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Boreal ecosystems and their large carbon stocks are strongly

shaped by extensive wildfires. Coupling climate projections with

records of area burned during the last 3 decades across the North

American boreal zone suggests that area burned will increase by

30–500% by the end of the 21st century, with a cascading effect

on ecosystem dynamics and on the boreal carbon balance. Fire size

and the frequency of large-fire years are both expected to in-

crease. However, how fire size and time since previous fire will

influence future burn rates is poorly understood, mostly because

of incomplete records of past fire overlaps. Here, we reconstruct

the length of overlapping fires along a 190-km-long transect dur-

ing the last 200 y in one of the most fire-prone boreal regions of

North America to document how fire size and time since previous

fire will influence future fire recurrence. We provide direct field

evidence that extreme burn rates can be sustained by a few occa-

sional droughts triggering immense fires. However, we also show

that the most fire-prone areas of the North American boreal forest

are resistant to high burn rates because of overabundant young

forest stands, thereby creating a fuel-mediated negative feedback

on fire activity. These findings will help refine projections of fire

effect on boreal ecosystems and their large carbon stocks.

climate change | fire-free intervals | fuel feedback |
probability of burning | tree ring dating

Disturbances are likely to modulate the response of forest
ecosystems to future climate change (1, 2). This is particu-

larly true in the North American boreal forest, which is shaped
by large and severe wildfires. Because most fires are stand-
replacing, burn rates (percentage area burned annually) de-
termine forest age, as well as structure and composition at site
and landscape levels, and drive the regional carbon balance (3–
5). Models suggest this biome will experience rapid temperature
increases during the 21st century, with a potential 30–500% in-
crease in burn rates (6–9). Both fire size and the frequency of
large fire years are expected to increase (8, 10, 11), with a cas-
cading effect on ecosystem dynamics (12–16) and carbon storage
(17–21).
Indeed, several boreal forest ecosystems are not resilient to

fire disturbance when burn rates are high. Large and severe fires
may alter seed sources and seedbeds for tree recruitment, which
may trigger shifts to novel forest ecosystems (14, 22). In addition,
shortened fire-free intervals (FI) may shift young, sexually im-
mature tree populations to faster-maturing species (12, 23–25).
Large and severe fires and short FIs also erode the accumulated
carbon stocks (19, 21). Because boreal fires can become im-
mense (>100 km long) (26, 27), fire-mediated climate change
can trigger extensive and abrupt ecosystems responses.
Together, fire size and FI determine how fires recur and overlap

across boreal landscapes. If fires spread and overlap independent
of time since previous fire (TSF), then burn rates are not limited by
fuel availability and forest survivorship decreases exponentially
with TSF (3). In this situation, the boreal forest would be vul-
nerable (i.e., exposed and sensitive) to future increases in burn
rates because the surface area experiencing short FIs would in-
crease disproportionately relative to that of longer intervals.
Conversely, if the probability of burning increases with fuel re-
covery, resistance would develop against large fires and against

short FIs, thus attenuating the vulnerability of the boreal forest to
high burn rates.
The role of fuel age on burn rates has long been debated with

regard to the North American boreal forest. Sequences of over-
lapping fires are difficult to reconstruct, as earlier fires are often
masked by later ones, especially where fires are large, severe, and
frequent. As a consequence, the influence of earlier fires on the
occurrence of subsequent ones is poorly documented. In the ab-
sence of data on fire overlaps, it has been widely assumed that the
effect of fuel age is negligible or short-lasting (less than 20 y),
mostly based on a few localized studies (28). However, a recent
analysis of the detailed Canadian fire record of the last 31 y sug-
gests that recent burns have negatively influenced subsequent fire
activity across landscapes (29). Direct field evidences from the
Scandinavian boreal forest (30, 31) and high-resolution charcoal
records from Alaskan lakes also suggest that the risk of burning
increases with TSF during the first 40–50 postfire years (32, 33).
In this study, we first developed a new approach to recon-

structing the length of overlapping fires along a 190-km-long
transect, thus allowing the systematic reconstruction of fire size
and FIs during the last 200 y in one of the most fire-prone regions
of the North American boreal forest. We used this data set to
examine how fire size and FIs vary in space and time and to verify,
from direct field evidence, whether or not the probability of
burning increases with TSF. This allowed us to assess the degree at
which the boreal forest is resistant to large fires and short FIs. We
subsequently used the recorded fire polygons of the last 31 y
(1980–2010) to examine whether the results obtained from our
main study region could be extended to the rest of the North
American boreal forest.
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Results and Discussion

Using tree ring dating of tree establishment dates and fire-
scarred trees (Fig. S1), we obtained n = 1836 fire dates in 93
contiguous∼2× 1 km cells along a road transect in the unmanaged
boreal forest of eastern Canada (Fig. S2), which revealed 64 dis-
tinct fire years between 1617 and 2013 (Fig. S3). Although the
number of fire years per decade generally decreased after 1900
(almost a twofold decrease in 1900–2013 compared with the 1800–
1899 period; Mann–Whitney U test; P = 0.01), the largest fires
became much larger after 1920 (Figs. 1D and 2A). Burned lengths
along the transect were very high during the decades of 1920, 1940,
1970, 1980, and 2010 because of the extremely large fires of 1922
(118 km), 1941 (91 km), 1972 (62 km), 1989 (96 km), and 2013
(59 km). The burn rate almost doubled, going from 1.4% of the
land area y−1 between 1810 and 1909 to 2.4% y−1 between 1910
and 2013 (Fig. 2B).
The largest fires (length > 10 km) of the 20th century generally

correspond to major peaks in the July mean Drought Code (DC)
(35), indicating they mostly occurred during extreme droughts
(Fig. 2C). Our study thus shows how occasional drought years
may translate into a succession of immense fires, generating
large expanses of young forest stands and thereby shifting the
landscape age structure across boreal landscapes. Drought con-
ditions during 1922, 1941, 1972, and 1989 have resulted in a total
of 367 km of burns along our transect, corresponding to 81% of
the total length burned during the last century. The overlapping
areas of these fires have greatly increased the proportion of short
FIs and young forest stands and have shifted the age class dis-
tribution to a strong dominance of cells younger than 50 y (Figs.
1D, 2B, and 3A). Considering that trees in our study area con-
tinue to grow in height for at least 70 y after a fire (Fig. 4), the
shifting landscape age structure implies a regional decline of
aboveground biomass and carbon storage over multiple distur-
bance–recovery episodes during the 20th century (36).

The observed drought-induced, fire-mediated biomass re-
duction caused a negative feedback on subsequent burn rates. In
theory, if the probability of burning is age-independent, then the
TSF and FI frequency distributions are similar across landscapes
(i.e., the FI/TSF ratio is constant across age classes and equal to
the overall burn rate), and both distributions decrease expo-
nentially (37, 38). In contrast to these expectations, FI fre-
quencies increased with interval length during the 1810–1909
and 1910–2013 periods (Fig. 3B), indicating that forest stands
less than ∼50 y old burned less frequently than expected during
each period (Fig. 3C). In addition, the burn rate shifted from
slightly to strongly dependent on TSF when it increased after
1910 (Fig. 3C). Relative to the period before 1910, the burn rate
increased much more rapidly for stands 25–50 y old, indicating
that during the 20th century, insufficient time for fuel recovery
limited fire spread across cells younger than ∼50 y. Indeed, the
increasing probability of burning with TSF reflects the postfire
trend of fuel accumulation in these landscapes (Figs. 3C and 4B)
and is similar to trends deduced from field studies in Scandinavia
(30, 31) and from high-resolution charcoal records in Alaskan lakes
(32, 33). The large fires of 1916, 1922, and 1941 almost completely
burned the study transect during the early 20th century, increasing
the landscape resistance to subsequent fires (Fig. 1D). Despite
drought peaks in 1947, 1955, 1961, 1963, 1966, and 1968 (Fig. 2C),
the next large fire after 1941 occurred only in 1972, in an area that
previously burned 50 y earlier in 1922. This burn-rate feedback
during the 20th century is also evidenced by the decreasing number
of fire years per decade and by the alternation of peaks and troughs
in burn lengths. The decades of 1920, 1940, 1970, 1980, and 2010
had the longest burn lengths, whereas the intervening decades of
1930, 1960, 1990, and 2000 were all among the 6 decades with the
shortest burn lengths since 1810 (Fig. 2A).
Overlaps between the fires of 1916 and 1922, as well as between

the fires of 1922 and 1941 and the fires of 1972 and 1989, gener-
ated short FIs of 6–20 y in several cells, indicating that young
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Fig. 1. Fire in space and time across theNorth American boreal forest. (A) Recent (1980–2010) fire polygons (26, 27) (red) superimposed onto the unlogged areas
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forests can burn during extreme fire years (Fig. 1D). However,
when a territory larger than the largest possible fire is considered
over multiple fire overlap–fuel recovery episodes, thus encom-
passing a large fraction of the natural range of variability, these
short FIs are less likely than longer ones (Fig. 3C). Indeed, short
FIs were mainly generated by fire overlaps at the margin of pre-
vious large fires (e.g., 1989 vs. 1972 in Fig. 1D). For example, the
third largest fire (5,830 km2) recorded in Canada since 1980 oc-
curred in our study area in June–July 2013 (Fig. S2). Although the
fire overlapped some areas previously burned in 1983, 1989, and
2005, it mostly burned older forest stands (older than 41 y). Col-
lectively, these results indicate that even if severe droughts con-
tinue to occur, overabundant young forest stands will provide
resistance against increasing fire size and decreasing FIs.
Fire data for the rest of the North America boreal zone in-

dicate that the negative feedback observed across our study area
is operating to limit high burn rates at the continental scale. Fire
overlaps observed during the 1980–2010 period were about half
as frequent as would be expected by chance, especially for burn
rates greater than 1% y−1, emphasizing a fuel-dependent limi-
tation on burn rates and fire overlaps, at least for FI shorter than
the record’s length of 31 y (Fig. 5). This resistance against more
fire is systematic across the unmanaged boreal zone and is highly
statistically significant (Fig. 5 and Fig. S4). Assuming that burn
rates higher than 1% are constrained to some degree through a
stand-age feedback, then about 700,000 km2 of boreal forest would
be fuel-limited, mostly in the northernmost, unmanaged part of the
biome (39). Although the commercial boreal forest is more pro-
ductive, and potentially less fuel-limited, than its unmanaged
counterpart, it is also less exposed to high burn rates because fires
are by far more frequent in the unmanaged sector (Fig. 1A).
We studied the stand-age feedback without considering fuel

composition and productivity. Recent empirical evidence sug-
gests that changing burn rates and burn severities will shift forest

composition and productivity, potentially modifying, either posi-
tively or negatively, feedbacks on burn rates. For example, in our
study area, jack pine (Pinus banksiana Lamb.) greatly increased
in abundance after the relatively short FI between the large 1941
and 1989 fires (12, 40). Because jack pine has faster juvenile
growth than black spruce [Picea mariana (Mill.) BSP.], the other
common species in this region, a sustained pine increase over time
could lead to even more fires in young stands, thereby weakening
the negative feedback. Conversely, in some parts of the boreal
forest, the abundance of aspen (Populus tremuloides Michx.),
a broadleaved taxon less flammable than conifers, has been shown
to increase after severe fires (14). As large fires are generally
more severe than small ones (19), models predict than aspen
abundance will increase in a future with more fires, thus poten-
tially strengthening the negative feedback on burn rates (15, 41,
42). Boreal forest productivity may also increase or decrease di-
rectly with climate change (43–45), further suggesting the nega-
tive feedback on burn rates may not be stationary through time.
Geographic differences may also exist across the boreal biome.
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For example, the larch-dominated Eurasian boreal forest is char-
acterized by different forest composition and fire behavior than
the North American boreal forest (46) and probably exhibits dif-
ferent types of fuel feedback.

This study sheds light on the opposing roles of extreme weather
and stand age on fire recurrence in the North American boreal
forest. It thus has important implications for predicting the burn
rates and climate change effects of the coming decades. The con-
cern regarding the prediction of large-scale shifts in burn rates is
justified, given that large fires prompted by only a few years of
extreme drought may be sufficient to abruptly shift fire regimes to
extreme burn rates and to maintain these rates over at least
a century, as exemplified by the recurrence of very large fires in our
study area during the 20th century. However, because of over-
abundant young forest stands, burn rates are already fuel-limited
over large expanses of the unmanaged North American boreal
forest, such that the most fire-prone regions would resist further
fire-mediated climate change. Therefore, projections of high burn
rates (i.e., rates > 1% y−1) during the coming decades are likely
to be overestimated, if not constrained by postfire fuel availability.
These fire-prone, fuel-limited regions provide reference conditions
for evaluating the most extreme fire effects of the coming decades.

Methods
Dating Fires Within Cells Along the Road Transect. The studied north–south
transect spans 190.2 km along the James Bay road in northern Québec,
Canada (Fig. 1B and Fig. S2). A homogeneous suite of low hills and de-
pressions characterizes this region, which is about 250–350 m above sea
level. The region experiences large stand-replacing fires and is strongly
dominated by even-aged stands of black spruce and jack pine (Table S1), two
species that recover rapidly from crown fire because of their serotinus cones.
Eastern larch [Larix laricina (Du Roi) K. Koch] is also relatively frequent but
rarely dominant. Broadleaved taxa (aspen and paper birch [Betula papy-

rifera Marsh.)] occur in less than 5% of the landscape. The road was built in
1972. The region is not logged, and fires are not suppressed.

Although fires of the North American boreal forest are generally stand-
replacing, virtually all fires leave scars on numerous surviving trees at the
margin of unburned forest patches or within areas that experience localized
surface fire (Fig. S1). Our field method is based on the reasoning that if
a sufficiently large sampling cell is carefully surveyed, it would be possible to
reconstruct the sequence of fires that have spread across this cell during the
last few centuries, using fire scars and establishment dates of trees. A pre-
liminary survey indicated that cells of 2 km2 would comprise several live and
dead scarred stems, often with multiple scars, which would allow dating fire
events during the last 200–300 y. Accordingly, the entire transect has been
subdivided into 93 adjacent, 2 × 1 km cells (Fig. 1 B and C). Seven cells have
been shortened (mean length ± SD = 1.59 ± 0.25 km), and 12 cells have been
elongated (2.59 ± 0.46 km) to adjust the transect shape to the sinuous road
path. The center line of each cell had to be no greater than 1 km from the
road to facilitate sampling.

Each cell was exhaustively surveyed to locate fire scars on live trees, snags,
or woody debris, which tend to be grouped near permanent features that
limit fire spread (streams, lakes, peat lands, rocky outcrops, topographic
breaks). Two adjacent cells around kilometer 155 were not sampled because
of extensive anthropogenic forest clearing (Fig. 1D). Two to six scarred stems
were sampled at each scar grouping, with the goal of duplicating as many
distinct fire years as possible within each cell. Large stems with multiple scars
were always preferred over isolated scars, as they are more likely to record
short fire intervals. Isolated scars were sampled when additional fires were
suspected. A few scars were also sampled at no more than 500 m outside
cells. Fire scars from live trees were dated after documented dendrochro-
nological procedures (47). Scars on dead individuals were dated after cross-
dating tree ring width patterns using species-specific master ring width
chronologies from the study area (48).

Jack pine seedlings establish massively and grow rapidly after fire (12, 22,
40). As a consequence, the first tree ring in a stem cross-section close to the
root collar may confirm fires already identified from scars or help identify
additional fires, especially after a short fire interval, when small trees are
unlikely to survive and develop a scar. We have considered cross-sections
with pith taken less than 1 m above the root collar in live pines or dead
individuals with an attached stump that were sampled for fire scars. Sup-
plementary unscarred specimens were sampled for their first tree ring only
when a new fire date was suspected. The year of the first tree ring at root
collar was estimated from the first tree ring at sampling height, with a cor-
rection for the time lag between these two levels: C = 0,154 H, where C is the
correction (years) as a function of the sampling height H (cm). This re-
gression (P < 0,0001; df = 39) has been calibrated from the subset of samples
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with attached stumps at sites with precisely known fire dates. To prevent
a corrected year from preceding the corresponding fire year, sampled
heights were first divided into 2-cm intervals and the regression then cali-
brated on the fifth percentile of all time lags observed for each interval. In
total, our study is based on 1,146 fire dates from scars and 690 dates from
corrected first tree rings (Dataset S1 and Fig. S3). To complete and validate
our data set, we compared fire records among all pairs of adjacent cells and
exhaustively resampled cells with suspected incomplete records or with
records not extending into the 18th century.

To be valid, a fire year in a given cell had to be replicated by at least one
scar or one first tree ring from the same cell or from one of the two adjacent
cells. A cell was considered as active for recording fires for the period after its
first valid fire year. Although the proportion of active cells decreases rapidly
with increasing time before the 19th century (Table S2), two analyses suggest
our database is fairly complete after 1810; that is, for the period with >75%
active cells (76% were active in 1810, 89% in 1850, and 100% in 1922; Fig.
2B), and that more recent burning has not completely destroyed earlier fire
evidence during the last 200 y. First, we verified whether the reconstructed
fire lengths include a larger proportion of gaps in fire extent as we go back
in time. An index of fire discontinuity (IFD) for fire years with discontinuous
series of burned cells was computed from the ratio of the number of un-
burned cells to the number of burned cells. Burned segments more than
10 km apart for a given fire year were considered independent fire events.
Except for an 1854 burn that was highly discontinuous around kilometers
160–180 (Fig. 1D; IFD = 1 unburned cell per burned cell), the IFD is stable
over the 1811–2008 period and significantly lower than for the 18th century
(IFD of 0.1–0.3 vs. 0.3–0.8; Mann–Whitney U test; P < 0.01; Fig. S5), sug-
gesting the fire record is reasonably complete for the last two centuries.
Second, the number of fires recorded per cell is not correlated between the
1810–1909 and 1910–2013 periods (Gamma correlation coefficient = 0.18;
P > 0.05; n = 91), suggesting that an increasing number of recorded fires
during the 20th century do not systematically reduce the probability of
detecting a fire during the 19th century. Because the most recently inactive
cells are scattered along the road transect, large fires could be clearly
reconstructed, even during the 18th century, as exemplified by the 1733 fire
at cells 1–18 and the 1760 fire at cells 65–92 at the southern and northern
ends of the transect, respectively (Fig. S3).

Computing Burn Rates from Fire Lengths. Because we have reconstructed
the length of past fires, including fires that were later overlapped by a
subsequent burn, burn rates were computed directly from the fire lengths
along the transect. For each 50-y time period lagged by 1 y (1810–1859, 1811–
1860, ..., 1964–2013), the burn rate (percentage of land area per year) was
computed as the product of 100% and the total length burned, divided by
the product of the transect length (190.2 km) and the time interval duration
(50 y). These burn rates were considered comparable to rates that would
have been computed from the surface area of fire polygons (Fig. S6).

Stand Age and the Probability of Burning. We directly reconstructed the TSF
each year of each cell from the overlapping sequence of fires over the entire
transect. Similarly, FIs between pairs of consecutive fires into each cell could
be directly reconstructed from fire overlaps. We then compiled the cell
frequency for the same TSF and FI classes (1–20, 21–40, 41–60, 61–80, and 81–
150 y) for two consecutive periods (1810–1909 and 1910–2013). To de-
termine how the burn rate varied with TSF during each of these periods, we
computed the ratio of the FI over the TSF frequencies by age class, as these
frequencies represent the number of cells that burned relative to the
number available to burn into each class, respectively. Confidence intervals
were estimated by bootstrapping. For each age class, the FI/TSF ratio was
computed 10,000 times from random samples of the original data (with
replacement), and the 95% confidence limits were estimated from the 2.5%
and 97.5% percentiles.

Stand Age and Fuel Loading. We described the postfire trend of fuel recovery
from measurements of forest canopy height at points systematically located

every 200 m along 135 km of our 190-km transect (Fig. 4A). From the 675
points potentially available, 166 occurred in lakes or in disturbed areas
(road, cleared areas) and were excluded. Canopy height was visually cate-
gorized in 5-m classes (0–5 m, 5–10 m, etc.) at the remaining 509 points. We
also determined TSF at each point from recent fire polygons (period 1980–
2010) and from our reconstruction of fire overlaps (earlier fires). Considering
that some TSF were poorly replicated among points, we finally retained 445
points belonging to five TSF classes (4.5, 19.5, 36, 67, and 86 y) and corre-
sponding to the 2002–2005, 1988–1989, 1972, 1941, and 1922 fire years,
respectively (sampling year is 2008).

Drought Index. We verified whether or not the largest fires (fires longer than
10 km) were associated with drought conditions. The DC of the Canadian
Forest Fire Weather Index System is a daily index of the moisture content of
the deep layers of the forest floor. A recently developed monthly version of
the DC is a good predictor of the area burned annually during the last 30–40 y
across the Canadian boreal forest (35). We computed the July monthly
DC for the 1901–2012 period, using Climate Research Unit total monthly
precipitation and monthly averages of daily maximum temperature data
(Climate Research Unit time series 3.21 data) (49) and the program SimMDC,
written in the R language (35). As the Climate Research Unit data were in-
terpolated into 0.5° latitude by 0.5° longitude grid cells, we computed the
mean July DC for an area comprising 16 cells between longitude 52° and
54° W and latitude 76.5° and 78.5° N.

Fire Overlaps at the Continental Scale. We evaluated the null hypothesis that
recent fires have overlapped at random (i.e., without age dependence) across
the North American boreal forest. Fire polygons for the period 1980–2010
were acquired from the Canadian National Fire Database (26) and the Bu-
reau of Land Management of the Alaska Fire Service (27). Burn rates and fire
overlaps (total area reburned) were computed for contiguous hexagonal
cells (area of 8,660 km2 corresponding to a minimum diameter of 100 km), ex-
cluding fire < 200 ha, as well as burned areas intersecting water bodies >1 km2

(Fig. 5A). To minimize interactions with logging, we also excluded all cells with
less than 4,000 km2 intact boreal forest according to the Frontier Forests
map (34). The observed overlap fraction (the fraction of the total area
burned corresponding to fire overlaps) was plotted against the burn rate for
each of the 406 remaining hexagons and compared with the fraction
expected under the assumption of random fire occurrence (Fig. 5B).

The expected overlap fraction and its 95% confidence interval were es-
timated using random permutations of fire polygons centroids. Four large
octagonal cells (106,100 km2) were located in regions of homogeneous fire
size and density without large water bodies, along a gradient of burn rates
representative of the North American boreal zone (Fig. 5A). These octagons
included from 83 to 454 fire polygons and had overall burn rates varying
from 0.1% y−1 to 2.4% y−1 during the 1980–2010 period (Fig. S4A). After
each of 500 random permutations of the fire polygon centroids within each
octagon, the burn rate and overlap fraction were recomputed inside the
central hexagonal cell of each octagon. We then combined the 2,000 per-
mutations from all octagons and divided the resulting data set into 8 equal
burn rate intervals (Fig. S4B). For each central value of these consecutive
burn rate intervals, we estimated the expected overlap fraction and its 95%
confidence interval from the median of the corresponding permutations
and the associated 2.5th and 97.5th percentiles, respectively.
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