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Natural ecosystems have developed within ranges of
conditions that can serve as references for setting

conservation targets or assessing the current ecological
integrity of managed ecosystems. Disturbance regimes are
key processes in many types of ecosystems and contribute
to the creation of the variety of ecological conditions that
exist through both space and time (Reynolds 2002).
Disturbance regimes’ characteristics, including frequency,
spatial extent, and severity, are particularly important in
generating this natural variability at different spatial and
temporal scales.

In the boreal forest, fire is the primary disturbance that
creates a complex mosaic of stands of varying age, com-
position, and structure, within which other disturbances
and processes interact. It is for this reason that many sug-
gest that timber management strategies be based on our
knowledge of the main characteristics of regional fire
regimes (Hunter 1993). Managers would therefore apply
what conservationists call a coarse filter that maintains
key habitat attributes required by most of the ecosystem’s
species. In this paper, we focus on disturbance frequency,
which can be expressed as the mean fire interval (MFI).

The MFI – defined as the mean number of years between
two fires, averaged over a reference time period – is
responsible for the creation of a landscape mosaic consist-
ing of stands of different ages (Figure 1). Although some
organisms simply need a long, continuous period of time
to colonize and exploit a suitable habitat patch (Nordén
and Appelqvist 2001), others are dependent on attributes
associated with specific points along the age-class distrib-
ution of a natural fire regime. Many forest attributes are
related to the time elapsed since the last fire, including
tree species composition, structure, dead woody debris
abundance, and amount of organic matter. In contrast to
the natural disturbance regime, current management
practices are usually characterized by clearcuts, with the
interval systematically shorter than the MFI. Further-
more, although wildfires can affect stands of virtually any
age, harvesting specifically targets older stands. These
practices result in an extensive transformation of forested
landscapes (Figure 1), with a great number of known and
unknown consequences. The still poorly understood role
of old-growth stands in natural landscapes is of particular
concern (Kneeshaw and Gauthier 2003).

In this paper, we use a case study from a large and well-
documented area of the eastern part of the North
American boreal forest (Figure 2). The fire history of the
region for the last 300 years, along with the resulting age-
class distribution at the landscape scale, is well docu-
mented (Bergeron et al. 2004a). The MFI varied between
92 and 360 years, when partitioned into three periods
delineated by substantial changes in climate and human
occupation history (Bergeron et al. 2004a). This variabil-
ity highlights the fact that no single MFI value can be
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Fire is fundamental to the natural dynamics of the North American boreal forest. It is therefore often suggested
that the impacts of anthropogenic disturbances (eg logging) on a managed landscape are attenuated if the pat-
terns and processes created by these events resemble those of natural disturbances (eg fire). To provide forest
management guidelines, we investigate the long-term variability in the mean fire interval (MFI) of a boreal
landscape in eastern North America, as reconstructed from lacustrine (lake-associated) sedimentary charcoal.
We translate the natural variability in MFI into a range of landscape age structures, using a simple modeling
approach. Although using the array of possible forest age structures provides managers with some flexibility, an
assessment of the current state of the landscape suggests that logging has already caused a shift in the age-class
distribution toward a stronger representation of young stands with a concurrent decrease in old-growth stands.
Logging is indeed quickly forcing the studied landscape outside of its long-term natural range of variability,
implying that substantial changes in management practices are required, if we collectively decide to maintain
these fundamental attributes of the boreal forest. 
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used as a unique reference. This is partly why we suggest
applying a coarse filter in light of the natural variability
approach.

In a review of the natural variability concepts, Landres
et al. (1999) discuss the imprecision surrounding the
words “natural” and “variability”. To clarify this concept,
they define natural variability as “the ecological condi-
tions, and the spatial and temporal variation in these
conditions, that are relatively unaffected by people,
within a period of time and geographical area appropriate
to an expressed goal”. In this study, we use pre-European
settlement conditions as a natural reference point and
the age-class distribution at the landscape scale as a key
attribute of primary concern in the boreal forest (Hunter
1993). However, incorporating “variability” into a man-
agement approach can be complex, because it is neces-
sary to choose the proper spatiotemporal scales. For
example, any given age-class distribution in the natural
landscape is far less regular than the hypothetical ones
depicted in Figure 1. This is because the fire activity in a
given landscape fluctuates considerably on an interan-
nual and interdecadal basis. It does not seem reasonable,
necessary, or prudent, however, to reproduce such short-
term variations through harvesting, (1) because human
communities require a relatively constant timber alloca-
tion for obvious socioeconomic reasons, (2) because
unpredictable fire events will continue to occur, as fire
suppression has not proven effective in the North
American coniferous boreal forest, and (3) because har-
vesting is now systematic throughout the entire boreal
forest. It is therefore unreasonable to include the same
extreme scenarios everywhere at the same time, because
this would compromise the ability of adjacent landscapes
to serve as migration pools (eg metapopulation dynam-
ics) should these extreme scenarios be detrimental to the
needs of some species. Furthermore, the age-class distrib-

ution of large landscapes (>1 000 000 ha) exhibits con-
siderable inertia, especially when the burn rates are rela-
tively low, as is generally the case in the eastern part of
the North American boreal forest. In light of modeling
studies (Baker 1995), it is reasonable to suggest that the
extreme MFI values of 92 and 360 years that were
observed in the study area should not be used as bound-
aries in the context of the natural variability approach,
because they applied only to several decades (Bergeron et
al. 2004a). Therefore, they did not transform the long-
term age-class distribution at the landscape scale. We
therefore suggest that only long-term variability in the
MFI, estimated from a relatively large landscape, should
be considered for setting management targets under the
natural variability approach.

The main objective of our paper is to translate the
long-term variability in MFI, reconstructed using char-
coal found in lake sediments, into a range of ecological
conditions, ie the landscape-scale age-class distributions
that formerly prevailed for a period of sufficient time to
be used as sound and scientifically well-supported guide-
lines for management targets. In addition, we also
endeavor to determine whether or not forest manage-
ment practices have pushed the landscape away from its
natural trajectory, by comparing the current state of the
study area with its historical variability range.

� Methods

We reconstructed a long-term fire history using sedimen-
tary charcoal from three lakes, dated by means of 14C and
210Pb isotopes (Carcaillet et al. 2001). Only charcoal frag-
ments larger than 150 �m were considered, because parti-
cles of this size generally do not travel more than a few
hundreds of meters from a fire (Higuera et al. 2007).
Charcoal accumulation peaks were then isolated to build
fire-event chronologies, beginning as far back as 7600
years before present (yr BP) for one of the lakes, although
only results spanning the past 6800 years were available
for all three lakes (see methods in Carcaillet et al. 2001).

These three lakes (Figure 2) were considered as a repre-
sentative sample of the surroundings, and the fire inter-
vals from all three lakes were pooled in order to estimate
the MFI across the landscape. Two averaging methods,
based on the two-parameter Weibull probability density
distribution, were used.

The Weibull-modeled MFI is: 

mean fire interval  = b�(l/c + 1)

where � is the gamma function and b and c are the scale
and shape parameters of the Weibull distribution, respec-
tively (Johnson and Gutsell 1994). In the first approach,
the Weibull-modeled MFI of relatively constant fire
regimes was calculated by detecting regime shifts using
sequential t tests (Rodionov 2004). To perform these

FFiigguurree 11.. Landscape-scale age-class distribution under spatially
and temporally constant fire regimes of varying mean fire
intervals (MFIs) and under a “perfect” silvicultural system with
a harvest rotation typical of the study area (100 years).
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sponding ranges of age-class representation, we used the
cumulative form of the Weibull distribution, which
derives from Johnson and Gutsell (1994), such that:

– (t/b)
c

A(t) = e

where A is the cumulative proportion of the landscape
that is younger than a given number of years (t), and e is
the base of the natural logarithm.

To estimate the proportion of the landscape comprised
within a given age class, we calculated:

A(t2) – A(t1)

where t1 and t2 are number of years corresponding to the
boundaries of the age class of interest. We chose to use
the negative exponential distribution, the simpler case of
the Weibull distribution, where c = 1, because this para-
meter was not significantly different from 1 in either one
of the periods of relatively constant regimes (WebFigure
1). In more concrete terms, this means that the probabil-
ity of fire is considered as spatially and temporally con-
stant in the following steps of our procedure.

To assist in distinguishing between stages of silvicul-

sequential t tests, we transformed fire intervals into num-
ber of fires per century, because Rodionov’s algorithm was
originally intended for discrete, annually resolved
datasets. A 1000-year equivalent cutoff length, which
determines the minimum length of the regimes, as well as
a 5% significance threshold, were used for regime shift
detection. For relatively constant regimes, 95% confi-
dence intervals were also reported (cf WebFigure 1 for
distribution fitting). The second approach was a smooth-
ing method, which we used to fit the Weibull distribution
within a moving window of 13 observations and reported
the estimated MFI along our time series. This moving
window roughly corresponded to a little more than 1000
years during periods with low fire frequency and about
300 years during periods with high fire frequency. We
estimated the Weibull distribution parameters and 95%
confidence intervals using the LIFEREG procedure in
SAS 9.1 by means of maximum likelihood. 

The fire interval distributions and 95% confidence
intervals within relatively constant regimes are used for
establishing management targets based on long-term nat-
ural variability in MFI. The smoothing method, which is
more influenced by extreme values, is only reported for
comparative purposes. 

To translate the range of MFI variability into corre-

FFiigguurree  22.. General description of the study area.  
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FFiigguurree 33.. Fire intervals observed during the past 7600 years reconstructed from charcoal obtained from stratified lake sediments. The
conservative range (from constant regimes; red dashed line) covers from 111–267 years, and the extended range (from 95%
confidence intervals; light red area) covers from 82–419 years.
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range of variability. To be cautious, we suggest the conser-
vative range as the one to favor for setting age-class dis-
tribution management targets, with the extended range
of variability being kept for “maneuvering room” in the
eventuality of unpredictable events, such as natural dis-
turbances.

� Results and discussion

Long-term variability in fire activity and age-class
distribution at the landscape level

Sedimentary charcoal records show a strong variability in
the MFI during the past 6800 years (Figure 3). The period
between 6800 and 3200 yr BP was characterized by a rela-
tively long MFI, whereas the period after 3200 yr BP shows
a shorter MFI with slightly longer intervals during the past
millennium (Figure 3). Climatic drivers are currently the
most plausible explanation for these changes, because
pollen records show no clear relationships between vegeta-
tion flammability, based on species assemblages, and fire
activity during this period (Carcaillet et al. 2001).

Consequently, the age-class distribution at the land-
scape level also varied considerably (Figure 4), especially
the proportions of over-mature and old-growth stands
(>101 yr old; Figure 4b) as well as the young forests (0–40
yr old). This first appears to be a good result from a man-
agement perspective, because it allows for some flexibility.

Using the most recent provincial data (for the province of
Quebec; Bureau du Forestier en chef 2007), we estimate
that none of the current age-class representations fall

tural and conservation relevance (Oliver and Larson
1996), we used large age classes, ie regenerating (0–40 yr
old), young closed-canopy (41–80 yr old), mature
(81–100 yr old), and over-mature and old-growth stands
(>101 yr old). The definition of the age classes was also
constrained by the information available in the most
recent provincial data (for the province of Quebec;
Bureau du Forestier en chef 2007) used to estimate the
current age-class distribution in the managed portion of
the landscape. This information from three different man-
agement units was compiled and weighted accordingly to
the proportion of the area they respectively occupy.

Situations where the current landscape conditions are
within the range covered by periods of relatively constant
regimes were considered as an “acceptable” management
target. This range is referred to as a conservative range of
variability. Situations where the age-class representation
was outside this range of variability but within the 95%
confidence intervals were considered to be “of concern” –
although these situations likely occurred during the post-
glacial history of this landscape, they were probably
uncommon and did not last for long periods. They are
therefore considered as extremes, which are not appropri-
ate as targets for a coarse-filter approach. Finally, situa-
tions where the age-class representations were outside
this extended range of variability were considered as ecolog-
ically “unacceptable”, since these situations are not repre-
sentative of natural landscape states that persisted for a
substantial period of time. In the last two cases, it is advis-
able that management actions be undertaken to bring the
age-class representations back within the conservative
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within the suggested targets, because they are all outside the
extended range. There is a very high over-representation of
younger age classes as compared to our estimated ranges of
natural variability. In fact, under the natural fire regime,
regenerating stands rarely comprised more than 30–38% of
the landscape, whereas it currently covers about 47%. This
change provides strong empirical evidence of how fast
extensive harvesting with modern methods can modify the
age-class distribution at the landscape scale, seeing that
mechanized harvesting only began during the 1970s. The
relatively low fire frequency that was observed during this
period (Bergeron et al. 2004a) further supports this asser-
tion. The selective nature of harvesting that specifically tar-
gets older successional stages – as opposed to fire, which
generally affects all successional stages – explains why the
transformation of the landscape is happening much faster
than what would result from a comparable natural distur-
bance rate. The concurrent decline in over-mature and old-
growth stage representation may have strong effects on bio-
diversity.

� Management implications and conclusions

Our knowledge of the biodiversity associated with over-
mature and old-growth stages is rather limited in the North
American boreal forest, when compared with that of the
Fennoscandian boreal (mainly Sweden and Finland) or
temperate forests. The consequences of the ongoing reduc-

tion of these late-successional stages are therefore difficult
to predict. Birds and mammals rarely seem completely
restricted to late-successional stages, although some species
reach their peak abundance in such stands (Drapeau et al.
2003; Fisher and Wilkinson 2005). Poorly known taxa such
as lichens, mosses, and soil-dwelling arthropods, which
make up a very large part of the boreal biodiversity, are
probably the most affected. Furthermore, despite clear dif-
ferences in their respective anthropic histories, the eastern
North American boreal forest and the Fennoscandian
boreal forest are more similar than previously thought
(Imbeau et al. 2001), because the long MFI that character-
izes their respective natural fire regimes (Carcaillet et al.
2007) allows for a substantial portion of the landscape to
exceed the age limit for the typical harvesting rotation.
European foresters have almost completely eliminated old
forests from their landscapes as a result of their longer log-
ging history (WWF 2003). It is estimated that around 50%
of Fennoscandian IUCN (International Union for the
Conservation of Nature and Natural Resources) red-listed
species are threatened as a result of forestry practices that
have greatly reduced the range of ecological conditions
(Berg et al. 1994), mainly by decreasing the amount of old-
growth stands in the landscapes. The example of Fenno-
scandian forestry, which is undoubtedly a model of perfor-
mance in terms of timber production in a boreal system,
should perhaps also be seen as a source of mistakes to be
avoided for future wildlife management.

FFiigguurree  44.. (a) Proportions occupied by each age class modeled under varying MFI. (b) Management targets for age-class
representation following the natural variability approach. An estimate of the current representation of each age class within the
landscape is provided for comparative purposes. Note that the relative abundance of age classes is also influenced by the time frame
they cover, because some age classes are wider than others.
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The almost ubiquitous influence of fire throughout the
boreal forest has fostered a false perception of unlimited
resilience vis-à-vis these dramatic disturbances. However,
this quality has been abused to justify the systematic use of
clearcuts with relatively short rotations. Historically, MFIs
have not been so short as to considerably limit the presence
of over-mature and old-growth stands, at least in the eastern
part of the North American boreal forest. Indeed, late-suc-
cessional stands are naturally quite abundant in this part of
the continent, having consistently made up more than 40%
of the landscape throughout most of the postglacial history
(Figure 4). Furthermore, western Quebec’s forested land-
scape has always been more diverse in terms of age-class dis-
tribution than what is currently aimed at with current forest
management; this pattern is probably similar throughout
most boreal regions. Clearcuts performed with rotations sys-
tematically shorter than the MFIs are unquestionably creat-
ing younger landscapes and are consequently diminishing
the proportion of over-mature and old-growth stands well
below their historical abundance. This trend threatens the
biodiversity associated with these stands. Considerable
changes in our management practices are needed.
Practically speaking, at least 40% of the landscape should
be subject to one of three strategies: longer rotations
(Burton et al. 1999); silvicultural treatments closer to
smaller-scale disturbance dynamics, such as partial cutting
(Bergeron 2004); or conservation measures. The chosen
approach and the actual proportion of the landscape subject
to each treatment would vary as a function of the regional
forest’s dynamics and fire regime characteristics.

Finally, we suggest that the long-term variability in MFI
obtained from paleoecological reconstructions (eg Figure
3) is the most relevant data source for providing boreal
forest management guidelines based on the natural vari-
ability approach. It is particularly pertinent because it
encompasses a long history of varying ecological condi-
tions and acknowledges the resilience of the boreal forest
when faced with disturbance regime changes. However,
the deviation from the natural conditions that was caused
by extensive harvesting has the potential to negatively
impact biodiversity. When long-term data are not avail-
able, a potential compromise appears to be the use of the
average time since fire observed in a landscape, because it
has been shown to encapsulate in a single value the vari-
ation in fire frequency over a 300–400-year period. This
approach can be used in the eastern boreal forest, where
the current fire frequency is lower than the historical one
(Bergeron et al. 2004b).
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