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Abstract Boreal forests store 30% of the world's terrestrial carbon (C). Consequently, climate change
mediated alterations in the boreal forest fire regime can have a significant impact on the global C budget.
Here we synthesize the effects of forest fires on the stocks and recovery rates of C in boreal forests using 368
plots from 16 long‐term (≥100 year) fire chronosequences distributed throughout the boreal zone. Forest
fires led to a decrease in total C stocks (excluding mineral soil) by an average of 60% (range from <10% to
>80%), which was primarily a result of C stock declines in the living trees and soil organic layer. Total C
stocks increased with time since fire largely following a sigmoidal shape Gompertz function, with an average
asymptote of 8.1 kg Cm−2. Total C stocks accumulated at a rate of 2–60 g m−2 yr−1 during the first 100 years.
Potential evapotranspiration (PET) was identified as a significant driver of C stocks and their post‐fire
recovery, likely because it integrates temperature, radiation, and the length of the growing season. If the fire
return interval shortens to ≤100 years in the future, our findings indicate that many boreal forests will be
prevented from reaching their full C storage potential. However, our results also suggest that climate
warming‐induced increases in PET may speed up the post‐fire recovery of C stocks.

1. Introduction

Wildfires significantly affect the global C cycle and climate (Li et al., 2017; Pellegrini et al., 2018; Walker
et al., 2019). Global CO2 emissions from fires are estimated to be 2.2 Pg C annually (van derWerf et al., 2017),
which corresponds to 20% of those from fossil fuel combustion (Le Quéré et al., 2018). Climate change is pro-
jected to increase the risk of wildfires (de Groot, Flannigan, et al., 2013; Flannigan et al., 2009), and the
extent, frequency, and intensity of forest fires have already increased during recent decades in the circum-
boreal region (Kasischke & Turetsky, 2006; Ponomarev et al., 2016; Williams et al., 2016). As boreal forests
store more than 30% of the world's terrestrial C (Pan et al., 2011), changes in their fire regimes may have sig-
nificant implications for the global C balance (Pellegrini et al., 2018). Although fire management and sup-
pression operations have reduced the occurrence of fires in many inhabited parts of boreal forests, notably
in Fennoscandia (Wallenius, 2011), wildfires are a dominant driver of ecosystem dynamics and weaken
the C sink strength of boreal forests (Bond‐Lamberty et al., 2007; Walker et al., 2019). Currently, 10–15 mil-
lion hectares of boreal forest burn annually (Flannigan et al., 2009), and this is estimated to double in the
future (Flannigan et al., 2009; Lehtonen et al., 2016; Ponomarev et al., 2016).
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Quantifying the post‐fire C changes and the recovery rate of C stocks is necessary for understanding how
changing fire activity can influence regional and global C budgets in both short and long time scales
(Pellegrini et al., 2018;Walker et al., 2019). Fires reduce forest C stocks in the short term (Kashian et al., 2013;
Köster et al., 2016; Seedre et al., 2014; Wang et al., 2003) and increase CO2 emissions to the atmosphere
(Ghimire et al., 2012; van der Werf et al., 2017). Over longer time scales, fires can affect C dynamics by alter-
ing forest regrowth (Johnstone et al., 2016; Kashian et al., 2013), succession (Williams et al., 2016), organic
matter decomposition (Aaltonen et al., 2019; Dooley & Treseder, 2012; O'Neill et al., 2006), permafrost thaw-
ing (Köster et al., 2017), and the fluxes of energy and nutrients (Palviainen et al., 2017; Randerson et al., 2006;
Wirth et al., 2002).

Fires can greatly affect the C stocks of living and dead biomass, as well as soil C stocks (Kashian et al., 2013;
Köster et al., 2016; Seedre et al., 2014). Crown fires cause tree mortality and transfer C from live to dead pools
(Kashian et al., 2013; Köster et al., 2016; Seedre et al., 2014). During the early post‐fire stage, C accumulation
in regenerating vegetation is often less than C released through decomposition (Amiro et al., 2010). The
turning point at which the post‐fire boreal stands switch from a C source to sink is still unclear.
Following the fire event, biomass typically accumulates over time until it stabilizes (Bormann &
Likens, 1979; Ward et al., 2014) or starts to decrease (Wardle et al., 2004). As a consequence of surface fires,
the C stock in the soil organic layer (O‐layer) is frequently reduced through combustion and reduced litter
inputs and starts to increase after the recovery of vegetation (Andrieux et al., 2018; Czimczik et al., 2005;
Nave et al., 2011). Over time, C stocks in the O‐layer level off (Taylor et al., 2014; Ward et al., 2014), decline
(Gao et al., 2018), or continue to increase, both in paludified sites (Simard et al., 2007) and when the sites
become dominated by late‐successional plant species that produce recalcitrant litter (Wardle et al., 2003).
In contrast, the mineral soil C stock usually remains relatively unchanged following fire (DeLuca &
Boisvenue, 2012; Harden et al., 1992; Seedre et al., 2011). Quantifying the time needed for post‐fire ecosys-
tems to recover to their previous state is essential because if the fire intervals become shorter than the recov-
ery time, C stocks would not reach their pre‐fire C storage capacity (Bartowitz et al., 2019; Johnstone
et al., 2016; Turner et al., 2019), potentially altering the role of boreal forests in the global C cycle.

Fire severity affects tree mortality, organic matter combustion, as well as the recruitment and growth of
regenerating vegetation, and thus the rate of C accumulation (Ghimire et al., 2012; Johnstone et al., 2016;
van Bellen et al., 2010; Williams et al., 2016). Severe, stand‐replacing crown fires are dominant in North
American boreal forests, whereas lower‐intensity surface fires are common in Eurasian boreal forests (de
Groot, Cantin, et al., 2013). High‐severity crown fires kill most trees and combust large amounts of detritus,
although they do not wholly consume the trees they kill (Stenzel et al., 2019). Ground fires, in turn, typically
do not kill healthy mature trees and may combust less organic matter. The dominant tree species in North
American boreal forests (such as Picea mariana and Pinus banksiana) have highly flammable needles and
low, dense live branches, which promote the incidence of crown fires (Rogers et al., 2015). The dominant
tree species in Eurasian boreal forests often have thick bark (e.g., Pinus sylvestris), a capacity for self‐pruning,
and in the case of larch (Larix gmelinii), high leaf moisture content, which increases their fire resistance and
chances of surviving fire.

In old‐growth forests, total ecosystem C has been shown to either decrease (Gao et al., 2018) or slowly con-
tinue to accumulate (Law et al., 2003; Luyssaert et al., 2008; Wardle et al., 2003) over time, especially in dead
organic matter pools (Kurz et al., 2013; Zhou et al., 2006). The divergent C accumulation patterns observed
among studies indicate a knowledge gap in the processes that regulate C dynamics in boreal forests following
fire. It is plausible that divergent patterns of C accumulation among chronosequences could reflect differ-
ences in fire severity, forest site productivity, climatic conditions, or initial C stocks, but this remains
unclear.

The primary objective of this study is to synthesize the effects of wildfires on the C stocks and their recovery
rates in boreal forests. We compiled data from published and unpublished fire chronosequence studies
throughout the boreal zone and addressed the following questions:

1. To what extent do wildfires decrease C stocks in boreal forests?
2. How do fires change C distribution among different ecosystem components?
3. How quickly do forest C stocks recover after fire, and how does the recovery rate vary across the boreal

zone?
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4. To what extent do time since fire, climatic conditions, and fire severity explain the variation in the C
accumulation rate?

Answering these questions, and thus understanding the recovery patterns and driving mechanisms of
post‐fire C dynamics, is a prerequisite for assessing the capacity of boreal forests to sequester and store C
and for predicting the response of boreal ecosystem functions and resilience to climate change and altered
fire regime.

2. Materials and Methods
2.1. Chronosequences

We compiled data from boreal and oroboreal forests (Figure 1). The data included a total of 368 plots from 16
fire chronosequence studies (Table 1). The chronosequence, or space for time approach, is a commonly used
and effective method to study long‐term recovery processes following disturbance (Walker et al., 2010). The
mean annual temperature in the study areas ranged from −9.5°C to +5.2°C, and the mean annual precipita-
tion ranged from 295 to 824 mm. Chronosequences were located between the latitudes 44°N and 67°N and
covered the dominant vegetation groupings in North American, North European, and Russian boreal for-
ests. Soils were Haplic Podzols (chronosequences 1, 2, 3, 9, 13, 14, and 15; numbering corresponds to
Table 1), Cryosols (4), Brunisols (5), Gray Luvisols or Luvic Gleysols (6, 7, 8), Typic Haplocryalfs (10),
Typic Haploturbels, Typic Eutrocryepts, Typic Haplorthels, and Typic Aquorthels (11, 12, 16). The chrono-
sequences 4, 11, 12, and 16 (see Table 1) belong to the continuous permafrost zone, whereas the others are in
discontinuous or permafrost‐free zones. Detailed descriptions of these chronosequences can be found in the
literature (Bond‐Lamberty et al., 2002; DeLuca et al., 2002; Kashian et al., 2013, Köster et al., 2014, 2016,
2017, 2018; Larjavaara et al., 2017; Lecomte et al., 2006; Seedre et al., 2014; Wang et al., 2003; Wirth
et al., 2002).

Across the 16 chronosequences, the size of the sample plots varied from 50 to 5,000 m2 (Table 2). The C
stocks in living trees, ground vegetation, lying dead trees, standing dead trees (snags), and the O‐layer were
measured. Data from Yukon, Canada (chronosequences 4 and 5), and from Tura, Siberia (chronosequences
11 and 12), were collected for this study, and the rest of the data have been published previously (Tables 1
and 2). Above‐ground tree biomass was calculated using tree measurements (height, breast height diameter,
crown length, and crown diameter) and species‐specific allometric equations (Kashian et al., 2013; Lambert
et al., 2005; Larjavaara et al., 2017; Marklund, 1988; Paré et al., 2013; Repola, 2008; 2009; Wang et al., 2003).
The necromass of dead trees was estimated similarly to that of living tree biomass, except that decay
class‐specific deadwood density values were used in calculating biomass from measured volumes. Ground
vegetation was clipped from 0.07–1 m2 quadrats (Table 2), oven dried to a constant mass, and weighed.
From one to ten volumetric samples of the O‐layer down to the mineral soil were collected from each plot
(Table 2). The C stocks of living and dead vegetation were determined by multiplying their biomass either
with measured C concentrations or assuming 45–50% C content. The C stocks of the soil O‐layer were calcu-
lated by multiplying the C concentration of samples with their bulk densities and layer depths.
Concentrations of C were measured using elemental analyzers (varioMAX CN elemental analyzer,

Figure 1. Geographical location of studied forest fire chronosequences.
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Elementar Analysensysteme GmbH, Germany or LECO CNS 2000 analyzer, LECO Corporation, St Joseph,
MI, USA).

2.2. Data Analysis

The study focuses on sites where time since fire is ≤200 years because data were scarce for the older sites.
Raw data are presented in Figure 2. Data in each chronosequence were classified into 20‐year intervals,

Table 1
Location, Time Since Fire, Mean Annual Temperature (MAT), Mean Temperature in January and July, Mean Annual Precipitation (MAP), Dominant Tree Species,
and Soil Texture in the Study Sites

Chronosequence Site Coordinates
Time since
fire (years)

MAT
(°C)

January
temperature

(°C)

July
temperature

(°C)
MAP
(mm) Dominant tree species Soil texture

1 Finland, Lapland 67°46′ N,
29°35′ E

2–156 −0.9 −12.7 14.0 592 Pinus sylvestris Loamy sand

2 Sweden, Arvidsjaur 65°35′–
66°07′ N,
17°15′–
19°26′ E

49–322 −2.0 −13.5 13.7 600 Pinus sylvestris, Betula
pubescens, Picea abies

Sand

3 Estonia, Vihterpalu 59°10′–
59°14′ N,
23°36′–
23°49′ E

7–178 +5.2 −4.9 17.1 642 Pinus sylvestris Loamy sand

4 Canada, Yukon North 66°22′–
67°26′ N,
133°45′–
136°43′ W

3–115 −8.8 −29.5 10.8 248 Picea mariana, Picea
glauca

Silty clay
loam

5 Canada, Yukon South 62°40′ N,
136°11′ E

2–115 −3.4 −24.4 11.1 295 Picea mariana Silty clay
loam

6 Canada, Manitoba D
(dry site)

55°53′ N,
98°20′ W

3–151 +0.8 −24.1 16.6 439 Picea mariana,
Pinus banksiana,
Populus tremuloides

Silty clay
loam

7 Canada, Manitoba W
(wet site)

55°53′ N,
98°20′ W

3–151 +0.8 −24.1 16.6 439 Picea mariana,
Pinus banksiana,
Populus tremuloides

Silty clay
loam

8 Canada, Quebec 49°57′ N,
79°10′ W

11–356 +0.9 −18.4 16.6 824 Picea mariana Clay

9 Canada, Ontario 49°40′–
49°65′ N,
89°21′–
89°68′ W

1–203 −1.2 −18.2 16.6 725 Pinus banksiana,
Picea mariana,
Populus tremuloides,
Abies balsamea

Silty/loamy
sand

10 USA, Yellowstone 44°45′ N,
110°67′ W

24–328 +3.9 −7.7 17.5 620 Pinus contorta Sandy loam

11 Russia, Tura South 1 64°37′ N,
100°28′ E

1–154 −9.5 −35.9 16.6 380 Larix gmelinii Silt loam

12 Russia, Tura South 2 64°37′ N,
100°28′ E

1–100 −9.5 −35.9 16.6 380 Larix gmelinii Silt loam

13 Russia, Yenisei river 1 60°43′ N,
89°08′ E

12–266 −3.7 −17.0 16.5 493 Pinus sylvestris Sand

14 Russia, Yenisei river 2 60°43′ N,
89°08′ E

67–383 −3.7 −17.0 16.5 493 Pinus sylvestris Sand

15 Russia, Yenisei river 3 60°43′ N,
89°08′ E

14–244 −3.7 −17.0 16.5 493 Pinus sylvestris Sand

16 Russia, Irkutsk,
Oblast

60°75′ N,
107°75′ E

44–218 0 −31.3 16.7 401 Larix gmelinii Silt loam

Note. References for chronosequences: 1 ¼ Köster et al. (2014), 2 ¼ DeLuca et al. (2002), 3 ¼ Köster et al. (2016), 4 ¼ Pumpanen et al. (unpublished data),
5 ¼ Pumpanen et al. (unpublished data), 6 ¼ Bond‐Lamberty et al. (2002), Wang et al. (2003), 7 ¼ Bond‐Lamberty et al. (2002), Wang et al. (2003),
8 ¼ Lecomte et al. (2006), 9 ¼ Seedre et al. (2014), 10 ¼ Kashian et al. (2013), 11 ¼ Prokushkin et al. (unpublished data), 12 ¼ Pumpanen et al. (unpublished
data), 13 ¼ Wirth et al. (2002), 14 ¼ Wirth et al. (2002), 15 ¼ Wirth et al. (2002), 16 ¼ Larjavaara et al. (2017).
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and the mean C stock within the interval was computed. C stocks at selected time points were then
calculated by linear interpolation between the consecutive mean values (Figure 2). We did not extrapolate
outside the extent of the chronosequence. Stocks of C and the proportion of living trees, ground
vegetation, O‐layer, and dead trees of the total C stock were assessed for the selected time points
(Figure 3). To characterize fire severity, we recalculated ecosystem C stocks as C stock divided by the
chronosequence maximum total C stock, resulting in a 0–1 scalar that varied as a function of time since
fire (Figure 5).

To describe C stocks in different ecosystem components as a function of time since fire, we fitted widely used
continuous nonlinear model types, such as Gompertz, Chapman‐Richards, Michaelis‐Menten, and polyno-
mial functions, to themeasured data (see e.g., Kashian et al., 2013). Nonlinear mixed effect models were used
to study the variation of C stocks and to explain it by using time since fire and key climatic variables. The
following variables were used in the analyses: mean annual temperature, mean annual precipitation
(mm), potential evapotranspiration (PET), mean summer (June–August) temperature, mean summer
(June–August) precipitation, and Palmer's drought severity index (PDSI; Palmer, 1965). The long‐term cli-
matic data and PDSI for the study sites were derived from the Climatic Research Unit (CRU) database
(New et al., 2000), which provides medium‐resolution (0.5° latitude × 0.5° longitude grid) global monthly
climate data. First, we compiled a basic model containing time since fire, and we then tested whether the
model's predictive ability could be improved by adding the above‐mentioned climatic variables (Table 3).

Table 2
The Number of Study Plots Per Age Class (Time Since Fire), Size of the Study Plots, the Number of Ground Vegetation Quadrats Per Plot, the Size of the Ground
Vegetation Biomass Quadrats, and the Number of Soil Samples

Chronosequence Site
No. of study plots

per age class
Size of the study

plots (m2)
No. of ground vegetation

quadrats per plot
Size of ground vegetation
quadrats per plot (m)

No. of soil
samples per plot

1 Finland, Lapland 3 400 5 0.2 × 0.2 10
2 Sweden,

Arvidsjaur
1–2 314 10 0.5 × 0.5 10

3 Estonia,
Vihterpalu

3 400 2 0.2 × 0.2 5

4 Canada, Yukon
North

9 400 4 0.2 × 0.2 1

5 Canada, Yukon
South

9 400 4 0.2 × 0.2 1

6 Canada, Manitoba
D (dry site)

4–5 50 6 0.25 × 0.25 5

7 Canada, Manitoba
W (wet site)

4–5 50 6 0.25 × 0.25 5

8 Canada, Quebec 1–4 400 4 0.25 × 0.25 5
9 Canada, Ontario 3 400 5 1.0 × 1.0 10
10 USA, Yellowstone 4–6 500 n.d. n.d. 5
11 Russia, Tura

South 1
1 100–800 10 0.25 × 0.25 6

12 Russia, Tura
South 2

9 400 4 0.2 × 0.2 1

13 Russia, Yenisei
river 1

1 100–750 n.d. n.d. 3–5

14 Russia, Yenisei
river 2

1 225–5,000 n.d. n.d. 3–5

15 Russia, Yenisei
river 3

1 200–5,000 n.d. n.d. 3–5

16 Russia, Irkutsk,
Oblast

1–13 314 2 0.07 × 0.07 2

Note. References for chronosequences: 1 ¼ Köster et al. (2014), 2 ¼ DeLuca et al. (2002), 3 ¼ Köster et al. (2016), 4 ¼ Pumpanen et al. (unpublished data),
5 ¼ Pumpanen et al. (unpublished data), 6 ¼ Bond‐Lamberty et al. (2002), Wang et al. (2003), 7 ¼ Bond‐Lamberty et al. (2002), Wang et al. (2003),
8 ¼ Lecomte et al. (2006), 9 ¼ Seedre et al. (2014), 10 ¼ Kashian et al. (2013), 11 ¼ Prokushkin et al. (unpublished data), 12 ¼ Pumpanen et al. (unpublished
data), 13 ¼ Wirth et al. (2002), 14 ¼ Wirth et al. (2002), 15 ¼ Wirth et al. (2002), 16 ¼ Larjavaara et al. (2017).
Abbreviation: n.d., not determined.
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Models were fit to the raw (measured) data using the nlme package in R version 3.4.3. The best models were
selected based on Akaike information criteria (AIC) values.

Our primary interest was the total C stock in the forest, which is composed of different components (living
trees, ground vegetation, dead trees, and O‐layer). Environmental factors are likely to affect these

Figure 2. Carbon stocks (kg m−2) in ecosystem, living trees, organic layer, ground vegetation, standing dead trees, and
lying dead trees in the studied boreal forest fire chronosequences. Raw data are presented on the left panel, and the
linearly interpolated data for 20‐year intervals are presented on the right panel.
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components and thus total C. To examine these factors, we used structural equationmodeling (SEM), a form
of path analysis that is used to study causal dependencies and relationships between variables and to identify
the relative importance of different potentially influential factors (Fan et al., 2016). The starting point of the
SEM analysis was a preliminary causal network, where total C stock depends on the living and dead trees,
ground vegetation, and soil C stocks and on the environmental factors affecting these variables. We used
SEM to evaluate the factors regulating post‐fire C stocks of different ecosystem components and possible
correlations among the influencing factors (Figure 6). The analysis proceeds as an iterative loop from the
model parameter estimation to the interpretation of the parameter estimates and evaluation of their

Figure 3. Carbon stocks (C kg m−2) in living trees, ground vegetation, organic layer, standing dead trees, and lying dead
trees and their proportion of the total C stock. The boxes represent the interquartile range (50% of values), whiskers
represent 95% of values, and horizontal lines in the boxes represent median. The boxplots represent measured and
linearly interpolated values (see section 2), and n above the boxplots indicates the number of replicates.
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significance and to the comparison of the goodness‐of‐fit (Fischer's C statistics and AIC) values between the
different model structures. The procedure continues with a revised model structure until a better structure
could not be found. We applied the SEM for time points 50, 75, and 100 years after fire because most of the C
accumulation took place in this time range (Figure 5). Stands that were burned less than 50 years ago did not
contain enough data for the SEM analyses. The same variables that were used as in the mixed effect models
were also used as explanatory variables. Time since fire was not directly included in the SEM analyses
because each C component has a different shape of time dependency, which would have made the interpre-
tation of the time parameter cumbersome. The analyses were conducted on interpolated values in these time
points (Figure 3) by using the piecewise SEM (Lefcheck, 2016) statistical R package (version 3.4.3, http://
www.r-project.org/).

3. Results

Stocks of C in living trees varied from 0 to 2 kg m−2 in recently burned stands and increased with time since
fire up to 19 kg m−2 over 180 years (Figure 2). These C stocks increased with time since fire following a sig-
moidal shape Gompertz function (Table 3), which reached an average of 4.2 kg m−2 125 years after fire
(Figure 3). We found that PET was the most important climatic variable describing the variation in C stocks
in living trees (Table 3).

Carbon stocks of the O‐layer were on average 50% lower in stands that had burned ≤25 years ago (1 kg m−2)
than in mature stands that had been burned ≥75 years ago (Figure 3). On average, C stocks in the O‐layer
recovered in about 100 years and remained rather constant thereafter (Figure 3). The asymptote for the
O‐layer was 2.17 kg m−2 (Table 3). Carbon stocks in the O‐layer could be best described using a Gompertz
function that included time since fire and summertime temperature (Table 3). Accumulation rates of C in
the O‐layer ranged from 1 to 30 g m−2 yr−1 during the first 100 years post‐fire.

Stocks of C in standing dead trees were highly variable ranging from 0.2 to 6 kg m−2 in recently burned
stands (Figure 2). The largest C stocks in standing dead trees were observed in stands within 5 years of burn-
ing (Figure 3). The C stocks of lying dead trees also showed large variation shortly after fire; the smallest
values were 0.1 kg m−2, and the largest values were 5 kg m−2 (Figure 2). Similar to living trees, PET was
the most important climatic factor that explained variation in C stocks in lying dead trees (Table 3).

Stocks of C in ground vegetation were small. In general, they were less than 0.5 kg m−2 shortly after fire and
increased to a maximum of 1–2 kg m−2 during post‐fire succession (Figures 2 and 3). PET best described var-
iation in C stocks of the ground vegetation, and there was an inverse relationship between PET and ground
vegetation C pools (Table 3).

Total ecosystem C stocks, calculated by summing all of the above‐mentioned C stocks, were 2–9 kg m−2

shortly after fire and increased to 3–21 kg m−2 within 100 years after fire (Figure 2). Total C stocks increased
with time since fire following a Gompertz function (Figure 4). The best climatic variable that described the
variation in total ecosystem C stocks was PET. Total C accumulation rates gradually decreased with time
since fire (Figure 4). Total C stocks increased almost linearly until year 50 and then started to level off to
8 kg m−2 at about year 75. The asymptote was 8.13 kg m−2 (Table 3). Total C accumulation rates among
the chronosequences varied considerably and ranged from 2 to 60 g m−2 yr−1 during the first 100 years.

Time since fire significantly affected the C partitioning between different pools (Figure 3). Immediately after
fire, dead trees composed the largest C stock, accounting for an average of 60% of total ecosystem C. The sec-
ond most important C stock was the O‐horizon, with an average proportion of 30% total C. The C stock of
standing dead trees was highest during the first 5 years after fire, but from 5 to 25 years after fire, most of
these trees were transferred to the lying dead tree stock. After 50 years onwards, living trees were the most
important C stock; they accounted for an average of roughly 60% of the total ecosystem C in old (>100 years)
forests.

Fire severity varied markedly among the studied chronosequences (Figure 5). In the most severe
stand‐replacing fires, the initial C stock was only ≤20% of the maximum C stock, whereas after
low‐severity fires, forest C stock decreased only slightly (Figure 5). On average, fire caused a 60% decrease
in ecosystem C stock (Figure 5). Most of the subsequent C accumulation took place during the first
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Figure 4. Total ecosystem carbon stock (C kg m−2) and Gompertz function describing the accumulation of total C (see
bottom row in Table 3). The boxes represent the interquartile range (50% of values), whiskers represent 95% of values,
and horizontal lines in the boxes represent median. The red range describes the variation originating from the range in
potential evapotranspiration (PET).

Figure 5. The proportion of total C stock of the chronosequence maximum total C stock as a function of time since fire (on the left) and the proportion of living
above‐ground biomass C stock of the chronosequence maximum living above‐ground biomass C stock as a function of time since fire (on the right). The
black line represents the average value of all chronosequences, and the area highlighted with red is the 95% confidence interval. Note that different
chronosequences reach their maximum C storage at different age, and therefore, the mean curve does not reach 1. A boxplot on the left‐hand side of y axis
describes the variation in fire severity. The boxplot includes data from ≤10 years after fire. Horizontal boxplot indicates the distribution of time required to reach
the maximum C stock. The boxes represent the interquartile range (50% of values), whiskers represent 95% of values, and horizontal lines in the boxes
represent median.
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100 years after fire (Figure 5). Living above‐ground biomass C stocks
(living trees and ground vegetation) were initially only ≤10% of the
maximum C stock in all the other chronosequences except in chron-
osequence 1 in Finland (Figure 5).

SEM indicated that total C stocks were strongly dependent on C
stocks in the living trees and in the O‐layer (Figure 6 and Table 4).
It also showed that PET, in turn, was a significant positive driver of
C stocks in the living trees. Further, precipitation had a significant
positive effect on C stock in living trees. Living trees were a key com-
ponent of the total ecosystemC stock, often showing positive direct or
indirect effects on C stocks in ground vegetation, the O‐layer, and
standing dead trees. Further, PET negatively affected C stocks in
the ground vegetation and O‐layer.

4. Discussion

Forest fires play a key role in controlling global C storage (Pellegrini
et al., 2018; Walker et al., 2019). Here we show for the first time the
decadal‐scale recovery of C stocks after wildfires throughout the bor-
eal zone. Previous studies have generally focused on fire‐induced
direct C emissions (van der Werf et al., 2017), regional representa-
tions of C fluxes (e.g., Law et al., 2003; Seedre et al., 2011), or only a
specific component of the total C stock such as soil C (Czimczik
et al., 2005; Neff et al., 2005) or dead tree C (Brais et al., 2005).
Hence, this is the first study that synthesizes information about
post‐fire C stocks, distribution, and accumulation rates in different
ecosystem components in various climatic conditions across the bor-
eal zone, including poorly studied remote regions of the Northern
Hemisphere.

Primary production and biomass C stocks in forest ecosystems are
broadly correlated with temperature and precipitation (Keith
et al., 2009). Our study sites covered a large geographic area where
the mean annual temperature varied from −9.5°C to +5.2°C and
annual precipitation from 295 to 824 mm. We found that post‐fire C
stocks in living trees, ground vegetation, and the total ecosystem in
the boreal forest can be best explained by PET (Table 3), which inte-
grates temperature, radiation, and the length of the growing season
that are important factors that regulate net primary production
(Box, 1978; Rosenzweig, 1968). Specifically, we showed through pie-

cewise SEM analysis that PET has positive effects on C stocks in living trees and total ecosystem C and a
negative effect on C stocks in ground vegetation and O‐layer after fire (Figure 6). In the northernmost boreal
forests where PET is low, ground vegetation biomass is generally higher than inmore southern boreal forests
(Helmisaari et al., 2007; Kleja et al., 2008). Low PET also slows down organic matter decomposition (e.g.,
Berg et al., 1993) and increases C accumulation in the O‐layer. In areas where PET is low, forest fire intensity
is likely lower (Drever et al., 2008; Littell et al., 2016), which decreases the combustion of the O‐layer and
thus the loss of C during fire (Czimczik et al., 2005). Our results suggest that productivity (i.e., the develop-
ment of living tree biomass) plays a major role in the recovery of the C stocks after forest fires in the boreal
zone. In contrast, climatic variables were not important factors explaining O‐layer C stocks (Figure 6), which
may result from favorable climate conditions promoting both litter production and organic matter decompo-
sition. Living trees had a strong increasing effect on the O‐layer C stocks in stands that were burned 75 years
ago (Figure 6), which is likely due to living tree biomass and litterfall production being high at this age (Chen
et al., 2017; Starr et al., 2005). Overall, the significance of living trees in determining total C stocks increased
with time since fire, whereas the significance of O‐layer decreased with time (Figure 6 and Table 4).

Figure 6. The structural equation models (SEMs) that best fit the data to explain
ecosystem carbon stock variability. Arrows indicate direct causal relationships
between variables. Black and red arrows represent positive and negative path
coefficients, respectively. Arrow widths are proportional to the absolute value of
path coefficients. Solid arrows indicate significant (p ≤ 0.05) and dashed arrows
nonsignificant (p > 0.05) causal relationships between variables. Overall fit of
piecewise SEM was evaluated using Fischer's C statistic (if p > 0.05, then no
paths are missing and the model is a good fit) and Akaike information criterion
(AIC). GPP, gross primary production; O‐layer, organic layer; PET, potential
evapotranspiration; T air, mean annual air temperature.
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In addition to ecosystem productivity, the severity of fire affects the magnitude of C emissions during com-
bustion (Soja et al., 2004), post‐fire vegetation recovery (Ghimire et al., 2012; Kukavskaya et al., 2014; Turner
et al., 2019), organic matter decomposition (Boulanger et al., 2011), and subsequent ecosystem C stocks
(Ghimire et al., 2012; Lecomte et al., 2006). Fire severity refers to the proportion of consumption of organic
material and vegetation mortality that occurs as the direct consequence of a fire (Boby et al., 2010).
Comparing the difference in C stocks between recently burned and old sites in our data set suggests that
net emissions of C fromfires ranged from 0.1 to 11.4 kgm−2, and inmost cases, the emissions were <4 kgm−2

(Figure 2). These values contain a lot of uncertainties and are not directly comparable to directly measured C
emissions, but they are, however, the same order of magnitude as previously reported C emissions for forest
fires (0.2–5.0 kg m−2) in the boreal region (Amiro et al., 2001; Boby et al., 2010; de Groot, Cantin, et al., 2013;
French et al., 2011; Kasischke et al., 1995; Kukavskaya et al., 2016; Soja et al., 2004; van Leeuwen et al., 2014;
van der Werf et al., 2017).

The observed recovery of C in living trees in our study followed the expected sigmoidal pattern, with slow
initial accumulation, rapid accumulation in mid‐succession, and finally reduced accumulation in the oldest
stands. After low‐intensity non‐stand‐replacing fires such as the Finnish site in our analysis, C stocks in liv-
ing trees were as high as 2 kgm−2, whereas severe high‐intensity stand‐replacing fires, which are common in
North American boreal forests (de Groot, Cantin, et al., 2013; Kasischke et al., 2005), kill all the trees
(Figure 2). The C stock of living tree biomass would have been expected to be about 20% higher if root C
would have been measured (Kashian et al., 2013; Repola, 2009). The regeneration of trees after fire seems
to be more rapid in more southern and productive climates (Figure 2). In addition to climatic factors, fire
severity has an effect on regeneration. Increased soil burn severity improves seedbed conditions and pro-
motes the germination of seeds (Alexander et al., 2018) and deciduous seedling recruitment (Johnstone &
Kasischke, 2005). In older stands, living tree biomass had a weak positive effect on dead wood and soil C
stocks through litter production (Figure 6).

Mortality of trees and the turnover of organic matter play an important role in the accumulation of C stocks
after fire (Bond‐Lamberty et al., 2002; Kashian et al., 2013; Seedre et al., 2011; Wirth et al., 2002). Our study

Table 4
Response Variables (C kg m−2 in Different Ecosystem Components), Predictors, and Coefficients of Estimates of Structural Equation Models for Chronosequences 50,
75, and 100 Years After Fire

Response variable Predictor 50‐year estimate 75‐year estimate 100‐year estimate

Total C Living trees 0.6266*** 0.6822*** 0.7388***

Total C O‐layer 0.5679*** 0.4632*** 0.3942***

Total C Ground vegetation 0.1188*** 0.0865*** 0.0863***

Total C Standing dead trees 0.1166*** 0.1824*** 0.1877***

Total C Lying dead trees 0.2591*** 0.2445*** 0.1760***

Living trees PET 0.6284** 0.4711* 0.4870*

Living trees Precipitation 0.3253 0.4934* 0.4498*

Standing dead trees PET −0.4212 −0.4674
Standing dead trees Living trees 0.6610 0.2790
Standing dead trees Precipitation −0.7881
Standing dead trees Temperature 0.4431
Lying dead trees Living trees 0.9772 0.4368
Lying dead trees Standing dead trees 0.4649 0.2229
Lying dead trees PET −0.6060 0.5092 0.5960*

Lying dead trees Precipitation −0.4300
Ground vegetation Living trees 1.1307** 0.4850 0.6463*

Ground vegetation Temperature 0.5375 0.5742 0.7979*

Ground vegetation Precipitation −0.6837* −0.5852*

Ground vegetation PET −1.9122** −2.3387* −2.3728**

O‐layer Living trees 0.7720 1.3400** 0.6035
O‐layer PET −0.8371 −0.3455 −0.6888
O‐layer Lying dead trees −0.6962*

O‐layer Precipitation −0.8166*

***p ≤ 0.001. **p ≤ 0.01. *p ≤ 0.05.
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showed that fire killed 30–100% of trees (Figure 2). The C stock in standing dead trees was initially high but
declined thereafter, which suggests that fire‐killed trees fell and became a part of the downed woody debris
pool (Figure 3). Our results are consistent with previous findings that standing dead trees fall during the first
20 years after fire in boreal forests (Figures 2 and 3, Boulanger et al., 2011). Most current Earth system mod-
els overestimate C emissions from wildfires because they assume excessive combustion of live trees and do
not take into account the standing dead trees that remain as substantial C stocks and decompose over dec-
ades after fire (Stenzel et al., 2019). Annual decomposition rate constants for charred wood in boreal forests
have been found to vary from 0.013 to 0.052 (Boulanger et al., 2011; Shorohova et al., 2008), which means
that 50% of the dead wood C is lost within 13–53 years after fire. In our data set, half of the dead wood C
was lost 18–30 years after fire. The link between living trees and standing dead trees strengthened again
in later developmental stages of the stands (Figure 6) because tree mortality increases in mature stands
(Brais et al., 2005; Seedre et al., 2011).

Stocks of C in the O‐layer were low in the first 25 years after fire but increased rapidly thereafter, probably
because a pulse of dead wood and the litter of recovering vegetation contributed to soil organic matter for-
mation. In addition, decreased soil microbial biomass (Dooley & Treseder, 2012; Köster et al., 2016) and
the formation of recalcitrant (charred) soil organic matter (Aaltonen et al., 2019) may have reduced decom-
position rates in post‐fire stands (Holden et al., 2015; Köster et al., 2014, 2017; O'Neill et al., 2006) and con-
tributed to C accumulation in the O‐layer. There was a large variation in the size and development of C
stocks in the O‐layer after fire (Figure 3). Spatial variation in soil C stocks is generally high (Harden
et al., 2012), and the depth of combustion of the O‐layer depends on fire severity (Andrieux et al., 2018),
pre‐fire organic layer thickness (Grosse et al., 2011), soil bulk density (Grosse et al., 2011), burning condi-
tions (e.g., fire weather), and soil moisture (Grosse et al., 2011; Kasischke et al., 1995). Summertime air tem-
perature best explained the variation in the C pools of the O‐layer (Table 3), which reflects the temperature
limitation of organic matter decomposition in boreal forests (Hobbie et al., 2000). High summertime tem-
peratures also increase the intensity of forest fires and, consequently, the burning of the O‐layer (Lecomte
et al., 2006). We found that C stocks in the O‐layer were on average 50% lower in recently burned areas com-
pared to old forests (Figure 3). The proportion of O‐layer consumed by forest fires can vary greatly depending
on fire severity, and fires have been reported to reduce the C stocks of the O‐layer by 15–100% in boreal for-
ests (Andrieux et al., 2018; Boby et al., 2010; McRae et al., 2006; Neff et al., 2005; Seedre et al., 2011). Post‐fire
C accumulation rate in the O‐layer in our study varied largely, ranging from 1 to 30 g m−2 yr−1. The earlier
reported values fall between 5 to 40 g m−2 yr−1 (Czimczik et al., 2005; Harden et al., 2012; Peltoniemi
et al., 2004; Wardle et al., 2003).

Total ecosystem C stock (excluding mineral soil C) declined on average by 60% because of fire (Figure 5). For
those fires that caused only partial disturbances, the total C stocks declined only by <10%, whereas in the
most severe stand‐replacing fires, total C stocks declined by ≥80% (Figure 5). Accumulation of C was fastest
during the first 50 years, and on average, ecosystem C reached 90% of its maximum by 60 years after the fire
(Figure 4). Total C stocks accumulated at a rate of 2–60 g m−2 yr−1 during the first 100 years. Previously, bor-
eal forests in Canada and Alaska have been reported to accumulate 44 and 50 g C m−2 yr−1 (including
mineral soil C), respectively, during post‐fire succession (Alexander & Mack, 2016; Andrieux et al., 2018).

Changes in fire frequency of boreal forests have significant consequences for the global C cycle (Bartowitz
et al., 2019; Kasischke et al., 2010; Turner et al., 2019). The recent fire interval has been increased by several
hundreds of years because of fire suppression in Fennoscandia and in some parts of North America
(Wallenius, 2011). Based on our study, lengthening the fire cycle increases C stocks with the average rates
of 13 g m−2 yr−1 in Eurasian and 29 g m−2 yr−1 in North American boreal forests. Our results indicated that
the C stocks of the O‐layer, living trees, and total ecosystem need on average ≥100 years for full recovery
from fire. Currently, themean fire return interval is 140–300 years in North American (Kasischke et al., 2010;
Ter‐Mikaelian et al., 2009) and only 50 years in central Russian boreal forests (de Groot, Cantin, et al., 2013).
If climate change in boreal forests causes fires to occur with increasing frequency, as suggested by several
studies (de Groot, Cantin, et al., 2013; Kasischke & Turetsky, 2006), these forests may not completely
re‐accumulate C to pre‐fire levels and C sequestration may therefore diminish. However, our results suggest
that although climate change likely shortens the fire return interval, increased PET resulting from climate
warming (Kellomäki, 2017) speeds up C accumulation and the recovery rate of C stocks in boreal forests
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(Table 3 and Figure 6). The balance between these two processes will ultimately determine the C turnover,
and C‐climate feedback to the atmosphere, of the global boreal forest.

Data Availability Statement

Data set (https://doi.org/10.6084/m9.figshare.12758198) can be downloaded from Figshare data repository
(https://figshare.com).
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