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Increasing wildfires threaten historic carbon sink of 
boreal forest soils
Xanthe J. Walker1*, Jennifer L. Baltzer2, Steven G. Cumming3, Nicola J. Day2, Christopher Ebert1, Scott Goetz1,4,5,  
Jill F. Johnstone6,7, Stefano Potter5, Brendan M. Rogers5, Edward A. G. Schuur1,8, Merritt R. Turetsky9,10 & Michelle C. Mack1,8

Boreal forest fires emit large amounts of carbon into the atmosphere 
primarily through the combustion of soil organic matter1–3. During 
each fire, a portion of this soil beneath the burned layer can escape 
combustion, leading to a net accumulation of carbon in forests over 
multiple fire events4. Climate warming and drying has led to more 
severe and frequent forest fires5–7, which threaten to shift the carbon 
balance of the boreal ecosystem from net accumulation to net loss1, 
resulting in a positive climate feedback8. This feedback will occur if 
organic-soil carbon that escaped burning in previous fires, termed 
‘legacy carbon’, combusts. Here we use soil radiocarbon dating to 
quantitatively assess legacy carbon loss in the 2014 wildfires in 
the Northwest Territories of Canada2. We found no evidence for 
the combustion of legacy carbon in forests that were older than 
the historic fire-return interval of northwestern boreal forests9. 
In forests that were in dry landscapes and less than 60 years old at 
the time of the fire, legacy carbon that had escaped burning in the 
previous fire cycle was combusted. We estimate that 0.34 million 
hectares of young forests (<60 years) that burned in the 2014 fires 
could have experienced legacy carbon combustion. This implies a 
shift to a domain of carbon cycling in which these forests become 
a net source—instead of a sink—of carbon to the atmosphere over 
consecutive fires. As boreal wildfires continue to increase in size, 
frequency and intensity7, the area of young forests that experience 
legacy carbon combustion will probably increase and have a key role 
in shifting the boreal carbon balance.

Natural wildfires have been the principal landscape disturbance in 
boreal forests for the last 6,000 years10,11. Such wildfires drive boreal 
net ecosystem carbon balance4, emitting large amounts of carbon (C) 
to the atmosphere, primarily through combustion of organic soil2,3. 
Soil C pools have accumulated over millennia through a portion of 
soil escaping combustion beneath the burned layer4, leading to a net 
accumulation of C from the atmosphere across multiple fire events. 
We term these soil C pools ‘legacy C’ because they are carryover pools 
sequestered over past disturbance cycles12 and can be quantitatively 
defined as any organic-soil C that is older than the stand age at the 
time of fire.

Black spruce (Picea mariana) forests represent about 60% of the 
forested area in boreal North America and about 65% of the burned 
area13. Recent climate warming and drying in these forests has led to an 
increase in the frequency, extent, intensity and severity of wildfires5,6. 
Increasing fire severity, in combination with greater fire frequency and 
more burning of young stands, could drive deeper burning of organic 
soil14 and greater proportional combustion15 of organic-soil C. This 
could render legacy C vulnerable to combustion and shift boreal forests 
from a net carbon sink to a net carbon source over the fire cycle1. Boreal 
forests store 30% to 40% of terrestrial C, 70% to 80% of which is stored 
in organic soils16, so this shift could impact the global C cycle and act 
as a positive feedback to climate warming.

The boreal forest of the Northwest Territories, Canada comprises 
nearly 20% of the Canadian boreal forest and 5% of the global boreal 
forest and has carbon-rich soils that can store up to 75 kilograms of 
carbon per square metre2 (kg C m−2). In the summer of 2014, wildfires 
burned the largest area annually on record for this region, presenting 
a unique opportunity to assess the combustion of legacy C across an 
extensive and diverse fire complex. Organic-soil accumulation and 
combustion are known to vary with moisture2,17 and stand age18, so 
we expected that these factors would also influence the presence and 
combustion of legacy C. We hypothesized that legacy C would (Fig. 1): 
(i) occur more in wet ecosystems owing to high rates of organic-soil 
accumulation and low-severity fires in the past, and would not occur in 
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Fig. 1 | Hypothesized patterns of legacy C presence and combustion 
as a proportion of total organic-soil depth across the soil moisture 
gradient of a boreal forest. We hypothesized that: (i) legacy C occurs in 
wet ecosystems because of high rates of organic-soil accumulation (solid 
black line, ‘wet’) and low-severity fires in the past (solid grey line, ‘wet’), 
and does not occur in dry ecosystems owing to low rates of organic-soil 
accumulation (solid black line, ‘dry’) and high-severity fires in the past 
(solid grey line, ‘dry’); (ii) legacy C is most vulnerable to combustion in 
moist ecosystems (‘moist’) because these ecosystems harbour legacy C 
and are prone to moderate-to-severe burning; (iii) younger stands would 
be more vulnerable to legacy C loss compared with older stands because 
the overlying soil layers that were removed by the previous fire have not 
yet reaccumulated (dashed black line), resulting in greater proportional 
combustion of the organic soil (dashed grey line).
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dry ecosystems because of low rates of organic-soil accumulation and 
high-severity fires in the past; (ii) be more vulnerable to combustion in 
moist, compared to dry or wet, ecosystems because these ecosystems 
harbour legacy C and are prone to moderate-to-severe burning; and 
(iii) be more vulnerable to combustion in younger-aged stands com-
pared to older-aged stands because overlying soil layers removed by the 
previous fire have not yet reaccumulated.

To test these hypotheses, in the summer of 2015 we established 211 
field plots spanning seven spatially independent burn scars using a 
stratified random sampling design2,19. All plots experienced stand- 
replacing fires in 2014. In each plot, we measured the pre-fire tree 
density, basal area and stand age, and estimated the burn depth using 
adventitious roots19. We collected 1,205 soil profiles and analysed the 
carbon content of 1,786 soil samples to estimate carbon pools and emis-
sions from the fires2. In 32 black-spruce-dominated plots, we measured 
Δ14C (the parts-per-thousand difference between the 14C/12C ratio of 
the sample and an international standard) on 90 soil-depth increments 
as an index of soil age. In these plots, the depth of the residual organic 
soil ranged from 1.8 to 42.3 cm. The proportion of the pre-fire organic 
soil combusted (ratio of burn depth to pre-fire organic soil depth) 
ranged from 18% to 86%. The stand age at the time of fire ranged from 
19 to 205 years. To each plot we assigned a moisture class (wet, moist, 
dry) on the basis of topography, drainage, soil texture and presence 
of permafrost20. We classified plots as young burned (stand age < 60 

years at the time of fire; n = 9; mean, 45 years) or old burned (stand 
age > 70 years at the time of fire; n = 23; mean, 128 years) according to 
the historic fire-return interval of 70–130 years in northwestern boreal 
forests of North America9.

Organic soil accumulates vertically through time and combustion 
propagates downwards during fire, so we used organic-soil Δ14C values 
to examine the historic cycles of organic soil combustion and accumula-
tion. We obtained Δ14C values from multiple adjacent soil-depth incre-
ments and dated the samples using the atmospheric bomb peak21,22 
(Fig. 2). We then compared the Δ14C values to the atmospheric value 
of Δ14CO2 during the year in which the stand established in order to 
assess the presence and combustion of legacy C. We considered legacy 
C to be present if the organic soil at the base of the organic-soil profile 
was older than the stand age at the time of fire (Fig. 2b, c), and to be 
combusted if the organic soil at the top of the residual organic-soil 
profile was older than the stand age at the time of fire (Fig. 2f–i).

We found evidence of legacy C in 17 out of the 32 plots that we sam-
pled (Fig. 2b, c). Legacy C ranged in age from about 118 to 1,670 years 
and was older than 380 years in 10 plots, suggesting that it had escaped 
combustion in two or three previous fires. In support of our hypotheses, 
the probability of a plot harbouring legacy C increased with depth of the 
pre-fire organic soil (P < 0.05) and decreased with stand age (P < 0.05) 
(Fig. 3a, b, Extended Data Table 1). Specifically, legacy C was present in 
all plots with pre-fire organic soil depth greater than 30 cm (Fig. 3a), 
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Fig. 2 | Radiocarbon concentration Δ14C in the atmosphere over time, 
Δ14C values of soil-depth increments and atmospheric concentration 
of 14C during the year in which the stand established. a–i, In a, the 
radiocarbon concentration ∆14C in the atmosphere over time (black line) 
shows the bomb peak in 1966 (vertical red dotted line) and examples of 
organic soil ∆14C values at different depths (symbols) observed in real 
data (b–i; see Methods ‘Assessing legacy C presence and combustion’). In 
b and c, the ∆14C values of basal increments (diamonds) are compared 
to the atmospheric concentration of 14C during the year in which the 
stand established (circles) to assess the presence of legacy C. In b, stands 
established pre-bomb-peak and in c, stands established post-bomb-peak. 
In b and c, legacy C is present (dashed lines) if the ∆14C value of the basal 
increment is lower (soil less enriched in 14C) than the ∆14C values of the 
atmosphere at the time of stand establishment (solid lines indicate absence 
of legacy C). In d and e, surface increments are assigned to the correct 
side of the bomb peak by comparing the ∆14C values of the residual 

surface increment (squares) to the soil-depth increment 2 cm below the 
surface (triangles). In d, the surface increment is pre-bomb-peak and 
in e, the surface increment is post-bomb-peak; dashed lines in d and e 
represent young burned plots (less than 60 years since the previous fire) 
and solid lines represent old burned plots (more than 70 years since the 
previous fire). In f–i, the ∆14C values of the surface increments (squares) 
are compared to the atmospheric concentration of 14C during the year in 
which the stand established (circles) to assess legacy C combustion. In  
f, the stand age is pre-bomb-peak and the surface increment is pre- 
bomb-peak; in g, the stand age is post-bomb-peak and the surface 
increment is pre-bomb-peak; in h, the stand age is pre-bomb-peak and  
the surface increment is post-bomb-peak; in i, the stand age is post- 
bomb-peak and the surface increment is post-bomb-peak. In f–i, legacy C 
is combusted (dashed lines) if the surface increment is older than the stand 
age (solid lines indicate that legacy C is not combusted).
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which is characteristic of wetter ecosystems19, in 8 of the 9 young 
burned plots and in 9 of the 23 old burned plots (Fig. 3b). When 
the pre-fire organic-soil depth was less than 30 cm (7 young burned 
and 18 old burned plots), proportionally more young burned plots 
(86%) harboured legacy C than old burned plots (22%). We attrib-
ute the high proportion of young burned plots harbouring legacy 
C to the younger ages of the plots at the time of burning, and not 
to the presence of older organic-soil C, because the Δ14C values of 
the basal increments (see Methods) did not differ between young 
and old burned plots (Extended Data Table 2). This signifies that 
younger and older stands experienced similar cycles of organic soil 
combustion and accumulation before the most recent disturbance 
event.

In the majority of the sampled plots (21 out of 32), all of the 
organic soil that had accumulated since 1966 combusted (Fig. 2d, e). 
Of the 17 plots that harboured legacy C, we found evidence of its com-
bustion in 5 plots, all of which had residual soil surfaces that pre-dated 
1966 (Fig. 2f–i). In support of our hypotheses, the probability of legacy 
C loss increased with an increase in the proportion of pre-fire organic 
soil combusted (P < 0.05) and decreased with stand age (P < 0.05) 
(Fig. 3c, d, Extended Data Table 1). Across all plots, an average of 48% 
of pre-fire organic soil was combusted. Among the 7 plots with more 
than 48% combustion, legacy C loss occurred in 4 plots (57%), all of 
which were classed as dry or moist. Among the remaining 10 plots with 
less than 48% combustion, only 1 plot (10%) exhibited legacy C loss. 
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This plot was classified as moist, whereas the 9 plots with no legacy C 
loss were classed as wet (Fig. 3c).

Legacy C was most likely to be lost from stands that were young 
at the time of fire (Fig. 3d); it was lost from half of the young burned 
plots, but from only 1 of the 11 old burned plots, that had it (Fig. 3d). 
However, young burned plots classed as wet were still resistant to legacy 
C combustion and thus accumulated C over the fire-succession cycle, 
even in this record-setting fire year.

Burn depth and C emissions were similar, regardless of legacy C 
combustion (Extended Data Table 3). These results suggest that legacy 
C combustion in young burned plots is due to its more shallow position 
in the organic soil, because the shorter time between consecutive fires 
limited organic-soil accumulation. Furthermore, the Δ14C values of 
residual soil surface increments in young burned plots were similar 
to those of the old burned plots, and these soil surface increments had 
Δ14C values greater than zero (Extended Data Table 2). This demon-
strates that relatively young legacy C combusted and that the amount 
of organic-soil C lost during the latest fire was higher than that accu-
mulated since the previous fire but lower than the amount accumulated 
over preceding fire intervals. Taken together, our results suggest that 
an increase in fire frequency (that is, shortened interval between fires, 
resulting in more young burned forests) will be an important determi-
nant of future legacy C loss. It follows that measuring the magnitude of 
C emissions alone is insufficient for assessing the long-term impacts of 
wildfire on the net carbon balance of boreal ecosystems.

Fig. 3 | Predicted presence and combustion of legacy carbon.  
a–d, Data are grouped according to stand age at the time of fire  
(old or young burned) and moisture (dry, moist or wet). Shading 
represents the 95% prediction intervals and symbols are staggered for 
visual differentiation. The vertical dotted line represents the age threshold 
used to differentiate between young burned and old burned plots. The 

presence of legacy carbon was modelled as a function of pre-fire organic-
soil depth (a) and stand age at the time of burning (b; pseudo-R2 of 
0.26, n = 32 plots). The combustion of legacy carbon was modelled as a 
function of the proportion of organic soil combusted (c) and stand age 
at the time of burning (d; pseudo-R2 of 0.43, n = 17 plots). See Extended 
Data Table 1 for model results.
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The limited evidence that we found of legacy C combustion in old 
burned plots suggests that these plots were either neutral or a net 
carbon sink relative to the atmosphere since the previous fire event. 
Young burned plots were much more likely to experience legacy  
C combustion and act as a net source. In the 2014 wildfires in the 
Northwest Territories, Canada, approximately 0.77 ± 0.07 Mha (27%)  
of the burned forest area were <60 years old at the time of fire  
(ha, hectare; 1 ha = 104 m2; all uncertainties are mean ± s.e.m.). As legacy  
C combusted in roughly 45% of the young burned plots, we estimate  
that 0.34 ± 0.03 Mha (12%) of forests were vulnerable to legacy C 
combustion and emitted approximately 8.62 ± 1.05 Tg C during 
the 2014 fire season. These emissions amount to more than 20% of 
the mean annual net ecosystem production in boreal forests across 
the globe over the period 1997–2006 (41 Tg C yr−1)23. Although the 
amount of legacy C combusted from the 2014 fires in the Northwest 
Territories is small relative to mean annual global C emissions from 
fires (about 2.2 Pg C yr−1 during 1997–2016)24, our results highlight 
the importance of considering the type of C that is emitted when 
evaluating the impacts of fire on the global C cycle. The majority of 
global fire emissions come from tropical savannahs that re-sequester  
their C within months or years. Recent results suggest that even 
these ecosystems may experience multi-decadal decreases in soil C 
with increased fire frequency25. Similarly, legacy C emissions from 
increasing fire frequency in boreal forests, which take a century to 
re-sequester, represent a fundamental switch from a long-term carbon 
sink to a source.

Our application of soil radiocarbon dating enabled us to assess 
both the presence and combustion of legacy C in boreal forest eco-
systems at a landscape scale. We found that legacy C never accu-
mulates in dry stands because of complete combustion, whereas 
in wet stands it readily accumulates in deep organic soils that burn 
at low severity. Despite these moisture-driven variations, it is the 
burning of young aged stands that renders legacy C vulnerable to 
combustion and shifts forests into a new domain of C cycling. This 
new domain is a product not only of legacy C loss in the disturbance 
event but also of the residual legacy C being exposed to decom-
position26 between fire events, which acts to further accelerate C 
loss to the atmosphere. Although our inference is limited to North 
American boreal black spruce forests, Eurasian boreal forests that 
experience stand-replacing fire regimes27 and even infrequently 
burned tundra ecosystems21 have similarly stratified organic soils, 
where age increases with depth, and may also be vulnerable to legacy 
C loss as fire regimes shift. The frequency of boreal forest fires is 
projected to increase even more with expected climate warming and 
drying28 and, as a result, the total burned area is expected to increase 
to 130%–350% by mid-century29. These changes will increase the 
proportion of young forests vulnerable to burning and increase both 
the loss of legacy C per unit area burned and the expanse of forests 
transitioning from net C uptake over consecutive fire intervals to 
net C loss. Accounting for fire frequency and associated legacy C 
loss is therefore important for assessing the effects of wildfire on the 
future boreal net ecosystem carbon balance and its impacts on the 
global C cycle and the climate.
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Methods
Field methods. In the summer of 2015, we established 211 burned plots in 7 spa-
tially independent burn scars: 4 in the Taiga Plains ecozone and 3 in the Taiga 
Shield ecozone of Northwest Territories, Canada6. Each plot consisted of two 30-m 
parallel transects at 2 m apart, running due north. At each plot, we recorded the 
latitude, longitude and elevation with a GPS receiver, and the slope and aspect with 
a clinometer and compass. In the field, each plot was assigned a moisture class on 
a six-point scale (ranging from xeric to subhygric) on the basis of topography‐
controlled drainage and adjusted for soil texture and presence of permafrost2,20.  
We also measured the densities and basal areas of tree species, and estimated  
aboveground C combustion2. We collected five basal tree disks in each plot. Tree 
disks were processed using standard dendrochronology techniques30 and tree rings 
were counted as an estimate of time after the last fire19. We measured the depth 
of the residual soil organic layer (SOL) directly beside black spruce trees at ten 
points per plot. In association with these points, we measured the distance from 
the highest adventitious root height to the top of the residual SOL on 1–3 adven-
titious roots per tree, in order to estimate SOL burn depth19. At an additional ten 
points per plot, we measured the residual SOL. We then calculated pre-fire SOL 
depth (residual SOL depth plus burn depth) and the proportion of SOL combusted 
(burn depth divided by pre-fire SOL depth). Additionally, at five of the residual 
SOL measurement points we collected an intact soil monolith (5 cm × 10 cm 
with variable depth) of the entire depth of the residual SOL. In total, we obtained 
1,025 soil monoliths, which were frozen until they could be processed at Northern 
Arizona University.
Laboratory methods. For radiocarbon analysis we selected 32 plots from the 
full dataset that were: (1) dominated by black spruce, the most abundant forest 
type pre-fire (171 out of 211 plots); (2) randomly distributed across the landscape  
(78 out of 211 plots; ‘A’ plots in supplementary methods of a previously published 
study2); and (3) representative of the full moisture gradient on this landscape, from 
xeric to subhygric. This selection of plots was designed to maximize our domain of 
inference and test our hypotheses. We then grouped plots into three moisture cate-
gories on the basis of the original six-point scale (dry: xeric or subxeric; moist: sub-
xeric–mesic or mesic; wet: mesic–subhygric or subhygric). One soil monolith was 
randomly selected from each of these plots. The average total depth of the selected 
soil monoliths (mean, 10.9; s.e.m., 1.9) was not significantly different (t = −0.53, 
P = 0.60) from the average residual SOL (mean, 12.3; s.e.m., 1.8) in these plots. In 
five plots we randomly selected a second soil profile to validate the accuracy of our 
radiocarbon values and account for potential spatial heterogeneity within plots; in 
all cases the second soil profile corroborated the results of the first (Extended Data 
Table 4). We bisected all monoliths depth-wise using an electric carving knife and 
one-half of the monolith was processed to assess the residual SOL C and model 
the SOL C combustion2. From the remaining half, all of the live moss and vascular 
plants were sliced off and discarded. We then cut a 1-cm-deep increment from the 
surface of the soil monolith (surface increment) and a 1-cm-deep soil increment 
directly below it (2-cm increment). In addition, we cut a 1-cm-deep increment 
directly above the mineral soil (basal increment). There were three monoliths in 
which the basal increment was located above frozen organic soil instead of mineral 
soil. These monoliths were from wet plots in which the SOL depth was greater than 
30 cm and legacy C was present (see Fig. 3a). There were six soil monoliths from 
which only two depth increments remained (that is, residual SOL less than 3 cm 
deep). For these monoliths, we classified the 2-cm increment as the basal incre-
ment. We froze one-half of each depth increment for archival purposes.

Given that soil age increases with depth17,31 and considering the expense of radi-
ocarbon dating, we chose to sample three depth increments per soil profile instead 
of dating the entire profile. This allowed us to maximize the number of profiles that 
we could analyse in order to test our hypotheses about landscape patterns of legacy 
C presence and combustion. Previous radiocarbon dating of boreal and tundra soils 
have used either moss macrofossils21 or a combination of moss macrofossils and 
bulk soil31,32, and similar dates were found for soil and macrofossil samples32. We 
chose to isolate all particulate organic matter with diameter up to 250 μm from 
the bulk soil for our radiocarbon dating. In isolating this fraction from bulk soil, 
all of the root material was removed under a microscope to mitigate a bias from 
roots towards younger ages, and all of the heavier mineral soils were removed to 
prevent an older-age bias33. We believe that this isolated fraction represents mate-
rial that accrued at that increment depth and at that point in time. Given that all of 
the increments were taken from organic soil (carbon content greater than 20%)2, 
where the mineral soil content was very low, age estimates from this fraction are 
probably biased towards young ages because of newer plant material inputs that 
cannot be removed through visual inspection. This would make our estimates of 
legacy C presence and combustion conservative.

We isolated all of the particulate organic matter <250 μm from the bulk soil 
by removing the roots, shaking the soil increment in a Nanopure water system 
for 2 h and passing the soil–water solution through a 250-μm sieve onto a glass 
microfibre filter. We vacuum-filtered and oven-dried the filter at 60 °C for 24 h. 

We then weighed 3–12 mg of the isolated fraction into a quartz tube, topped it 
with ~0.1 g of cupric oxide and vacuum-sealed the tube. These tubes were then 
heated in a muffle furnace at 900 °C for 2 h. The carbon dioxide produced was 
then cryogenically purified under vacuum, and ~0.7–1.0 mg C was subsampled 
for graphitization. The samples were converted to graphite at 550 °C with an iron 
catalyst in a hydrogen atmosphere34 at Northern Arizona University. Our primary 
standard for 14C analysis is NIST oxalic acid II (SRM 4990C, National Institute of 
Standards and Technology). For a secondary standard, we used FIRI-D and FIRI-G 
(Fourth International Radiocarbon Inter-comparison). Our blank was anthracite 
coal cleaned with a standard acid–base–acid treatment. All of the standards and 
radiocarbon blanks used for the 14C measurements were combusted and purified 
similarly to the samples. The 14C content of the graphite was measured at the W. M. 
Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory at the University 
of California, Irvine. In total, we analysed 105 soil-depth increment samples from 
32 plots.
Assessing legacy C presence and combustion. The vertical accumulation 
of boreal-forest organic soils and the downward propagation of fire combus-
tion allow us to infer whether any legacy C was burned in a fire from the radi-
ocarbon content of the post-fire surface SOL. Because we dated a bulk sample 
that represents an open system, ages assigned are not expressed in true calen-
dar years but in a relative age metric33. The sharp increase in radiocarbon val-
ues that begins in 1955 and peaks in 1966 (Fig. 2a) is due to 14C production by 
atmospheric testing of nuclear weapons and can be used for accurate dating of 
organic C within soil profiles22,35. Owing to the shape of this atmospheric bomb 
curve22, the appropriate location of the radiocarbon value for the residual surface 
increment (‘soil surface’ in Fig. 2a, d, e) cannot be determined during the bomb 
period (1950 to present) without reference to the radiocarbon value of the 2-cm 
increment21 (‘soil 2 cm’ in Fig. 2a, d, e). The soil surface increment was classi-
fied as ‘pre-bomb-peak’ if the 2-cm increment was less enriched in 14C and as 
‘post-bomb-peak’ if the 2-cm increment was more enriched in 14C (Fig. 2d, e). 
All basal increments were pre-bomb-peak (before 1966) because they were less 
enriched in 14C than the surface and 2-cm increments. We compared ∆14C values 
of the basal increments to the atmospheric concentration of 14C during the year 
in which the stand established based on tree-ring counts to assess the presence 
of legacy C (Fig. 2a–c). When the stand established before 1966 (Fig. 2b), legacy  
C was present if the ∆14C value of the basal increment was lower than the ∆14C 
value of the atmosphere during the year that the stand established. When stands 
established after 1966 (Fig. 2c), legacy C was present because all basal increments 
were pre-bomb-peak. To determine whether legacy C combusted, we compared the 
∆14C value of the soil surface increment to the atmospheric concentration of 14C 
during the year in which the stand established (Fig. 2a, f–i). If a stand established 
before the 1966 bomb peak and the soil surface was pre-bomb-peak, then legacy 
C was combusted if the ∆14C of the soil surface was lower than the atmospheric 
concentration of 14C during the year in which the stand established (Fig. 2f). If a 
stand established after the bomb peak and the soil surface was pre-bomb-peak, 
then legacy C was combusted (Fig. 2g). If a stand established before the bomb peak 
and the soil surface was post-bomb-peak, then no legacy C combusted (Fig. 2h). If 
a stand established after the bomb peak and the soil surface was post-bomb-peak, 
then legacy C was combusted if the ∆14C value of the soil surface was higher than 
that during the year in which the stand established (Fig. 2i). In cases in which the  
radiocarbon age indicated legacy C combustion, the actual amount of pre- 
stand-age C that was lost could not be estimated, because the location of the bound-
ary between recent and legacy C in the pre-fire SOL is unknown and probably 
exhibits unconformities (that is, missing strata from past fires).
Estimation of young burned area. To determine the total area of young burned 
forests, polygon records from the Canadian National Burned Area Composite 
(NBAC)36,37 and National Fire Database (NFD)3,38–40 were used. Although NBAC 
is available only since 2004, it is more accurate than NFD. For the Northwest 
Territories of Canada, NFD goes back to 1965, but—according to our definition—
fires that burned as far back as 1954 had the potential of exposing legacy carbon. 
Because of this, two approaches were taken: (1) fire records dating back to 1965 
were intersected with those of the 2014 fires to determine the area of young burned 
forests per year, and (2) the linear relationship between the year since the fire and 
the area of young burned forests was calculated and used to fill in missing data 
(Extended Data Fig. 1). Without extrapolation to 1954, the total area of young 
burned forests is 0.51 Mha. With extrapolation, the total area of young burned 
forests is 0.76 Mha, which represents 26.83% ± 2.38% of the total area burned 
(Extended Data Fig. 1).

To estimate the carbon emissions associated with these young burned areas, 
we used the 30-m combustion product from previous studies2,41. Combustion 
was extracted from young burned polygons since 1965, and the sum was 
increased by 4% to account for missing imagery41, resulting in 14.41 ± 1.21 Tg C  
(uncertainty derived from the combustion layers). We extrapolated this estimate 
from forests 49 years and younger to 50–60-year-old forests assuming the mean 
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combustion and increase in burned area described above, resulting in an additional 
4.75 ± 0.58 Tg C (uncertainty derived from combustion and extrapolated burned 
area). Finally, we assumed that 45% of these areas experienced legacy carbon com-
bustion, resulting in 8.62 ± 1.05 Tg C.
Statistical analysis. All of the statistical analyses were performed using R statis-
tical software (version 3.5.2)42. We used Firth’s bias-reduced logistic regression in 
the R package logistf43 to determine whether the stand age and the pre-fire SOL 
depth could predict the presence of legacy C (n = 32 plots). We used the pre-fire 
SOL depth because it strongly covaries with landscape moisture gradients, with 
wetter plots corresponding to deeper organic soil19. We also used Firth’s bias- 
reduced logistic regression to assess whether the combustion of legacy C could 
be predicted from the stand age and the proportion of SOL that combusted, 
which is a measure of fire severity. This was completed on the subset of plots in 
which we detected legacy C (n = 17 plots). We scaled and centred all covariates 
and used Firth’s logistic regression because it circumvents the problem of highly 
predictive covariates, which are common in logistic regression of small or sparse 
samples44. We also explored the use of mixed models, using individual fires as 
a random effect to account for spatial non-independence, but these analyses 
involved neither quantitative nor qualitative changes in our results (Extended 
Data Table 5). For both models, we first tested for an interaction among covari-
ates using the Akaike Information Criterion for the selection45 of the full model 
(with interaction) against the reduced model (no interaction). In both cases 
we were able to drop the interaction and only model marginal effects (Akaike 
weight of the reduced model greater than 0.9)45,46. For each model, we obtained 
the logarithmic likelihoods (loglik) for the intercept-only model (null) and the 
model of interest (model) in the package logistf. We then calculated McFadden’s 
pseudo-R2 as [1−loglik(model)]/loglik(null) (ref. 47). To assess whether the Δ14C 
values of the basal soil depth increments (n = 32), which are representative of the 
age of legacy C, were different for young burned plots (n = 9) and old burned 
plots (n = 23), we completed an independent t-test in the R base package. We 
also used independent t-tests to assess the difference in residual-soil-surface 
Δ14C values between young and old burned plots classified as pre-bomb-peak 
(n = 21 plots; 16 old and 5 young) and post-bomb-peak (n = 11 plots; 7 old 
and 5 young).

Data availability
The raw data are included in Fig. 2 and are available from the Oak Ridge National 
Laboratory Distributed Active Archive Center (ORNL DAAC)48. Data for emis-
sions are archived at ORNL DAAC41,48.

Code availability
The R code for emissions is archived with the original publication2. The R code 
used for all analyses in this study is available from the corresponding author upon 
request.
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Extended Data Fig. 1 | Area burned in the 2014 wildfires in the 
Northwest Territories of Canada that was considered as young burned 
(younger than 60 years at the time of fire). a, b, Percentage (a) and 
cumulative percentage (b) of area burned in the 2014 wildfires, expressed 
in years since the fire and year of burn. In a, the dashed line represents 

the best fit between the observed values in the fire databases and the solid 
line represents the linear extrapolation to 1954. Grey shading indicates 
the standard error of the observed values and red shading indicates the 
predicted standard error (y = 0.01430x + 0.01097; R2 = 0.09; P < 0.05).
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Extended Data Table 1 | Firth’s bias-reduced logistic regression results

Results shown for modelling: (1) the presence of legacy C as a function of pre-fire SOL depth (in centimetres) and stand age at the time of fire (years) and (2) legacy C combustion as a function of the 
proportion of SOL combusted (0–1) and stand age at the time of fire (years). Coeff, coefficient; st. error, standard error; CI, confidence interval.
**P < 0.05.
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Extended Data Table 2 | t-test results

Comparison of mean ∆14C values of soil basal increments between old burned and young burned plots and of the residual soil surface increments between old burned and young burned plots for both 
pre-bomb-peak and post-bomb-peak increments. t-stat, t-statistic; df, degrees of freedom.
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Extended Data Table 3 | SOL depth and carbon in pre-fire and burned pools

Data grouped according to stand age at the time of fire and the presence or combustion of legacy carbon. Values for all black-spruce-dominated plots originally sampled are also presented. Values are 
shown as mean ± s.e.m.
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Extended Data Table 4 | Comparison between Δ14C values of two soil profiles in five sites

Δ14C values for the surface increment, the 2-cm increment directly below the surface and the basal increment directly above the mineral soil for five plots (one young and four old) where we  
obtained two soil profiles (‘soil profile #’ refers to the meter location on the sampling transect). The Δ14C values of the atmosphere at the time of stand establishment (Δ14C stand age) are provided 
for comparison with the basal increment, in order to determine the presence of legacy C (0, absent; 1, present), and with the 1-cm increment, in order to determine whether legacy C was combusted 
(0, absent; na, not applicable), which was completed only when legacy C was detected.
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Extended Data Table 5 | Results of Firth’s bias-reduced, mixed-effect model and simple logistic regression

Results are shown for modelling the presence of legacy C (0 = no, 1 = yes) as a function of pre-fire SOL depth (in centimetres) and stand age at the time of fire (years). The X2-test statistic is presented 
for Firth’s biased model and a Z-value for the other models.
*P < 0.1; **P < 0.05.
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