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Across the boreal forest, fire is the main disturbance factor and driver of ecosystem changes. In this
study, we reconstructed a long-term, spatially explicit fire history of a forest-tundra region in
northeastern Canada. We hypothesized that current occupation of similar topographic and edaphic
sites by tundra and forest was the consequence of cumulative regression with time of forest cover due
to compounding fire and climate disturbances. All fires were mapped and dated per 100 year intervals
over the last 2000 years using several fire dating techniques. Past fire occurrences and post-fire
regeneration at the northern forest limit indicate 70% reduction of forest cover since 1800 yr BP and
nearly complete cessation of forest regeneration since 900 yr BP. Regression of forest cover was
particularly important between 1500s–1700s and possibly since 900 yr BP. Although fire frequency
was very low over the last 100 years, each fire event was followed by drastic removal of spruce cover.
Contrary to widespread belief of northward boreal forest expansion due to recent warming, lack of
post-fire recovery during the last centuries, in comparison with active tree regeneration more than
1000 years ago, indicates that the current climate does not favour such expansion.
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1. INTRODUCTION
The northern part of the North American boreal forest

corresponds to the forest-tundra ecotone where trees

and forests reach their northernmost distribution limits

(Rowe 1972; Timoney et al. 1992; Payette et al. 2001).

The most extensive forest-tundra areas in North

America are located on the Canadian Precambrian

Shelf from the Northwest Territories to the Labrador

coast. The vegetation of the forest tundra is composed

of lichen-shrub tundra communities on hilltops and

open forest stands on lower slopes and depressions.

This rather common spatial pattern of tundra and

forest communities across the ecotone is the result of

long-term interactions between fire disturbance and

climate (Payette & Gagnon 1985; Asselin & Payette

2006). Similar connections between fire, vegetation

and climate are known for other large ecotones like the

prairie-forest border in Central North America

(Grimm 1983, 1984; Umbanhowar 2004).

The reconstruction of the past dynamics of the

boreal forest is based primarily on the stratigraphic

analysis of organic cores from lake and peat sediments

(Patterson et al. 1987; Ritchie 1987; Wein et al. 1987;

MacDonald et al. 1991; Kuhry 1994; Earle et al. 1996;

Whitlock & Millspaugh 1996; Tryterud 2003;

Whitlock & Bartlein 2004). Most studies focussing on

the historical role of fire in vegetation development have

used indirect fire evidence based on pollen-slide and
tribution of 12 to a Theme Issue ‘The boreal forest and
hange’.

r for correspondence (serge.payette@bio.ulaval.ca).

2301
thin-section methods applied predominantly to lake
sediments (Cwynar 1978; Swain 1978, 1980;
Terasmae & Weeks 1979; Green 1982; Patterson et al.
1987; Clark 1988; MacDonald et al. 1991; Clark &
Royall 1996; Carcaillet et al. 2001; Asselin & Payette
2005a). These methods give a rather crude assessment
of past fire occurrences in time and space and their
impact on ecosystems throughout postglacial times.
Charcoal fragments from lake sediments are useful to
yield a general account of fire presence and influence
over time. But the distribution and abundance of
microscopic and macroscopic charcoal fragments in a
lake core are not reliable enough parameters to identify
nearby individual past fire events at both the site and
regional scales and, in particular, to calculate fire
frequencies as it is sometimes suggested (Carcaillet
et al. 2001; Anderson et al. 2006; Stähli et al. 2006).

On the other hand, long-term and spatially explicit
fire reconstructions are rare (Niklasson & Granström
2000), difficult to realize in the field given the phasing
out offire evidence with time (Heinselman 1973; Tande
1979; Payette et al. 1989a,b; Johnson & Gutsell 1994;
Bergeron et al. 2001, 2004), and generally do not go
beyond the last 600–800 years (Engelmark 1984;
Niklasson & Granström 2000). It is possible to
reconstruct a spatially explicit, long-term fire history
of a given area when long-lived tree species are dominant
(LaMarche 1969; Engelmark 1984; Lara & Villalba
1993; Swetnam 1993; Niklasson & Granström 2000).
Except under exceptional circumstances, like in south-
west USA where several trees are living for thousands
of years (Swetnam 1993; Lloyd & Graumlich 1997),
most long-term fire histories rely on other direct fire
This journal is q 2007 The Royal Society
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Figure 1. Location of the study area.
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Figure 2. Distribution of present dominant vegetation types
according to altitude in the Rivière Boniface area. Lichen-
spruce woodlands in black, lichen-spruce krummholz in
medium grey and lichen-heath tundras in light grey.
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evidence like macroscopic charcoal on and in mineral

soils (Filion 1984; Payette & Gagnon 1985; Filion

et al. 1991; Desponts & Payette 1993; Lavoie & Payette

1996; Carcaillet 2001; Asselin & Payette 2005b; Talon

et al. 2005). The reconstruction of long-term fire

histories in a given area of a size far greater than the

classical lake catchment necessitates time-consuming

field research using several complementary methods,

including radiocarbon dating of charcoal, tree-ring

dating and sometimes allometric scaling of plant traits,

to accurately date ancient and recent fire events.

Forest-tundra environments are among the best

templates to analyse the spatiotemporal development

of forest vegetation over several hundred years in an

area of sufficient but representative size, at least several

tens of square kilometres.

In this study, our primary objective was to reconstruct

a long-term, spatially explicit fire history of the north-

ernmost boreal forest ecosystems in northeastern

Canada in the context of the dynamics of the global

circumboreal forest. Owing to the dual and contrasted

occupation of tundra and forest communities in the same

forest-tundra area and in the same topographic and

edaphic setting, we were also interested (i) to evaluate the

climatic impact of fire in time and space on the

regeneration of the boreal forest at its northernmost

limit and (ii) to determine the inception and expansion of

tundra communities in a typical North American forest-

tundra landscape. It was hypothesized that the current

dual occupation of similar sites by tundra and forest

communities was the consequence of the cumulative

regression with time of the forest cover due to

compounding fire and climate disturbances. To do so,

the work necessitated several years of field investigations

to map exhaustively and to accurately date the occur-

rence of all individual fires per 100 year intervals over the

last 2000 years. To realize such a detailed account of the

long-term behaviour of the northernmost boreal forest,
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we documented andanalysed thefire record of a northern
boreal forest-tundra area of 40 km2 within the Rivière
Boniface watershed in northeastern Canada (578450 N,
768 W; figure 1).
2. MATERIAL AND METHODS
The study area harbours the northernmost forest vegetation

along the eastern coast of Hudson Bay. Black spruce (Picea

mariana [Mill.] B. S. P.) is the dominant tree species in the

area with only a few eastern larch (Larix laricina [DuRoi]

K. Koch) trees growing in mesic and wet soils (Peňalba &

Payette 1997). Spruce-moss stands are the most important

forest type in depressions, whereas lichen-spruce woodlands

and krummholz (pygmy forests; distorted spruce less than

2.5 m high) are distributed on slopes and exposed summits

along with lichen-heath-dwarf birch (Betula glandulosa

Michx.) communities (figure 2). Woodlands are restricted

to lowlands not exceeding 135 m above sea level (a.s.l.) and

krummholz extend to 165 m a.s.l. Krummholz are damaged

by snowdrift action although these stands regenerated after

fire when conditions were favourable for seedling establish-

ment (Payette et al. 1989a,b; Asselin & Payette 2005b).

Woodland and krummholz cover 30% of the study area,
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Figure 3. Growth model of black spruce clones (two clones
per site identified with genetic markers and clone
morphology) according to time-since-fire based on tree ring
and 14C dating of fire events.
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whereas lichen-tundra communities occupy the remaining

well-drained sites up to the highest altitude, approximately

215 m a.s.l. Several sandy lichen-tundra sites along the river

bank are also occupied by sand dunes, largely controlled by

fire (Saint-Laurent & Filion 1992). The Boniface area has

been occupied in the recent past by small groups of

Nunamiut, i.e. Inuit living in interior Ungava peninsula

(Vézinet 1980; Payette et al. 2004), as evidenced by

summer and winter camps distributed on several headlands

along the river.

The systematic analysis of fire evidence included the

exhaustive sampling of all the well-drained sites within the

40 km2 study area, i.e. approximately 300 contiguous, well-

drained hill sites ranging between 115 and 215 m a.s.l. In this

study, a site (or a fire site) was defined as an individual hill (or

rarely an alluvial terrace) delineated by wetland vegetation

occupying confined depressions, small or large valleys, or

mires (peatlands). The hills are Precambrian outcrops

covered by thin glacial and fluvial-marine sediments where

podzolic soils develop in gravelly loams. Surface analysis for

the reconstruction of fire activity included the dating of all

fires at each site and evaluation of spruce cover (cover classes

of !1%, 1–10%, 10–20%, 20–30%, etc.). Lichen-spruce

woodland and lichen-spruce krummholz are two dominant

vegetation types having more than 10% spruce cover, whereas

lichen-tundra is a spatially dominant vegetation type having

less than 10% spruce cover. An examination of all the fire

evidence was done at each site using a stratigraphical

approach. The latter included a survey of the surface and

examination of the uppermost mineral soil for sampling and

dating of each fire in order to produce a stand-origin map

(Heinselman 1973; Johnson & Gutsell 1994). Two con-

trasted situations based on the distribution of woodlands,

krummholz and tundras were encountered during sampling

of fire evidence, which necessitated the selection of several

dating techniques. Whereas recent fires are identified rather

easily from fire scars and charred wood at the soil surface, old

post-fire stands show evidence of fire from charcoal located

on, within, or beneath the modern organic soil horizon. An

evaluation of the former abundance of black spruce in lichen-

tundra sites, based on distribution, number and growth form

of charred standing or fallen dead stems was done in order to

deduce the presence of woodland or krummholz stands at the

moment of the last fire event. This evaluation was used to

measure forest survival over time and correlative success of

post-fire tree regeneration.
(a) Fire dating

The following methods were used to date the last fire and

sometimes the previous fire occurring at a site: dating of fire

scars, dating of post-fire trees, dating of pre-fire trees,

radiocarbon dating of charcoal and clonometry.

Fire scars on black spruce stems were used to date recent

fires. Fire scars were rare because subarctic spruces usually

display dense foliage at the stem base that is susceptible to

burning completely during fire. Dating of relatively old fires

(back to 450 years ago) was possible using fire scars on living

and standing dead stems. Fire-scarred trees were cross-dated

based on an accurately dated sequence of light rings developed

in this area (Filion et al. 1986). Exceptionally old-aged fire

scars are found only on long-lived Gymnosperms (Swetnam

1993).

Dating of post-fire trees from tree-ring counts is a

common practice in sites where the time elapsed since fire

is shorter than the lifespan of regenerated tree species

(Heinselman 1973). This technique proved useless most of
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the time because the large majority of post-fire spruces were

growing as stunted shrubs. Instead of forming normal single-

stemmed trees, most post-fire black spruces in the Rivière

Boniface area are growing as stunted individuals in the form

of multi-stemmed clones (Bégin & Filion 1999; Laberge

et al. 2001), spreading in all directions when soil topography

is uniform, thus forming circular, elliptic or elongated

features. Every post-fire spruce clone increases in size with

time since the last fire date, but the centre of the clone opens

with time due to death of the oldest stems (Laberge et al.

2001). In a few cases, it has been possible to approximately

date the last fire occurring at a site based on dating of the

oldest stems at the centre of clones (Simard 1996; Laberge

et al. 2001). To approximate the fire date, we developed a

technique called clonometry, based on size (perimeter) of

post-fire clones used as a surrogate for true age as commonly

used in lichenometry (Innes 1985). An allometric relation-

ship was developed between clone size and time-since-fire in

sites where fire was dated by fire scars and dead pre-fire trees

(recent fires) and charcoal (old fires). Clones used in the

model were all genuine genotypes identified with genetic

markers (Laberge et al. 2000). We extended our original

dataset to include the perimeter of 809 clones from 105

different sites. A model of clone growth with time was

constructed and based on the relation between time-since-

fire dates of tree-ring dated fires (recent) and 14C-dated fires

(old) and the perimeter of the two largest clones in each site

where genetic markers were used to identify genuine clones

(figure 3). On a millennial time scale, the size of clones gives

a reliable approximation of time-since-fire. The size

structure of all post-fire clones per site was constructed for

each of the 105 sites. Perimeter distribution of post-fire

clones (figure 4) is similar to diameter distribution of post-

fire trees used in standard forest inventories (Oliver &

Larson 1996). The number of clones per size class gives a

portrait of recruitment success of black spruce with time-

since-fire. The model of clone growth has been used for

testing the validity of radiocarbon charcoal dates for the

determination of time-since-fire dates and delineation of old

fires in a given area. For example, it is highly probable that

clones with a perimeter of greater than 60 m are not growing

in sites disturbed by recent or relatively recent fires. In

contrast, the probability is low for finding only small clones

with a circumference less than 20 m occupying a given old-

fire site, for example more than 500 years old.

The date of mortality of pre-fire trees was used to

evaluate the age of the last fire to have occurred in 130

stands where charred trees were lying on the ground



0

5

10

N
 c

ro
ss

-d
at

ed
 s

te
m

s

0

5

10

15

years AD (50 yr class)

N
 c

ro
ss

-d
at

ed
 s

te
m

s

0

5

10

15

20

25

30

N
 c

ro
ss

-d
at

ed
 s

te
m

s

0

5

10

15

20

25

N
 c

ro
ss

-d
at

ed
 s

te
m

s

1450 –
1500

1550 –
1600

1650 –
1700

1750 –
1800

1850 –
1900

1950 –
2000

20

(a)

(b)

(c)

(d )

Figure 5. Mortality structure of pre-fire trees based on date of
the outermost tree ring of each spruce stem lying on the ground.
Age determination offire occurrence in 50 year class is based on
the youngest charred stems sampled at each site. (a–d )
Different sites burned at ca 1550–1600, 1700–1750, 1800–
1850 and 1900–1950, respectively, with the temporal distri-
bution of the number of tree-ring cross-dated spruce stems.
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Figure 4. Size structure of (a) 50, (b) 250, (c) ca 450 and (d )
ca 1000 years old post-fire stands based on distribution of
number of spruce clones per 10 m perimeter classes.
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Figure 6. Dating of past fires based on distribution of the date
of mortality of all cross-dated pre-fire trees as indicated by the
outermost tree ring formed on each stem (nZ500). All the
depressions separating the bell-shaped distribution of pre-fire
trees (highlighted by dotted curves) correspond to fire events
(arrows indicate scar-dated fires). The graph illustrates the
temporal sequence of successive bell-shaped distributions
corresponding to all the fire events.
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(figure 5). More than 500 burned stems were cross-dated

using the light-ring chronology constructed by Filion et al.

(1986). Tree-ring dating of pre-fire stems was also checked

with COFECHA (Holmes 1983). The majority of stems dated

corresponded to trees killed by fire. This was particularly the

case for a number of well-preserved charred spruce stems

found in small lakes and ponds. Depending on the time

elapsed since the last fire, a large number of pre-fire spruce

stems were at a varying stage of decomposition and thus have

lost an unknown number of annual rings. For trees alive at

the time of fire, the last dated tree ring on each stem gives a

maximum age of fire. Also, an unknown proportion of

burned stems were trees already dead when fire occurred.

Pooling all the cross-dated pre-fire stems at a particular site

gives a better approximation of maximum time-since-fire in

the form of a bell-shaped or skewed-to-left distribution of

the number of residual, cross-dated pre-fire stems going

back in time from the actual date of fire (figure 5). Plotting

the respective distribution of all cross-dated pre-fire stems

for all the sites burned by a given fire event and for all the fire

events produces a temporal sequence of successive bell-

shaped distributions corresponding to all the fire events

(figure 6).
Phil. Trans. R. Soc. B (2008)
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Time-since-fire of all post-fire woodlands and krummholz

and several lichen-tundra sites was determined based on 203

radiocarbon-dated charcoal (or wood) fragments located

beneath the modern organic topsoil (appendix A). Charcoal

samples and other organic samples were cleaned of rootlets

and other extraneous plant materials before processing for

radiocarbon dating at the Centre d’études nordiques 14C

Laboratory (Université Laval, Québec City, PQ, Canada;

UL), IsoTrace Laboratory (University of Toronto, Toronto,

ON, Canada; TO) and Beta Analytic, Incorporated (Miami,

FL, USA; BETA). All radiocarbon dates were calibrated

from a probability distribution based on Stuiver et al.’s

(1998) program and CALIB REV 5.0.2. Macroscopic charcoal

(R0.5 mm) in a soil is direct evidence for local fire influence

(Ohlson & Tryterud 2000). All charcoal samples were pieces

of individual spruce branches and stems which were

probably dead when fire occurred, indicating a charcoal

age older than the age of the fire proper. Charcoal pieces

were sampled generally at the summit of each hill site. When

possible, time-since-fire dates determined from charcoal

dates were validated by charred wood from the same sites,

either submerged in nearby small lakes or buried or

surfacing in mires and having the same radiometric age.

Contiguous hill sites with similar charcoal dates (G1 s.d.)

and clone-size distribution suggested the occurrence of the

same fire event.

(b) Fire statistics

The surface covered by individual fires was reported on

1 : 40 000 air photographs and measured with MAPINFO

PROFESSIONAL (v. 7.5, MapInfo Corporation 2005). Fire

frequency (i.e. the number of fires per year) was calculated

for the last 100 (twentieth century), 200 (nineteenth and

twentieth centuries together) and 300 years (eighteenth,

nineteenth and twentieth centuries together), respectively.

The calculation of these fire frequencies was done because it

has been possible to identify, map and measure the surface

of all individual fires that occurred since AD 1700. The fire

rotation period (Heinselman 1973), or fire cycle (Van

Wagner 1978), also has been calculated for the last 100,

200 and 300 years, respectively. It is defined as the number

of years necessary to burn at least one time an area equal to

the entire study area. The fire rotation period has been

calculated based on fire date and fire-area data. The

calculation of the fire rotation period for the last 100, 200

and 300 years was possible because the contour of each

individual fire was delineated clearly with no obvious

overlapping.
3. RESULTS AND DISCUSSION
(a) Fire-free sites

According to charcoal found at the surface or beneath
the organic topsoil, 90% of the surface of all the study
sites burned at least one time recently or over the last
millennia. The remaining 10% is an exceptionally fire-
free area composed of old-growth, lichen-Empetrum
nigrum woodlands and krummholz (figure 7a,b),
probably much older than 3000 yr according to 14C
dates of the organic matter at the base of modern
organic horizons (Payette & Morneau 1993). Each
fire-free stand was visited several times and the organic
horizons at the soil surface were examined in detail for
evidence of charcoal fragments. The absence of
charcoal or any other sign of fire was confirmed
independently by several observers, which suggests
Phil. Trans. R. Soc. B (2008)
that fire never occurred at the sites since initial forest
or krummholz establishment or that fire occurrence
was too old to be detected with current field
techniques at the soil surface. The oldest charcoal
date at the soil surface recorded in the Rivière
Boniface area is from charcoal partly buried in mineral
soil (3200 yr BP according to Payette & Morneau
1993). Similar 14C dates (3190 and 3490 yr BP) were
obtained only from charcoal buried in sand dunes
along the Rivière Boniface (Saint-Laurent & Filion
1992).

(b) Spatiotemporal distribution of burned stands

at the landscape scale

Dating and delineation of each fire recorded in the
remaining 90% of the surface of the studied sites have
been a continuous ecological challenge owing to the
long period of time considered in this study and the
nature and complexity of old-growth subarctic
vegetation. Recent fires are generally easy to date
and circumscribe in the landscape, more particularly
in the forest tundra where fire frequency, size and
overlapping are greatly reduced in comparison with
the same fire metrics in the zone of the continuous
boreal forest (Payette et al. 1989a,b; Johnson 1992;
Arseneault 2001). Older fires are less easy to
circumscribe owing to the incidence of more recent
fires that have obliterated their tracks. In a region like
the Rivière Boniface, where fire activity is greatly
reduced owing to humid and cold conditions
associated with the climatic influence of Hudson
Bay, it is possible, however, to go back in time
without losing too much paleoecological information
on the local and regional fire history. The use of
complementary dating techniques described in §2
along with the systematic comparison of clone-size
distributions between all post-fire lichen-tundra sites
(figure 7c,d ) helped to discriminate individual fires,
at least back to the last 1000 years and also fires older
than 1000 radiocarbon years typically recorded in all
the woodlands and krummholz of the study area. The
interpretation of radiocarbon dates of charcoal
material to infer fire dates requires knowledge on
the long-term dynamics of old-growth lichen-spruce
woodlands. Three important features were
considered in this respect before determining the
age of a post-fire stand based on radiocarbon-dated
charcoal: the origin of the wood material dated
(figure 7e), the distribution of charcoal at the soil
surface, and the distribution and abundance of black
spruce along soil toposequences (figure 7 f ).

The origin of the wood material dated is closely
associated with the nature and age of the nursery stand.
Charcoal is produced generally from dead, dry wood
(twigs, branches or stems) still attached to a living tree or
shrub or lying on the soil surface. Because a radiocarbon
date of wood charcoal indicates the time when the wood
was living, not the time when fire occurred, it is necessary
to know when the dated wood died before the fire
conflagration. In sites with frequent fires, radiocarbon
dates of charcoal approximate actual fire dates, as in dry
boreal environments where fire frequency is relatively
high (Filion 1984). This is not necessarily the case in
sites with less frequent fires. The problem of age
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Figure 7. (a) Old-growth lichen-spruce woodland more than 2000 years old. Woodland at equilibrium with all-sized and all-aged
dead and living spruce trees. (b) Old-growth lichen-spruce krummholz more than 2000 years old with all-sized and all-aged
spruce shrubs. Dead tree stems on the ground were growing in the 1400s and 1500s when growth conditions were more
favourable than at present (Payette et al. 1989). (c) Clonal black spruce, ca 100 year old, growing in a lichen-heath tundra site.
(d ) Clonal black spruce, ca 450 year old, growing in a lichen-heath tundra site. Mosaic of post-fire old-growth woodlands and
lichen-heath tundras in the background. (e) Pre-fire spruce stems on the ground associated with fire 450 years old. Cross-dating
of pre-fire trees was used to date past fire events when fire scar and post-fire tree evidence was lacking. ( f ) Lichen-heath tundras
caused by deforesting fire 450 years ago adjacent to fire-free lichen-spruce woodlands.
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determination of fire based on wood charcoal has been

mentioned earlier (Payette & Lajeunesse 1980)

and described in more detail recently (Gavin 2001).

Previous studies in the Rivière Boniface area have

described the structure and old age of spruce woodlands

and krummholz (Payette et al. 1985, 1989a,b; Payette &

Morneau 1993), composed of both living and dead
Phil. Trans. R. Soc. B (2008)
spruce stems and branches several hundred years old.

Slowly decomposing dead wood remains on the ground

for decades and centuries, sometimes with extreme

residence times of ca 600 years (Payette & Morneau

1993) and, as a result, may yield potentially anomalous,

much older fire dates when burned. Thus, caution must

be exercised when interpreting charcoal dates from



Figure 8. (a–d ) Spatiotemporal distribution of charcoal
associated with successive forest fires. Charcoal on the
ground reflects the distribution of different post-fire regen-
erations of trees and charcoal survival associated with
successive fires.

Figure 9. Vegetation patterns along soil toposequences
illustrating forest-fire interactions through time. (a) Dense
lichen woodlands in a fire-free landscape and corresponding
to 10% of the study sites. (b) Less dense lichen woodlands in a
landscape with fire occurring only once during the Holocene.
(c) Lichen woodlands in a landscape with successive fires.
(d ) Lichen-heath tundra resulting from deforestation of
stands associated with successive fires. Charcoal fragments
are indicated in black at the soil surface.
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forest-tundra environments where old-growth trees and

stands are common. For a given fire, charcoal dates in

table 1 (appendix A) are often much older than the age of

the associated burn because they originated probably

from trees that died several years before the fire event.

This interpretation is based on the fact that all extant

spruce stands at the time fire occurred were old-growth

woodlands and krummholz composed of old living and

dead spruce stems. Most fires that occurred during the

last 900 years burned old-growth spruce stands, as shown

in a particular case by Arseneault & Payette (1992).

Charcoal at the soil surface of a forest stand is

distributed more or less discontinuously according to

the distribution of charcoal-prone materials when fire

occurred. When successive fires override the same site,

then the distribution of charcoal materials reflects the

distribution of trees burned at different times (figure 8).

Charcoal produced by different post-fire regenerations

of trees is thus distributed more widely (and sometimes

piled or mixed) at the soil surface. Because charcoal

decomposes less rapidly than other organic materials,

it will remain for a much longer period at the

soil surface, in most cases for thousands of years

(Payette & Morneau 1993). Given the fact that

charcoal sampling at a site is a routine process of trial

and error, every piece of charcoal (i.e. a given black

spruce stem, branch or cone fragment) sampled at one

point corresponds probably to the location of a tree

burned during the last fire or previous fires. However,

charcoal produced during a given fire will be probably

consumed partly or completely by the next fire, a

natural process that reduces greatly the probability of

survival of ancient charcoal in sites frequently dis-

turbed by fires. Charcoal-to-ash transformation due to
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complete combustion of wood material during succes-

sive fires probably reduces to a large extent the

residence time of charcoal at the soil surface. Again,

caution should be used here when sampling for

charcoal pieces and interpreting charcoal dates. Thus,

it is not readily apparent that a given radiocarbon date

of charcoal corresponds to the approximate date of the

last fire occurring at the site. Complementary infor-

mation, like the distribution of clone size, and further

enquiry on soil and plant characteristics of the fire site

is often necessary to determine the date of the last

fire event.

A comparative analysis of the distribution and

abundance of black spruce trees and stratigraphy of

organic soil horizons at the landscape scale was used to

identify the chronology of fire conflagrations and

correlative post-fire tree regeneration success. The

following patterns of soil–plant–fire interactions dis-

tributed along soil toposequences were deduced from

our survey of fire evidence and vegetation development

and correspond to the distribution of dominant forest

and tundra communities at the landscape scale

(figure 9). (i) Fire-free sites are those sites without

charcoal macrofossils beneath, in, and on the current

organic horizon (corresponding to 10% of the surface

of the study area) and with stands composed of a dense

cover (generally O40%) of black spruce trees and

shrubs—i.e. sites free of fire disturbance during a long

period, but of unknown duration, of the Holocene.

These sites are surrounded by wetlands colonized by

dense spruce vegetation, possibly untouched by fire

during a long period of time of the Holocene. (ii) Sites
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Figure 10. Cumulative distribution (in log) of burnt areas in
relation to time-since-fire subdivided into five periods of
contrasted fire activity.

2308 S. Payette et al. Forest-tundra fire-climate history
burned only once are those sites with patches of
charcoal-free organic horizons in a matrix of organic
horizons burned completely and replaced by a charcoal
layer overlaid by the modern organic horizon (!5% of
the sites of the study area). This corresponds to stands
composed of a fragmented cover (!10%) of black
spruce trees and shrubs—i.e. sites burned only once
during a long period, but of unknown duration, of the
Holocene. Given the fact that these stands were
formerly growing on soils devoid of charcoal, one can
infer that they were deforested in a one-shot fire event.
These sites are surrounded by wetlands colonized by
dense spruce vegetation, possibly untouched by fire
during a long period of the Holocene. (iii) Sites with
charcoal macrofossils beneath the current organic
horizon (corresponding to more than 20% of the sites
of the study area) are stands composed of a relatively
dense cover (generally between 10 and 40%) of black
spruce trees and shrubs—i.e. sites burned probably
more than twice since initial forest establishment with
successful tree regeneration because they are currently
forming woodlands and krummholz. These sites are
surrounded by wetlands colonized by dense spruce
vegetation touched by fire. (iv) Sites with charcoal
macrofossils beneath, in, and above the current organic
horizon (corresponding to the large majority of the
remaining sites of the study area) are treeless stands
composed of a much scattered cover (generally !1%)
of black spruce shrubs—i.e. sites burned probably
more than twice since initial forest establishment,
without successful tree regeneration and currently
forming lichen-shrub tundra. These sites are
expanding and are often surrounded by treeless wet-
lands owing to progressive penetration of fire in nearby
wetlands, facilitated by previous fire conflagrations.
Given these a posteriori pattern-and-process com-
binations, it has been possible to reconstruct the
chronology of fire occurrences and correlative tree
regeneration of all the study sites over the last
2000 years.

(c) Fire statistics

The number of sites burned per 100 year interval varied
greatly over the last 2000 years (appendix A). Cumu-
lated time-since-fire dates calculated from the 500
cross-dated pre-fire stems correspond to major
depressions in the curve of the date of mortality of
burned stems among the 130 stands burned over the
last 450 years (figures 6 and 7e). Five major fire events
were recorded in the Rivière Boniface region from the
1500s to present: 1550–1590s (particularly in 1568,
see also Arseneault & Payette 1997), 1640–1650s,
1750 (see also Arseneault & Payette 1992), 1850s and
1900–1920s. From the eighteenth century to present,
49 individual burned sites were recorded correspond-
ing to six scar-dated and tree-ring cross-dated fires, i.e.
1750, ca 1850, ca 1900, 1906, ca 1924 and 1943. Also,
an exceptionally small fire occurred ca 1650, as an
individual tree was struck by lighting. This small
number of individual fire years indicates a very low
fire frequency of 0.04, 0.03 and 0.02 fires yrK1 over the
last 100 (twentieth century), 200 (nineteenth and
twentieth centuries) and 300 years (eighteenth, nine-
teenth and twentieth centuries), respectively. The
Phil. Trans. R. Soc. B (2008)
number of individual sites burned over the last 100
(twentieth century), 200 (nineteenth and twentieth
centuries) and 300 years (eighteenth, nineteenth and
twentieth centuries) was 7, 10 and 32, respectively. On
the other hand, the number of sites burned during the
1500s and the 1600s was 38 and 41, respectively, and
corresponded to relatively large fire areas. It is probable
that these fire tracks obliterated former fire areas
between the 1200s and the 1500s, thus explaining the
lack of fire records for this 300 year period (appendix A:
table 1).

The fire rotation period calculated per 100 year
interval also varied greatly, ca 3000, 4000 and 1800
years over the last 100, 200 and 300 years, respectively.
These figures indicate that vegetation tends to develop
old-growth stands able to survive for centuries, if not
millennia. The duration of the fire rotation period
calculated for the last 100, 200 and 300 years appears
realistic given the fact that 10% of the surface of the
studied sites are still occupied by spruce stands more
than 2000 years old.
(d) Chronology of fires and tree regeneration

Plotting all the fire dates calculated for 90% of the
surface of the study area gives a portrait of fire
occurrence per 100 year interval over the last 2000
years. The time-since-fire distribution (Johnson &
Gutsell 1994) shows mixed fire frequencies over the
last two millennia (figure 10), corresponding to five fire
periods. Period I corresponds to low fire activity over
the last 250 years (from AD 1750 to present).
Comparatively higher fire activity was registered during
period II, 250–450 years ago (from AD 1550 to AD
1750), and period V, 1200–2000 years ago (from 1200
to 2000 cal. yr BP). Fire activity similar to that of
period I occurred during period IV, 900–1200 years
ago (from 900 to 1200 cal. yr BP). Period III, 450–900
years ago (between 900 cal. yr BP and AD 1550), was
probably a quiescent fire period. However, it is highly
probable that fire occurred during this period, but the
evidence was obliterated by the relatively large fires of
period II.

Forest survival or distribution of time-since-fire
spruce regeneration, based on the current spruce tree
and shrub cover of each fire-dated site, is a direct
response to climate forcing during the Late Holocene.
Forest survival (figure 11) indicates a marked pattern of
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Figure 11. Forest survival over the last two millennia
associated with varying success of post-fire spruce regen-
eration. Left arrow indicates initial deforestation and
inception of the boreal forest-tundra ecotone and right
arrow corresponds to start-up of rapid deforestation after
AD 1550. Arrow positioned at 900 cal. yr BP corresponds to
possible start-up of rapid deforestation, assuming that fire
activity from 900 to 600 cal. yr BP was masked by fire
overlapping after AD 1550.
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varying spruce abundance with a sharp cut-off at AD

1550–1600 (ca 400–500 dendro years). Sustained tree

regeneration (O10% cover) was recorded only in sites

with charcoal dated to more than 900 cal. yr BP.

Without exception, all post-fire woodlands and

krummholz are old-growth stands regenerated between

900 and 2200 cal. yr BP. At each successive fire over the

last 2200 cal. yr BP, however, spruce cover decreased

steadily from an average of 35% at 2200 cal. yr BP to

20% at 900 cal. yr BP and 0.5% during the last 450

dendro years (R2Z0.85, p!0.001). Furthermore, all

fire-free woodlands and krummholz have a dense

spruce cover often greater than 40%, which suggests

that each fire event at the tree line has a negative effect

on spruce regeneration. More than 63% of the area

burned over the last 2200 cal. yr BP burned again

during the last 450 years. In particular, 58% of the

surface of all the fire-prone sites burned in less than 200

years from AD 1550 to AD 1750. All the fires were

followed by a sharp reduction of tree regeneration and

consecutive deforestation. Owing to fire overlapping, it

is probable that massive spruce deforestation started

earlier than during period II, i.e. after 900 cal. yr BP.

The inception of lichen-tundra vegetation due to post-

fire deforestation started slowly at ca 1800 cal. yr BP.

All lichen-tundra sites studied were formerly forested

according to abundance of spruce charcoal at the soil

surface. Only 15% of the study area was covered by

lichen-tundra vegetation 500 years ago (or between 500

and 900 years ago, given the probable incidence of

overlapping fires). Overall, the drastic reduction of the

forest cover was followed by a lowering of approxi-

mately 30 m of the regional forest line—the difference

between maximum position in altitude of krummholz

and woodland—and approximately 50 m of the

regional tree line (i.e. the difference between maximum

altitude of spruce macrofossils in tundra sites and

position of the current tree line). Finally, no field

information was found on the possible influence of

Nunamiut hunters on fire activity.
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The pattern of fire activity depicted over the last two

millennia appears to be nested in a suite of favourable

dry conditions conducive to fire ignition across Central

and Eastern Canada (Filion 1984; Filion et al. 1991;

Laird et al. 1996) and the Northern Hemisphere

(Ferrett et al. 2005). The distribution and cover of

lichen-tundra and lichen-spruce stands in the northern

boreal forest region across Eastern Canada are very

similar to the measured spatiotemporal patterns in this

study. As was the case in our study, the magnitude and

timing of post-fire deforestation throughout the

northern boreal biome were closely linked to the

climatic deterioration that prevailed during the Little

Ice Age (Overpeck et al. 1997), i.e. after the Medieval

Warmth (ca 900–1200 years ago) and before recent

warming commencing at the end of the nineteenth

century. The lack of post-fire spruce regeneration from

900 cal. yr BP to present is a direct indication that

climatic conditions deteriorated after the Medieval

Warmth. According to the distribution of fire dates and

tree regeneration, the climate at the tree line was drier

and warmer before 900 cal. yr BP. Wetland and lake

development in the Rivière Boniface area also showed

the same spatiotemporal trend with contrasted tree

regeneration and lake-level fluctuations over the last

2000 years (Payette & Delwaide 2004; Asselin &

Payette 2006).
4. CONCLUSION
According to fire and tree regeneration data from our

study, the northern part of the forest tundra in Eastern

Canada has been heavily deforested over the last

millennium. The main direct cause is climate deterio-

ration coinciding with the phasing-out of the Medieval

Warmth and incidence of the Little Ice Age. Drier and

warmer conditions prevailed before 900 cal. yr BP when

forest regenerated in most sites. Given the fact that the

latitudinal position of successful post-fire regeneration of

lichen-spruce woodlands is situated approximately 1.58

south of the Boniface area (Payette et al. 1989a,b), as a

rule of thumb it is probable that a drop of at least 18C in

mean annual temperature occurred after 900 cal. yr BP.

Atpresent, the northernmostwoodlandsand krummholz

are less susceptible to burning and being destroyed by fire

owing to the still cool and humid climatic conditions

prevailing in the northern part of the forest tundra, where

fire frequency is very low, and the lack of extensive forest

fuels. Recovery of the boreal forest after a long period of

deforestation will require sustained warming which,

indeed, has currently been taking place since the mid-

1990s in Eastern subarctic Canada.
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APPENDIX A

Table 1. Fire occurrence and burned areas per 100 year int

radiocarbon-dated charcoal and wood. (Each 14C date from 1100
fire event. 14C dates in box from 1100 cal. yr BP to present corresp
previous fires.)
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cal. yr BP onwards (to 200–100 BC) corresponds to a dated
ond to a dated fire event. All the other 14C dates correspond to
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rivière aux Feuilles (Nouveau-Québec): indicateurs paléo-
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