b) and associated uncertainty (c, d) within the Batamay (left) and Yert (right) fire 
perimeters.
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even-aged or relatively even-aged young stands with extremely 
high density (Abaimov et al. 1997). In some stands, we observed 
that the bark of larch trees peels off in stripes forming a fuel lad-
der (Figure S9c). This characteristic, documented for northern 
ecotypes in Siberia as a result of extreme growing conditions, 
could also promote crown fires (Wirth 2005). As fire return in-
tervals in Siberian forests are expected to shorten with regional 
warming (Burrell et al. 2022; Ponomarev et al. 2016), the con-
tribution of high-intensity crown fires to regional fire-induced 
C emissions may increase in the next decades. While young 
forests have smaller fuel loads, crown fires in these stands can 
still consume a substantial amount of pre-fire C stocks. For ex-
ample, high-intensity crown fires consumed up to 76% of pre-
fire C pools in our young larch-dominated plots. Our study also 
revealed that combustion from surface fires can be significant, 
mostly from belowground pools, in mature forest stands with 
greater pre-fire fuel loads. The significant proportion of below-
ground C in total combustion observed within our plots aligns 
with findings from North American boreal forests. Walker, 
Rogers, et al. (2020) compiled C combustion estimates from 417 
sites across 18 fire scars throughout the boreal forests in Alaska 
and Canada. They reported a mean combustion of 3.31 kg C 
m−2, 2.93 kg C m−2 from soils, and a mean burn depth of 10.2 cm. 
These values are comparable to mean soil combustion values of 
2.70 and 3.02 kg C m−2 and mean burn depths of 10.0 and 10.9 cm 
found in open larch-dominated and mixed forests, respectively 
(Table S9). The significance of belowground combustion in our 
study, likely driven by smoldering in deep organic soils, may ex-
plain why our estimates show combustion rates similar to those 
previously reported for North America, despite contrary expec-
tations inferred from satellite observations (de Groot et al. 2013; 
Rogers et  al.  2015). Smoldering combustion in pine forests of 
Sweden has also resulted in high combustion rates (Granath 
et  al.  2021; Gustafsson et  al.  2019). Kukavskaya et  al.  (2017) 
showed that fuel consumption in the dark-coniferous forests of 
central Siberia was also driven by the rate of fire spread, with 
ground fuel consumption ranging between 1.01 kg C m−2 for a 
fast-moving fire and 2.90 kg C m−2 for a slower-moving fire of 
moderate to high severity. Our results, together with those from 
Webb et  al.  (2024), indicate that severe fires in Siberian larch 
forests can result in combustion rates comparable to those ob-
served in boreal North America and exceeding those previously 
reported in Siberian light-coniferous forests. This has implica-
tions for the regional C balance as fire severity in Siberian bo-
real forests is expected to increase with climate warming and 
increased drought events.

Our study aimed not only to quantify fuel consumption but 
also to provide insights into potential drivers of C combustion 
in Siberian larch forests. Weather conditions influence fuel dry-
ness and flammability over short timescales and are thought 
to predominantly control C emissions (Amiro et  al.  2009; 
Flannigan et al. 2005). However, fuel amount and structure, as 
well as topography, are also expected to play important roles in 
driving emissions from wildfires (Parisien et al. 2011; Walker, 
Rogers, et al. 2018). Fuel loading strongly influenced combus-
tion across our plots, as shown by the significant relationships 
between aboveground, belowground, and total combustion with 
their corresponding pre-fire C pools. Pre-fire organic soil depth 
and C content were the most significant drivers of total com-
bustion across our plots. This is consistent with Walker, Rogers, 

et  al.  (2020) who reported that belowground C was the stron-
gest predictor of C combustion in Alaska and Canada. Pre-fire 
stand composition has also been shown to influence fire sever-
ity and combustion metrics in the northwestern Canadian bo-
real forests (Walker, Rogers, et al. 2018; Whitman et al. 2018). 
In agreement, we found that higher pre-fire tree basal area and 
aboveground C stocks were associated with lower proportions 
of pre-fire C combusted. This pattern was further supported by 
our model selection results, which highlighted the importance 
of stand structure and species composition in predicting rela-
tive combustion (Table  S10). We observed that lower-severity 
surface fires were promoted in mature stands with larger trees, 
particularly in mixed forests, where relatively large post-fire 
stocks remained. Stand age was also a significant driver of 
combustion, with combustion rates increasing in older stands. 
As stand age represents the time fuel has been accumulating 
since the last stand-replacing disturbance, younger stands had 
accumulated relatively small carbon stocks, which in turn lim-
ited their combustion rates during the subsequent fire. Pre-fire 
C stocks, pre-fire soil organic layers depth, and burn depth all 
related positively to stand age (Figure S10). This may indicate 
that while young stands account for small amounts of total C 
emissions, they are likely to have relatively low post-fire C stocks 
and thus may be more at risk of long-term changes in ecosystem 
C dynamics. Such effects of increased fire frequency on the car-
bon storage of black spruce forests have been well documented 
(Brown and Johnstone  2011; Hoy et  al.  2016; Walker, Rogers, 
et al. 2018).

We also found that soil combustion and total combustion were 
associated with components of the FWI system, with the FWI, 
a weather indicator of fire intensity, being the most significant 
factor. Siberian larch species are considered fire resistant, par-
ticularly due to the high moisture content of their needles (de 
Groot et al. 2013). However, with the expected intensification of 
regional warming and drying, our results suggest that the fire-
resisting properties of larch may be overcome by more extreme 
fire weather conditions. Indeed, we observed that fire weather 
conditions co-influenced absolute and relative aboveground 
combustion (Tables 3 and S10). The results of our model selec-
tion highlight the complex interplay between environmental 
factors controlling fuel loading and weather patterns driving 
fuel availability for combustion. In contrast to the findings 
previously reported for the North American northwestern bo-
real forests (Walker, Rogers, et  al.  2020), our results indicate 
a significant contribution of both fire weather conditions and 
landscape variables in predicting total C combustion. In the 
Walker, Rogers, et al.  (2020) dataset, where most combustion 
stemmed from belowground pools, the variation in fuel loads 
and combustion was more important than fire weather effects. 
Therefore, the smaller variability in belowground fuel load-
ing and consumption observed in our relatively small dataset 
may explain why fire weather was a more important driver of 
combustion compared to the findings from Walker, Rogers, 
et al. (2020). We acknowledge that logistical constraints limited 
our sampling to areas accessible by forest road or within a one-
day hike. Despite these limitations, our plots were carefully 
selected to ensure they were spaced several hundred meters 
apart, minimizing the risk of pseudoreplication in highly het-
erogeneous landscapes with variable fire behavior. Importantly, 
while our dataset represents a relatively small footprint, our 
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field plots, collected in large fire events, are representative of 
the variability in fire severity, pre-fire stand characteristics, 
and soil properties observed in eastern Siberian boreal forests 
(Figure S11). This supports the relevance of our findings for the 
broader Siberian larch forest ecosystems. Another limitation 
of our study is the coarser resolution of fire weather datasets 
compared to in situ measurements of C combustion and land-
scape predictors. While our study captures the spatial variation 
in fire weather indices between grid cells (coarse-scale spatial 
variation) and the temporal variation associated with the day 
of burn, it does not characterize the fine-scale spatial varia-
tion within grid cells. However, FWI System components have 
been shown to vary at synoptic scales of several hundreds of 
kilometers, suggesting that the spatial resolution of GFWED is 
suitable for capturing spatiotemporal variability in fire weather 
patterns (Walker, Rogers, et al. 2020).

To our knowledge, our study is the first to develop a statisti-
cal model to extrapolate combustion observations over space 
in Siberian boreal forests using field observations, satellite 
remote sensing imagery, and other geospatial data. The vari-
ance explained by our spatial model (overall R2 = 0.51, adjusted 
R2 = 0.47) was within the range of values obtained from previous 
efforts in North American boreal forests (Dieleman et al. 2020; 
Potter et  al.  2023; Rogers et  al.  2014; Veraverbeke et  al.  2015, 
2017; Walker, Rogers, et al. 2018). We did not find FWI System 
components to provide much predictive power. One potential 
explanation for why FWI does not appear to be significant in 
the spatial model could be the stronger importance of other 
geospatial variables, particularly dNBR and soil properties. The 
dNBR, a remotely sensed fire severity proxy, may be influenced 
by fire weather. As seen in previous upscaling efforts in boreal 
North America (Dieleman et al. 2020; Potter et al. 2023; Rogers 
et al. 2014; Veraverbeke et al. 2015; Walker, Rogers, et al. 2018), 
these variables have proven to be strong explanatory factors. 
Because of these reasons, the relative importance of FWI may 
be smaller in our spatial model. The distribution of fire-wide 
combustion values from our spatial model closely matched the 
distribution from field observations (Table S11), supporting the 
validity of our site selection and its value in establishing typ-
ical emission rates for the region. Negative combustion values 
were observed around water streams in the Batamay fire scar, 
likely due to particularly high slope values along steep stream 
banks. While these localized features were not captured in our 
field plots, they do not reflect broader landscape patterns and 
are unlikely to significantly impact overall model performance. 
The relationships between geospatial variables and ecosystem 
properties influencing combustion have been shown to vary 
significantly across boreal regions. These differences can be ef-
fectively addressed by incorporating representative field obser-
vations. The strong agreement between observed and modeled 
combustion, along with the representativeness of the sampled 
gradients across the broader ecoregion (Figure S11), reinforces 
the reliability of our dataset for calibrating regional emission 
models and improving the accuracy of large-scale C predic-
tions. Our C stock and combustion estimates were incorporated 
into an updated field database that was used to calibrate fuel 
loads and consumption in the GFED 500-m product (van Wees 
et  al.  2022b). The global increase in fuel consumption com-
pared to the previous model version (GFED4s) has mainly been 
attributed to higher organic soil C emissions from the boreal 

region as constrained by additional measurements (van Wees 
et  al.  2022a). This underlines the importance of our new esti-
mates and the need for additional field measurements of fuel 
loads and consumption in Siberia to better refine and advance 
models of fire-induced C emissions. Forested peatlands, which 
store substantial amounts of soil organic C and promote deep 
belowground combustion, represent key ecosystems where ad-
ditional in  situ measurements would be particularly valuable 
(Turetsky et al. 2011).

5   |   Conclusions

This study aims to address persistent knowledge gaps asso-
ciated with the impact of fires on the larch forests of north-
eastern Siberia. Our estimates of fuel consumption from 
stand-replacing and surface fires averaged 3.20 kg C m−2, 
which is significantly higher than those previously reported 
for other Siberian forest ecosystems (Ivanova et al. 2011, 2020; 
Kukavskaya et  al.  2013, 2017; McRae et  al.  2006). We have 
shown that combustion rates in larch forests can be similar 
to those in North American boreal forests (Walker, Rogers, 
et al. 2020), with, on average, 78% of combusted C stemming 
from organic soils. C combustion was driven by both fire 
weather conditions and landscape variables. Our analysis pro-
vides new insights on combustion processes in Siberian larch 
forests, yet our dataset has a relatively small spatial footprint 
compared to the extent of these ecosystems. Our work urges 
for additional field-based measurements across gradients 
of topography, fuel type and structure, soil conditions, fire 
weather, and fire severity. Such measurements are critical to 
calibrate and validate fire emission models, and thus to esti-
mate the role of contemporary and future fires on the C bal-
ance of larch forest ecosystems in northeastern Siberia.
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