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Due to the unprecedented loss of old-growth forests to harvesting throughout circumboreal
regions an understanding of similarities and differences in old-growth dynamics is needed
to design effective restoration, management and conservation efforts. This paper reviews
concepts, prevalence and variability of old-growth forests across landscapes, and evaluates
different stand scale dynamics at the old-growth stage across the circumboreal zone. Oldgrowth historically dominated many boreal forest landscapes in both Eurasia and North
America. Throughout much of North America, and to some extent in western Siberia, the
natural prevalence and development of old-growth forests are regulated by the occurrence of
stand-replacing fires. In eastern North America and Siberia, insect outbreaks may, however,
be more important. Insect outbreaks as well as recurrent non-stand replacing surface fires
and windthrows, when occurring at the old-growth stage, often form stands characterized
by several tree age-class cohorts. This multi age-class forest development type is common
in Europe and eastern Siberia but its prevalence and importance in boreal North-America is
not well documented. Similarities in successional dynamics across the circumboreal region
are found in the development of mono-dominant even-aged stands, the replacement of shade
intolerant tree species by shade tolerant species, as well as in all-aged stands driven by smallscale gap dynamics. The message to land managers is that the focus should not only be on
setting aside remaining old-growth forests or in restoring static old-growth attributes, but also
in emulating natural disturbances and successional dynamics at landscape and regional scales
to maintain natural variability in old-growth attributes through time.
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1 Introduction
Boreal old-growth forests of North America,
Fennoscandia and Russia share many environmental and ecological characteristics, but differences exist in land use history, as well as concepts
and traditions of scientific exploration. A number
of studies over the past two decades have shown
that the proportion of old-growth forests is rapidly
decreasing across the entire boreal zone (Burton
et al. 2003, Angelstam 2003, Cyr et al 2009). For
example, forest landscapes in Fennoscandia in
natural or near-natural conditions were dominated
by old trees and uneven-aged or cohort stand
structures (Axelsson et al. 2002, Pennanen 2002,
Kuuluvainen 2009), while currently only a small
fraction of forests can be characterized as old
near-natural forests (e.g. 4.4% in Finland, Punttila
and Ihalainen 2006). However, old-growth forests
still dominate in unmanaged boreal regions in
Europe and Siberia (Smolonogov 1990, Ohlson
and Tryterud 1999, Yaroshenko et al. 2001, Wallenius et al. 2004). Old-growth forests also naturally dominated landscapes in those parts of North
America where the climate is moist and fire cycles
are long, such as in eastern and western maritime
Canada (Foster 1983, Kneeshaw and Gauthier
2003). However, even in many regions throughout
boreal Canada where fires were an important feature of the natural dynamics, old-growth forests
were more abundant than following even-aged
forest management (Bergeron et al. 2001, Gauthier et al. 2002, Kneeshaw and Gauthier 2003,
Bergeron and Harper 2009, Cyr et al. 2009).
In many parts of Canada and Russia, where
forest management is occurring, pristine oldgrowth forest landscapes are being logged for the
first time. Wide-scale implementation of clear-cut
harvesting as the most common harvesting practice makes the future of forests with old-growth
features questionable, especially as sustainable
management is hindered by a lack of research
describing locally relevant structural, compositional and functional characteristics of old-growth
forests (Hilbert and Wiensczyk 2007). In areas
where old-growth forests have been reduced
to a few fragmented patches, such as southern
Fennoscandia, the extinction of several old-growth
dependent forest species is probable unless “new”
old-growth is created, i.e. old-growth structural
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characteristics are restored into the managed
forest matrix (Hanski 2000, Lilja et al. 2005,
Jönsson et al. 2009). One solution to this problem is to design forestry operations that maintain
essential old-growth characteristics (Bergeron et
al. 2002, Angelstam and Dönz-Breuss 2004).
To facilitate such restoration, there is a need for
an adequate understanding of the processes and
features that characterize old-growth forests at
multiple spatial and temporal scales. Developing
an understanding of how these processes occur
across the circumboreal forest should enable us
to develop a robust comprehension and to avoid
inappropriate generalities of old-growth forests.
The aim of this paper is to review and examine differences and similarities in 1) old-growth
forest concepts, 2) historical and current factors limiting the amount of old-growth forest,
and 3) stand dynamics at the old-growth stage
across the circumboreal, i.e. in North America,
Northern Europe, and in Siberia. Based on this,
we discuss possible approaches for maintaining
and restoring old-growth forests at stand and
landscape scales.

2 The Concept of Old-Growth
Forest: Issues of Dynamics
and Scale
Although there is no universal definition of oldgrowth forest (Wirth et al. 2009) the concept
has evolved from one listing static properties to
one emphasizing a dynamic view of this forest
stage and its associated outcomes (stand structural
complexity, coarse woody debris etc.) at multiple scales (Kneeshaw and Gauthier 2003). For
example, in early papers it was common to treat
old-growth forests as more or less homogeneous
and static entities, without paying attention to
spatial and temporal variability. This was obviously a reflection of the view of old forests as
climax communities following the Clementsian
paradigm (Clements 1936). More recently the
dynamic characteristics of old-growth forests
have been documented and emphasized (Harper
et al. 2003, Mosseler et al. 2003, Lilja et al. 2006,
Wirth et al. 2009, Aakala et al. 2009). It has also
been shown that several threatened species are
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connected with and favored by not only structural
attributes such as old slowly growing trees, abundant and well-decomposed coarse woody debris
and other stand features but also by dynamic
features in late-successional stands created by
periodic “secondary” disturbances (surface fire,
windthrow or insect outbreak) such as charred
wood or favorable mineral seedbeds (Rouvinen
and Kouki 2008, Fenton and Bergeron 2008
(Table 1). It is also evident that the definitions of
old-growth forest can and must vary depending
on the purpose and the region (Table 1) (Wells
et al. 1998). In this paper, we use a broad and
pragmatic approach and define old-growth forest
as a naturally regenerated forest, with low human
impact and dominated by trees approaching their
biological life-span or trees that have replaced the
original post-disturbance cohort. Thus, our definition leaves room for human intervention (e.g.
restoration, nature-based management), although
our discussion mostly focuses on forests with
negligible human impact.

3 Controls and Status of
Old-Growth Forests in the
Circumboreal
The importance of old-growth forest in a given
landscape or region for maintaining native biodiversity depends on the natural or historical extent and
characteristics of this habitat type. The proportion
of old-growth in a given landscape was naturally
determined by the occurrence and return interval
of stand-replacing disturbances, such as severe
fires, wind storms or insect outbreaks (Johnson
1992, Furyaev 1996, Gromtsev 2002).
In the North American boreal forest, the area
burned is controlled by large scale climatic patterns.
Thus, in North-America, the cycle and severity of
fires are mostly under a top-down climatic control (Cyr et al. 2007, Mansuy et al. 2010, Fauria
and Johnson 2008). Both stand- and landscapescale forest dynamics strongly depend on the fire
regime. When fires are stand-replacing the rule
is: the longer the fire cycle, the more old forest
there is in the landscape, and vice versa (Lesica
1996). Under unmanaged conditions, the frequency
and extent of fires generally decrease from south

to north because the fire season becomes shorter
and the availability of continuous fuels decreases
(Larjavaara et al. 2004, Kneeshaw et al. 2011).
Low-density ‘open taiga’ forests generally have
longer fire cycles and smaller fires than closed
boreal forests (Payette et al. 1989).
In boreal North-America, the documented average fire cycle for different ecozones is highly
variable, ranging from 50 years in the western
boreal shield to 800 years in the Hudson plain
ecozone (the ecozone extending from the western coast of Quebec to the coast of Manitoba)
(Bergeron and Harper 2009). In Canada, 3% of
the fires, which are the ones uncontrolled by fire
suppression activities, are responsible for 97%
of area burned (Stocks et al 2003). These fires
occur during very dry conditions (Fauria and
Johnson 2008, Girardin et al. 2009) which makes
suppression difficult. Therefore fire frequency
estimates made over one to several centuries
are thought to be only minimally affected by
fire suppression activities (Johnson et al. 2001,
Lefort et al. 2003). Differences among regions
in fire frequency are mainly due to a drier climate in the west since the dominant tree cover
is relatively similar across the Canadian boreal
biome (Bergeron and Harper 2009, Kneeshaw
et al. 2011). Within the Boreal Cordillera (the
ecozone that covers southern Yukon and half of
northern British Columbia) the fire frequency is
extremely variable (50–300+ years) but generally
moderate on a region-wide basis because of the
lack of large areas of homogenous terrain. East of
the Cordillera, the natural fire frequency is high
<50–100 year average fire cycle in Alberta and
Saskatchewan and old-growth forests are thus
infrequent over much of the Boreal Plains and
Western Shield (Larsen 1997, Weir et al. 1999).
However, the fire cycle lengthens as one continues east to 100–300 years in eastern Ontario and
Quebec (Cogbill 1985, Bergeron 1991, Cyr et al.
2007, Bouchard et al. 2008) to 500 years or more
in humid Labrador (Foster 1983). Thus the proportion of old-growth forests tends to increase as
one proceeds east from the Rocky Mountains.
The natural fire regimes in the Eurasian boreal
forest can be characterized as mixed-severity fire
regimes where fire severity ranges from stand
replacing crown fires to very light surface fires
(Sofronov and Volokitina 1990, Furyaev 1996,
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Mainly crown fire – the main factor imped- In the European boreal forest and Eastern Siberia, mainly ground-, low- and mediuming formation of old-growth
severity fire – inherent part of dynamics of the old-growth Scots pine and larch stands.
In Western Siberia, crown fire can preclude old-growth formation

Tree species composition of stands

Both early-successional and late-successional species can dominate

Late-successional species (Norway and Siberian spruce, fir, Siberian pine, on some site
conditions Scots pine) dominate with a mixture of pioneer species (birch, aspen)

Main disturbances at the Spruce budworm (Choristoneura fumifSurface fire, windthrow, bark beetles (Ips typographus (L.)), Siberian silk moth (Denold-growth stage
drolimus sibiricus (Tschetverikov))
erana Clem.), tent caterpillar (Malacosoma disstria Hübner), hemlock looper
(Lambidina fiscellaria Guen.), windthrow
to some extent

Landscape (forest tract)

Fire regime controlling
abundance of oldgrowth

Stand

Stand and landscape

‘Naturally regenerated over-mature forest,
developed without direct human impact
including felling and recreation during the
life of the older cohort.’ (Maslov 1999)

Pristine, primeval, virgin

Scale focus

‘The forest that is essentially unmanaged
and in forestry terms over-aged, often
including abundant large living and dead
trees’ (Wallenius et al. 2004), ‘a forest of
greater than 129 years old, without or with
few cut stumps’ (Siitonen et al. 2000),
‘undisturbed’ (Svenson and Jelgum 2001);
spatio-temporal scales of ‘naturalness’ are
important Rouvinen and Kouki 2008)

Old-growth, natural

Russia

Ecological definitions are divided into 3
categories: conceptual functional (climax,
net annual growth close to zero, final stage
of stand development etc., Kneeshaw and
Burton 1998), or functional and successional (Wirth et al. 2009); conceptual
structural (dominant trees are at the age of
physiological maturity, large trees, decaying wood of all stages, pits and mounds,
snags, multi-aged, multi-layered canopy
etc., Duchesne 1994, Johnson et al 1995,
Kneeshaw and Burton 1998) and quantitative working (cohort basal area proportion;
Kneeshaw and Gauthier 2003) (Hilbert and
Wiensczyk 2007); the old-growth concept
has evolved a from static to a dynamic
approach (Kneeshaw and Gauthier 2003)

Old-growth

Fennoscandia

Definitions in use for
old-growth

Commonly used terms
for unmanaged forests
with high conservation
value

North America

Table 1. Present views on old-growth forests in North America, Fennoscandia and Russia.
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Fennoscandia

Uneven-aged management or no manage- Sustainable forestry. Conservation of all
ment
old-growth fragments, restoration, creation
of “new old-growth” (Vanha-Majamaa et
al. 2007, Gustafsson et al. 2010)

Future

Landscape scale ecological planning,
variable retention felling, conservation of
remaining old-growth fragments (Fries et
al. 1997)

Landscape ecological planning, variable
retention felling, maintaining oldgrowth attributes in managed landscapes
(Arsenault 2003, Kimmins 2003), but also
harvesting

Recent

A few ha windthrow gap in a pristine
forest landscape

Russia

Transition: either sustainable or rotation
forestry; either exploitation or protection
of remaining old-growth. (Aksenov et al.
1999)

No uniform policy, debates between NGOs
and forest companies. Sustainable management is slowed down due to politic and
economic pressures. (Aksenov et al. 1999)

Over-mature non-productive forest that should be clear-cut and regenerated (Tasanen
2004)

‘Old-growth forests should be harvested
before they rot and have no value’ (Sloan
1956, cited in Hilbert and Wiensczyk
2007)

Past policy

Examples of old-growth Stands dominated by a few post-fire cohort Pure even-aged mature coniferous stand
“anomalies” from the
individuals of birch and/or aspen with an
perspective of the other understory of spruce and fir
regions

North America
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Gromtsev 1996, 2002, Valendik and Ivanova
2001, Buryak et al. 2003, Wallenius et al. 2010).
However, unlike the boreal forest in North America, in Finland and Sweden, efficient fire suppression has almost totally eliminated fires as natural
drivers of stand dynamics.
It has been estimated that the mean occurrence of fires in Russia’s European boreal forests
varies from 1–2 per century to 1–2 per millennium (Gromtsev 2002). According to Melekhov
(1947), surface fires comprised 76–84%, crown
fires 16–24% and underground fires 0.1% of the
total number of fires in the European Russian
boreal forest. Crown fires in the European boreal
forest are exceptionally rare (1–2 per thousand
years in most landscape types, Gromtsev 1999)
and usually do not spread to cover large territories. High-severity crown fires therefore were
historically not a factor limiting the proportion of
old-growth throughout Fennoscandia and only to
a limited extent in Russia.
In western Siberia, infrequent high severity fires
characteristic of moist ‘dark coniferous’ forests
dominated by Siberian spruce (Picea obovata
Ledeb.), Siberian fir (Abies sibirica Ledeb.) and
Siberian pine (Pinus sibirica Du Tour or (Loudon)
Mayr) limit the proportion of old-growth forests. In contrast, the high flammability of lowmountain ‘light coniferous’ forests dominated
by Scots pine (Pinus sylvestris L.) and Siberian
larch (Larix sibirica Ledeb.) in Eastern Siberia
leads to more frequent non-stand-replacing fires.
Of the total number of fires in Siberia, most (83%)
occur in Eastern Siberia and the Far East, whereas
only 17% occur in Western Siberia (Valendik and
Ivanova 2001).
The variation in fire regimes is a main ecological
difference between regions affecting the proportion of old-growth forests in circumboreal forest
landscapes. Prevalent crown fires throughout North
America and also in parts of Russia limit oldgrowth formation, while the natural dominance
of surface fires in Fennoscandia and the European
part of Russia are an integral part of old-growth
forest dynamics (Pennanen 2002, Kuuluvainen
2009). Under an infrequent fire cycle, insect herbivory (Bergeron and Leduc 1998, Vaschuk and
Shvidenko 2006), wind storms (Skvortsova et al.
1983, Ulanova 2000), and weather-induced decline
(Zhigunov et al. 2007, Aakala et al. 2009) can
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also cause severe and widespread destruction, thus
affecting the dominance of old forests throughout
the circumboreal region. The biogeographic causes
of these patterns are further explored in Kneeshaw
et al. (2011).
Insect outbreaks as disturbance factors re-initiating succession play an important role mostly
in eastern North America and Siberia. In North
America, the eastern spruce budworm (Choristoneura fumiferana (Clem.)) is the dominant
insect causing mortality of fir and spruces primarily in the eastern part of the boreal forest.
Outbreaks occur approximately every 30–40
years and affect millions of hectares synchronously. Other insects, such as the forest tent caterpillar (Malacosoma disstria Hübner), jack pine
budworm (Choristoneura pinus Freeman) and
hemlock looper (Lambdina fiscellaria (Guenee))
also outbreak in boreal forests although they do
not cause as widespread mortality as the spruce
budworm. As with many other insects the spruce
budworm is species specific causing most damage
in balsam fir (Abies balsamea (L. Mill.) stands
and much less mortality in spruce stands. This
insect also causes more mortality in mature stands
than in immature younger stands (Hennigar et
al. 2008). Mortality can vary from large tracts of
100’s ha to small patches less than a hectare in
size (D’Aoust et al. 2004, Kneeshaw et al. 2009).
Subsequent stand dynamics and old-growth forest
structure are determined by the area affected,
the forest species composition (i.e. host species
or non-hosts) and the insect disturbance itself.
Spruce budworm, for example, in severe outbreak
years can return large monocultures of balsam
fir forests to an early development stage or it can
increase deadwood and modify composition in
old-growth mixed species forests.
In Europe, the main outbreaking insects are the
spruce bark beetle (Ips typograhus L.) and autumnal moth (Epirrita autumnata (Borkhausen)) in
mountain birch forests, which however only affect
a small proportion of the forest in the boreal part
of Western Europe (Gromtsev 2002). In Siberia,
the Siberian silk moth (Dendrolimus sibiricus
(Tschetverikov)) is the most aggressive insect
(Vaschuk and Shvidenko 2006). The main host for
this insect is Siberian pine, and, to a lesser extent,
larch, fir, spruce and Scots pine. The impact of
these outbreaks is most severe when followed by
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Fig. 1. An approximate illustration of the circumboreal variability and distribution of naturally
occurring dominant forest dynamic types. In general, areas characterized by stand-replacing disturbances and even-aged dynamics (EAD) have a low proportion of old-growth
(e.g. the boreal plains due to short crown fire intervals), whereas regions void of severe
disturbances and driven by small-scale gap dynamics (SGD) have the highest old-growth
proportions (e.g. eastern Canada and western Fennoscandia with moist maritime climates).
Regions characterized by variable-severity disturbances and cohort dynamics (CD) are
intermediate between these two extreme types. It is important to note that in most regions,
all of these types are present in varying proportions depending on the variability associated
with the disturbance regimes. In many regions forest management has significantly altered
forest structure and dynamics, the naturally occurring types of forest dynamics represent an
important reference point for the management and conservation of old-growth forests.

fire (Furyaev 1970), because of high fuel loads
of standing dead wood (Verkhunov 1970). Thus
these insect outbreaks modify old-growth forests
without eliminating them unless they interact with
other disturbances.
Windthrow also occurs and shapes stand
dynamics in North America and Eurasia. In North
America, wind causes both partial and total mortality of trees in stands in maritime regions due
to strong winds from oceans and in central, continental sites primarily due to downbursts associated with thunderstorm activity (Frelich 2002).

Return intervals for these disturbances are generally quite long (in excess of a thousand years vs.
between fifty and a few hundred years for fires)
and so their effect is often observed locally but
not across a large region. Thus, on a regional
basis, wind disturbance although affecting from
a few hectares to hundreds of square kilometres
is too infrequent and too localised to appear as
a dominant disturbance type although locally it
may have a large influence on forest dynamics
at a given point in time (Fig. 1). In other words,
although some stands may be returned to an
791
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earlier developmental state, wind usually only
modifies the structure of old-growth forests across
a landscape. In Eurasia, wind caused mortality
is a more significant driver of forest dynamics.
The sizes of gaps formed after low- or moderateseverity windthrows can vary from 0.01 to 1 ha
(Skvortsova et al. 1983). The reported standreplacement windthrow return intervals in boreal
coniferous forests vary from 50 to 200 and more
years (Skvortsova et al. 1983, Fedorchuk et al.
1998). In Eurasia, old-growth dynamics are thus
under a potentially larger influence of wind activity than in North America.
Although we lack rigorous quantitative comparisons it seems apparent that Eurasian boreal forest
landscapes are characterized by a more complex and fine-grained mosaic structure compared
to North American forests as the disturbance
size distribution in the European boreal forest
is more determined by site conditions (bottom
up, site-specific disturbance regime) compared to
North American boreal forest (top-down, climate
driven disturbance regime). In North America,
fire cycles influence the amount of old-growth
across the landscape and also its spatial distribution. In Western Canada, where the fire cycle is
relatively short, old-growth forests are usually
small patches, preserved from fire by surrounding younger forests (Johnson et al 1998). On
the other hand, in eastern Canada old-growth
naturally occurs in large tracks of forest that have
not burned for a long time (Lefort et al. 2003,
Bergeron et al. 2004) but that are affected by different partial disturbances which create a diversity
of structure and composition within those large
tracks of old-growth.

4 Tree Species’ Life-History
Traits and Old-Growth
Forests
The ecological traits of the main boreal tree
species and their adaptations to the regionally
occurring natural disturbance regimes directly
determine the type of old-growth forests found
in different regions (summarized in Table 2).
For example, trees with short longevities will
be replaced more quickly than trees with long
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longevities and thus transitions to all-aged oldgrowth stands will occur more rapidly in such
forests. In general, species in Eurasia have greater
longevities than the North American species
(Nikolov and Helmisaari 1992).
The North American pioneer tree species,
trembling aspen (Populus tremuloides Michx.),
white birch (Betula papyrifera Marsh.) and jack
pine (Pinus banksiana Lamb.) or Lodgepole pine
(Pinus contorta Douglas ex Loudon), are well
adapted to recurring fires by vegetative reproduction, wind-distributed seeds and serotinous cones
(Table 2). Even late-successional species such as
black spruce (Picea mariana (Mill.) B.S.P.) have
semi-serotinous cones and may thus re-establish
following fire. On the other hand, late-successional shade tolerant species such as balsam fir,
white spruce (Picea glauca (Moench) Voss.) and
northern white cedar (Thuja occidentalis L.) are
poorly adapted to fire; and must colonize burned
areas from unburned refugia. Pollen records show
that their abundance increases in periods with few
fires (Liu 1990). Most of these species are relatively short-lived (100–150 yrs) with the exception of cedar and the spruces.
Tree species diversity is lower in boreal forests
of northwestern Europe compared to those in
North America. Scots pine (Pinus sylvestris L.)
has the widest ecological amplitude in terms of
moisture and nutrient requirements, and is firetolerant because of its thick heat-insulating bark
(Nikolov and Helmisaari 1992). However, in the
absence of fire pine is displaced (except from
the driest sites) by shade tolerant but fire-intolerant Norway spruce (Picea abies L. (H.) Karst.),
which subsequently reduces wildfire activity further due to the moister environments that they
create (Ohlson et al. 2011). Norway spruce, which
invaded Europe in the late Holocene, typically
forms old-growth stands on well drained productive sites. Scots pine dominates on poor dry
sites forming uneven-aged or cohort structure
stands driven by recurrent surface fires and/or
gap and patch dynamics. This is because large
Scots pines often survive surface fires, due to
their thick insulating bark, and provide seeds
for regeneration after fire. Similarly, Siberian
larch (Larix sibirica Ledeb.) and Dahurian larch
(Larix gmelinii (Rupr.) Rupr.), found in NorthEastern Europe and Siberia, are fire-resistant and
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Table 2. Ecological traits and occurrence of tree species associated with old-growth (Burns and Honkala 1990,
Nikolov and Helmisaari 1992, Harvey et al. 2002, Hytteborn et al. 2005, Kneeshaw et al. 2006).
Region

Characteristics

Moisture regime
Dry sites
NA
Black spruce, Jack pine,
Lodgepole pine, Eastern
white cedar
WE

Scots pine

EE,
Siberia

Scots pine, Siberian
larch, Dahurian larch

Moist, well drained sites
Balsam fir, Black spruce, Jack
pine, Lodgepole pine, Trembling
aspen, White birch, Eastern white
cedar, White spruce
Aspen, Downy birch, Norway
spruce, Scots pine, Silver birch
Downy birch, Dahurian larch,
Scots pine, Siberian fir, Siberian
larch, Siberian spruce, Silver birch

Moist, paludified sites
Black spruce, Tamarack, Eastern
white cedar

Till
Balsam fir, Jack pine, White
spruce, White birch, Eastern white
cedar
Aspen, Downy birch, Norway
spruce, Scots pine, Silver birch
Aspen, Downy birch, Dahurian
larch, Siberian pine, Siberian fir,
Siberian spruce, Siberian larch,
Silver birch

Clay
All species

Downy birch, Scots pine, Silver
birch
Dahurian larch, Scots pine, Siberian pine, Siberian larch

Soil parent material
NA

Sandy
Black spruce, Jack pine,
Lodgepole pine

WE

Scots pine

EE,
Siberia

Scots pine

Aspen, Downy birch, Norway
spruce, Silver birch
Aspen, Downy birch, Dahurian
larch, Siberian pine, Siberian fir,
Siberian larch, Siberian spruce,
Silver birch

Shade tolerance
NA
WE
EE,
Siberia

Very intolerant
Intolerant
Jack pine, Lodgepole White birch
pine, Trembling aspen
Scots pine
Aspen, Downy birch,
Silver birch
Dahurian larch, Scots Aspen, Downy birch,
pine, Siberian larch
Silver birch

Tolerant
Black spruce, White
spruce

Very tolerant
Balsam fir, Eastern
white cedar
Norway spruce

Siberian pine

Siberian fir, Siberian
spruce

Reproductive mode
NA

Suckers
Stump sprouts
Trembling aspen White birch

Layering
Seeding
Black spruce, East- Balsam fir, Jack and Lodgepole pines
ern white cedar
(from serotinous cones), Trembling
aspen, White birch, Eastern white
cedar, White spruce
Downy birch, Silver
Aspen, Downy birch, Norway spruce,
birch
Silver birch
Downy birch, Silver Siberian fir,
Dahurian larch, Siberian pine (obligabirch
Siberian larch,
tory needs animals and birds for seed
Dahurian larch
distribution, mainly the Spotted Nutcracker), Siberian fir, Siberian larch,
Siberian spruce

WE

Aspen

EE,
Siberia

Aspen
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Table 2 continued.
Region

Characteristics

Regeneration time after fire
Rapid
NA
Black spruce, Jack pine, Lodgepole pine, Trembling
aspen, White birch
WE
Aspen, Downy birch, Scots pine, Silver birch
EE,
Aspen, Dahurian larch, Downy birch, Scots pine,
Siberia
Siberian larch, Silver birch

Gradual
Balsam fir, White
spruce
Norway spruce
Siberian fir, Siberian
spruce

Late
Eastern white
cedar
Siberian pine

Fire tolerance / resistance
None

NA
WE
EE,
Siberia

Vegetative repro- Serotinous cones Semi-serotinous
duction
cones
Balsam fir, East- Trembling aspen, Jack pine, Lodge- Black spruce
ern white cedar
White birch
pole pine
Norway spruce
Aspen, Downy
birch, Silver birch
Siberian pine,
Aspen, Downy
Siberian fir, Sibe- birch, Silver birch
rian spruce

Old-growth stage disturbance factors
Main fungi
Main insects
NA
Spruce budworm
(Balsam fir, Black
spruce, White spruce),
Jack pine budworm
(Jack pine),
tent caterpillar (Trembling aspen)
Spruce bark beetle
WE
Biaterella cancer
(Scots pine) Hardwood (Norway spruce)
trunk rot (Trembling
aspen), heart rot
and annosus root rot
(Norway spruce), white
pocket rot (Norway
spruce, Scots pine)
Siberian silk moth
EE,
Hardwood trunk rot
(Siberian pine, SibeSiberia
(Trembling aspen),
rian fir, Siberian larch,
white pocket rot,
Siberian spruce)
Golden Spreading
Polypore (Siberian
spruce, Siberian fir,
Siberian pine, (Scots
pine)
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Thick bark

Scots pine
Dahurian larch,
Scots pine, Siberian larch

Windthrow
Balsam fir, Black
spruce, Trembling
aspen

Surface fire

Norway spruce

Scots pine

Siberian pine, Siberian Dahurian larch,
spruce
Scots pine, Siberian
larch
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Table 2 continued.
Region

Characteristics

Natural longevity in a stand
Short (< 100 years)
NA
Balsam fir, Trembling aspen
WE
EE,
Siberia

Medium (100–200 years)
Black spruce, Jack pine, Lodgepole pine, White birch
Aspen, Downy birch, Silver
birch
Aspen, Downy birch, Silver
birch, Siberian fir

Long (200+ years)
Eastern white cedar, White
spruce
Scots pine, Norway spruce
Dahurian larch, Scots pine
Siberian pine, Siberian larch,
Siberian spruce

Successional role
NA
WE
EE,
Siberia

Early
Late
Black spruce, Jack pine, Lodgepole pine, Trem- Balsam fir, Black spruce, Eastern white cedar
bling aspen, White birch
Downy birch, Scots pine, Silver birch
Norway spruce, Scots pine
Downy birch, Scots pine, Silver birch
Dahurian larch, Scots pine, Siberian pine,
Siberian fir, Siberian larch, Siberian spruce

Abbreviations: NA – North America, WE – western Europe (including Fennoscandia), EE – eastern Europe. Tree species: Aspen – Populus
tremula L., Balsam fir – Abies balsamea (L.) Mill., Black spruce – Picea mariana (Mill.) B.S.P., Dahurian larch – Larix gmélinii (Rupr.)
Rupr.; syn. Larix dahurica), Downy birch – Betula pubescens Ehrh., Jack pine – Pinus banksiana Lamb., Lodgepole pine – Pinus contorta
Douglas ex Loudon, Northern White cedar – Thuja occidentalis L., Norway spruce – Picea abies L. (H.) Karst., Scots pine – Pinus sylvestris
L., Siberian fir – Abies sibirica Ledeb., Siberian larch – Larix sibirica Ledeb., Siberian pine – Pinus sibirica Du Tour or (Loudon) Mayr,
Siberian spruce – Picea obovata Ledeb., Silver birch.– Betula pendula Roth, Tamarack – Larix laricina (Du Roi) K. Koch., Trembling aspen
– Populus tremuloides Michx., White birch – Betula papyrifera Marsh., White spruce – Picea glauca (Moench) Voss. Insect species: Jack pine
budworm – Choristoneura pinus Freeman, Siberian silk moth – Dendrolimus sibiricus (Tschetverikov), spruce bark beetle – Ips typograhus
(L.), spruce budworm – Choristoneura fumiferana Clem., tent caterpillar – Malacosoma disstria Hübner. Fungi: annosus root rot – Fomes
annosus Fr Chc., Biaterella cancer – Biatorella difformis (Fr.) Vain., Hardwood trunk rot – Phellinus igniarius (L.) Quél., heart rot – Onnia
leporina (Fr.) H. Jahn., white pocket rot (red heart of pine, Golden Spreading Polypore) – Phellinus pini (Thore) Fr., Phellinus chrysoloma
(Fr.) Donk. Spotted Nutcracker – Nucifraga caryocatactes L.

can, when recurrent surface fires occur, form
pure old-growth stands and mixed stands with
Siberian pine (Pinus sibirica Du Tour), Norway
spruce, Siberian spruce (Picea obovata Ledeb.)
and Scots pine. The difference between these species and those in North American boreal forests
is in their fire adaptation: North-American species are regeneration adapted to fire (serotiny),
while Eurasian species are resistance adapted (no
serotiny, but characteristics such as thick bark
permit them to survive fire).
In boreal Europe, when fire is absent for prolonged periods, Norway spruce dominates late
successional stands on mesic sites. Similarly in
Siberia, Siberian pine, Siberian spruce and Siberian fir form mixed ‘dark coniferous’ old-growth
forests in fire refugia. Deciduous tree species
Downy birch (Betula pubescens Ehrh.), Silver

birch (Betula pendula Roth.), aspen (Populus
tremula L.), Goat willow (Salix caprea L.) and
European rowan (Sorbus aucuparia L.) usually
occur as mixtures in old-growth forests as a
legacy from earlier successional stages . Deciduous trees often dominate the early successional
stage, and because some deciduous tree species
have a maximum-life span (up to 100+ years), e.g
white birch and trembling aspen in North America
and (200 yrs) Silver birch and common aspen in
Eurasia, some intolerant deciduous species can
remain as a component of old-growth stands as
well. Deciduous trees can also regenerate in treefall gaps and remain a component old-growth
forest even when the forest escapes severe disturbance for many centuries (Kuuluvainen 1994,
Kneeshaw and Bergeron 1998). The life-history
characteristics of the different species are thus
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critical in determining the different stand developmental pathways of old-growth forests in the
different regions of the boreal.

5 Old-Growth Stand Dynamics
Types
Depending on their severity and occurrence, disturbances may maintain or destroy old-growth
forest. Although much variability in postdisturbance-successional dynamics has been
recognized, Eurasian forest stands have been
characterized into three main dynamic types
(Shorohova et al. 2009): 1) even-aged, a) with
compositional change dynamics or b) with monodominant dynamics, 2) cohort dynamics and 3)
small-scale gap dynamics. Using information
on disturbance interval and disturbance severity, we suggest that these types can also be used
to characterize the prevalence and dynamics of
the old-growth stage for all cirumboreal forests.
Fig. 1 attempts to provide a broad illustration of
the distribution these forest dynamic types in the
circumboreal forest (see also Table 3).
Even-aged old-growth dynamics (types 1a and
1b) dominate when the return interval of standreplacing disturbances such as high-severity fires,
windthrows and insect outbreaks approaches the
life-span of the dominant tree species but is not
long enough for recruitment of new cohorts to
take place (Aakala et al. 2009). In western European forests, type 1a dynamics dominate the more
nutrient-rich sites with a more pronounced domi-

nant role of deciduous tree species (birch, aspen)
as compared to type 1b. In North America, when
the fire interval is short old-growth black spruce
forests are characterized by even-aged type 1b
mono-dominant dynamics (Payette et al. 1989,
Jasinski and Payette 2005). Mixed-wood North
American boreal forests dominated by both shade
intolerant hardwoods (trembling aspen and paper
birch) and shade tolerant conifers correspond
to the type 1a even-aged compositional change
dynamics in fire-prone landscapes. Aspen or jack
pine forests as an ‘initial old-growth’ represent
the type 1b stage of even-aged mono-dominant
dynamics. On occasion multiple partial disturbances can also lead to unimodal age class structures (Szewczyk et al. 2011). In the continued
absence of major disturbances and with senescence of the trees from the initial cohort, canopy
gaps are gradually formed, leading to a patchy
recruitment of new trees and the stand shifts first
to type 2 dynamics if partial disturbances synchronize mortality and recruitment within patches
in the stand and then gradually, if void of major
disturbances over lengthy periods, towards type
3 dynamics characterized by all-aged old-growth
forest.
Old-growth forests characterized by cohort
dynamics (type 2) prevail when recurring partial
disturbances stimulate cyclical tree death and
regeneration processes and lead to a multimodal
stand age structure. In cases, where a site experiences punctual moderate severity disturbances
(Reyes et al. 2010) there will be a deviation of tree
diameter and age distributions from the ‘inverse
J-shaped’ structure. The more pronounced the

Table 3. Disturbance regimes and dynamic types at the old-growth stage.

Disturbance severity

Types of old-growth
High

No old-growth

Even-aged old-growth

Medium

Cohort dynamics

Cohort dynamics

Low

Small-scale gap dynamics

Small-scale gap dynamics

Even-aged old-growth ↔
Cohort dynamics ↔ Smallscale gap dynamics
Cohort dynamics ↔ Smallscale gap dynamics
Small-scale gap dynamics

<100

100–250

>250

Disturbance interval, years
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cohort dynamics and discrete regeneration process the greater is the deviation from the inverse-J
type diameter distribution. Forest stands situated
on slopes, subject to periodic windthrow disturbances provide such an example (Shorohova et al.
2008). Another example can be found in some fire
driven forests when the small-scale variation in
past fire frequencies are concordant with the existing small-scale variation in site moisture and vegetation characteristics in the area (Kuuluvainen et
al. 2002, Wallenius et al. 2004). In cohort dynamics, different phases and dynamic oscillations
can be distinguished: a mortality/regeneration
phase, a phase of growing stock increment (young
cohorts predominate), stabilization and growing
stock decline (old cohorts dominate) (Fedorchuk
et al. 1998). The oscillation of these phases, and
thus the proportion of old-growth, is dependent
on the disturbance frequency and severity that
influences regeneration conditions: from decades
in the case of recurrent mid-severity windthrow
or surface fires to centuries in the case of stand
decline due to insect attack, e.g., by the Siberian
silk moth or infrequent wind events.
In North America’s boreal forest, cohort dynamics (type 2) have rarely been described. However,
the role of moderate-severity disturbances leading
to cohort dynamics is probably underestimated
(Seymour et al. 2002) and relatively little studied
as compared to the two extreme ends of the disturbance spectrum, i.e. catastrophic disturbances and
small-scale gap dynamics (Hanson and Lorimer
2007, McCarthy and Weetman 2007). This being
said the ‘bimodal’ and ‘bistaged’ black sprucebalsam fir stand structural types distinguished by
McCarthy and Weetman (2007) could be interpreted
as cohort dynamics. Furthermore, the difference
in the identified proportions of the cohort stand
development type may also at least partially be an
artifact due to the terminology used. For example,
the spatial structure of old-growth balsam-fir stands
in Gaspésie, eastern Quebec is characterized by
a mean opening size following spruce budworm
outbreaks of 13.4 ha with a variation from 1 to
45 ha (Kneeshaw et al. 2009). In European boreal
forest, stands, i.e. relatively homogenous units
of forest successional development, are small,
averaging only a few hectares to some tens of
hectares. If stand canopy openings, or area in
gaps exceed 0.1 ha, the stand dynamic type is

classified as either even-aged or multi-cohort.
Spruce budworm outbreaks may thus create the
conditions for multi-cohort dynamics as stands are
disturbed at fairly frequent intervals permitting
small even-aged cohorts to recruit to the canopy
(Morin 1994, Rossi and Morin 2011).
The third type of old-growth forest dynamics
leads to an uneven-age and -size distribution of
trees. In Eurasia, homogenous site conditions
are a prerequisite for the formation of all-aged
structures of Norway spruce dominated forests
(Volkov 2003). Fedorchuk et al. (1998) showed
that when a stand has escaped exogenous disturbances for lengthy periods, the pronounced
oscillations in tree mortality and regeneration are
dampened, and stand dynamics become characterized by a fine-scale mosaic of mortality and
regeneration processes. These old-growth stands
are often dominated by one or two shade tolerant
species (Pham et al. 2004, Cyr et al 2009) but they
are not obligatorily mono-specific. In Eastern
Europe and Siberia, they consist of spruce, fir and
Siberian pine whereas in boreal North America
these forests are dominated by black spruce and
balsam fir. Usually the percentage of the deciduous tree mixture increases with an increase in
site productivity and is more present in Type 1
or Type 2 dynamics (Pugachevsky 1992). Oldgrowth black spruce forests are characterized by
small-scale gap dynamics in the absence of fire
or when the fire cycle is long (Pham et al. 2004,
Gauthier et al. 2010). In forests with long fire
intervals, small-scale gap dynamics characterize
the mixed-wood type (Kneeshaw and Bergeron
1998, McCarthy 2001).
In North America, as compared to the Eurasian
boreal, the small-scale gap dynamics stage arrives
earlier since tree species’ longevity is shorter (Kneeshaw and Gauthier 2003). The transition from the
first to the third types of old-growth forest dynamics can last for centuries depending on species
longevities and this is one of the major differences
between North America and Eurasia. Based on
chronosequences of Norway spruce dominated
forests Kazimirov (1971) in the Russian Karelia
in middle boreal zone and Pugachevsky (1992) in
the Tver region (Central Biosphere Forest Reserve,
southern boreal zone), concluded that the formation of all-aged old-growth stands after a standreplacing disturbance could take 600–700 years
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Table 4. Examples of proportions (in %) of different dynamic types in old-growth Eurasian boreal forest landscapes.
Interpreted based on the proportion of stands of different age structure types: even-aged, uneven-aged and
all-aged and tree species composition in even-aged stands
Region, area name,
tree species dominants,
main disturbances

WE, Karelia, whole northern
boreal part, surface and standreplacement fires. Landscape
types:
1) Glaciofluvial highly paludified
spruce dominated plains
2) Glaciofluvial hilly-ridge
moderately paludified pinedominated landscapes
3) Denudation-tectonic hillyridge with low mountains
moderately paludified spruce
dominated landscapes
4) Denudation-tectonic with
glacial complexes hilly-ridge
moderately paludified pinedominated landscapes
5) Rocky moderately paludified
pine-dominated landscapes
WE, middle boreal zone;
‘Vepssky Les” reserve (1975 ha);
Norway spruce, Scots pine,
Silver and Downy birch, aspen;
windthrows and, to a smaller
extent, fires
WE, middle boreal zone; Karelia, Vodlozersky national park
(120 000 ha), Norway spruce
dominated; only Norway spruce
stands are analyzed
EU, southern boreal zone; Srednee Prikam’e, (2490 ha); Siberian
spruce, Siberian fir
EU, southern boreal zone
(6935 ha); Siberian spruce,
Siberian fir
Siberia, Magadansky region;
Dahurian larch, surface fires

Types of stand-scale dynamics at the old-growth stage
Even-aged,
mono-dominant
Type 1a

Even-aged,
compositional
change
Type 1b

Cohort
Type 2

Reference

Gap
Type 3

Gromtsev
2008 1,b)
6

-

8

92

19

-

79

15

51

-

-

81

-

-

9

40

-

-

55

45

10

16

60

14

Fedorchuk
et al. 1998 1,a)

36

-

44

20

Ananyev
and Raevsky
2010 1,a)

7

-

45

48

Dyrenkov
1984 1,a)

18

-

63

10

Dyrenkov
1984 1,a)

26

.

65

9

Tetioukhin
1987 2,a)

WE – western Europe, EE – eastern Europe. Species: Aspen – Populus tremula L., Dahurian larch – Larix gmélinii (Rupr.) Rupr.; syn. Larix
dahurica), Downy birch – Betula pubescens Ehrh., Norway spruce – Picea abies L. (H.) Karst., Scots pine – Pinus sylvestris L., Siberian fir –
Abies sibirica Ledeb., Siberian spruce – Picea obovata Ledeb., Silver birch.– Betula pendula Roth
1) Based on area proportion
2) Based on number of the stands sampled
a) Direct estimate
b) Based on estimates of forest type proportions and main age structure types by forest type
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depending on site conditions. Interpreted from
this model, ‘even-aged old-growth’ could occur
after 180–200 years of post-fire succession and
‘cohort dynamics old-growth’ after 280–300 years.
Zyabchenko (1986) calculated a similar temporal
horizon of development of Scots pine dominated
stands in Russian Karelia.
In the Eurasian boreal forest, the prevalence of
different stand dynamic types is landscape- and
site-specific, because of the important regulating
role of bottom-up factors, i.e. characteristics of
the landscape mosaic (Shorohova et al. 2009).
In North America, landscape structure and site
conditions may be less important due to climate
driven top-down fire-induced disturbance dynamics. However, work by Cyr (2010), Bridge and
Johnson (2000), Gavin et al. (2006) has also
shown that local and regional site conditions
modify fire regimes and vegetation dynamics in
North America.
The pristine European taiga contains mosaics of
forest communities at different successional stages
from fresh burns and windthrow gaps to all-aged
old-growth forests (Gromtsev et al. 2010). Studies demonstrate that in pristine Eurasian boreal
forests the landscape-scale proportion of different dynamic types is highly variable (Table 4).
Most studies have, however, demonstrated the
prevalence of cohort dynamics caused by lowseverity fires, windthrows, insect outbreaks or
drought-induced decline. Even-aged dynamics
with compositional change occurs only rarely in
the case of replacement of post-fire cohorts of
Scots pine, birch and aspen by Norway spruce
(Fedorchuk et al. 1998). In North America, such
a classification has rarely been done precluding a
precise portrait of the situation (but see McCarthy
and Weetman 2007).

6 Implications for
Conservation and/or
Management of Old-Growth
Given the complexity of old-growth forest dynamics, shortcomings in scientific understanding and
uncertainties about management impacts, simplistic approaches to managing and restoring
old-growth forests to a static endpoint should be

avoided. Instead an adequate understanding of the
natural extent and variability of old-growth, its
structures and processes is required (Angelstam
and Pettersson 1997, Fries et al. 1997, O’Hara
2002, Kuuluvainen 2009). The conservation
value or management possibilities of old-growth
forest depends on the current state of the forest,
which is affected both by recent management
practices, past decisions on forest protection and
overall forest and land use history. Finally, the
socio-economic context (e.g. the presence of
resource dependent communities, etc.) is essential for determining future possibilities for both
old-growth management and conservation. An
inspection of areas of old-growth forest at different scales suggests that relevant policy and
management of old-growth needs to be tailored
to local conditions (Spies 2004).
Stand-scale management for old-growth attributes
can be based on the three identified types of stand
dynamics (Table 5). As suggested development
pathways may be more complex in Eurasia where all
three of the previously described types are common
due to the greater prevalence of moderate disturbances. In North America stand development to
the old-growth stage occurs more frequently along
a continuum linked to time since fire. Possible
silvicultural treatments can be used to maintain
current structure or accelerate succession. Equally
important will thus be to understand the transitions
between types and their relative proportions in the
landscape. Favoring transitions/ fluxes between
different cohorts (Harvey et al. 2002) could be
used to maintain ecological processes associated
with succession (Kimmins 1997).
Determining the proportion of areas that should
be set aside in a landscape suggests three basic
approaches 1) permanent protection areas 2) shifting mosaics in the matrix (Burton et al. 1999,
Bengtson et al. 2003), and 3) the combinations of
the two approaches, i.e. combinations of protection (reserves) and “managed old-growth”. For
example, old forest patches could be maintained
with fire suppression, whereas where old-growth
is more abundant, silvicultural practices such as
partial logging could be used to maintain the
structure of managed stands surrounding conservation patches. In managed forests, variable
retention felling is another potential solution for
maintaining structure and hastening the return of
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Table 5. From characteristics of the stand-scale disturbance dynamics to management treatments.
Types of stand-scale dynamics at the old-growth stage
Even-aged (1)
Compositional
change (1b)

Cohort (2)

Mono-dominant (1a)

Possible management treatments
Retention felling
Uneven-aged management (selection
felling with single
tree or group selection, gap felling)
To facilitate successional
Shelterwood
Selection felling,
development (shift to another felling
gap felling
dynamic type)
To maintain current dynamic
type

old-growth structural elements (Rosenwald and
Löhmus 2008, Gustafson et al. 2010). Plantations
on the other hand would require active management in the form of old-growth restoration if they
are to serve a contributing role in the matrix.
Regional old-growth management strategies
are necessarily highly dependent on the management history of the area – they will be different
for countries with vast areas of natural forests
compared to regions that have been previously
intensively managed. In North America, forest
management models have been developed based
on natural disturbance regimes (Burton et al.
2003, Perera et al. 2004, Gauthier et al. 2009)
and there is now a push for greater uneven-age
and continuous forest cover management as well
as conservation of old-growth. This is also true
in Fennoscandia, where suggested approaches to
sustainable forest management have emphasized
mimicking natural processes at stand scales to
restore system complexity (Vanha-Majamaa et
al. 2007, Kuuluvainen 2009) , as well as conserving remaining old-growth remnants. In Russia,
socioeconomic difficulties such as a lack of developed infrastructure especially forest roads, have
lead to a de-facto maintenance of old-growth in
remote regions while the advent of new technologies and socio-economic pressures in other
regions threatens remaining old-growth forests.
Thus, information from countries with intensively
managed forests that are experiencing threats to
biodiversity can be exported to countries where
800

Gap (3)

Gap felling,
Selection
felling, Dauerwald

natural forests still occur. Similarly information
about natural structures and natural dynamics
can be exported from countries with abundant
old-growth to those with few remaining natural
forests, if we understand the stand development
similarities between regions. In Eurasia, developmental pathways are more site specific and
old-growth management will need to be tailored
to site-specific conditions (e.g. species composition, prevalence of different disturbance factors).
In contrast, the proportion of old-growth in North
America would naturally have been determined
in many regions by the fire cycle. In terms of
conserving old-growth, options for alternative
forest management may either be disappearing
quickly or be constrained by the legacy of past
management decisions.

Acknowledgements
This study was performed through funding by
the Sustainable Forest Management Network,
Canadian Forest Service, and Marie Curie Incoming Fellowship within the 7th European Framework Programme (236030). We thank Gordon
Weetman, Tuomo Wallenius, Dominic Cyr, Ilkka
Vanha-Majamaa, Viktor Fedorchuk, David Mladenoff and Tom Spies for fruitful discussions and
Mélanie Desrochers for helping to produce the
map.

Shorohova et al.

Variability and Dynamics of Old-Growth Forests in the Circumboreal Zone …

References
Aakala, T., Kuuluvainen, T., Wallenius, T. & Kauhanen,
H. 2009. Contrasting patterns of tree mortality in
late-successional Picea abies stands in two areas
of northern Fennoscandia. Journal of Vegetation
Science 20: 1016–1026.
Aksenov, D., Karpachevskiy, M., Lloyd, S. & Jaroshenko, A. 1999. The last of the last: The oldgrowth forests of boreal Europe. Taiga Rescue
Network.
Ananyev, V. & Raevsky, B. 2010. Methods of forest
monitoring on protected areas in North-Western
part of Russia: Vodlozersky national park case
study (Metodicheskoye posobiye po organizatsii i
vedeniyu lesnogo monitoringa na osobo okhranyaemykh prirodnykh territoriyakh Severo-Zapada
Rossii (na primere NP ”Vodlozersky”). Petrozavodsk. 35 p. (In Russian).
Angelstam, P. 2003. Reconciling the linkages of land
management with natural disturbance regimes to
maintain forest biodiversity in Europe. In: Landscape ecology and resource management: linking
theory with practice. Ed. by J.A. Bissonette and I.
Storch. Island Press. p. 193–226.
— & Pettersson, B. 1997. Principles of present Swedish forest biodiversity management. Ecological
Bulletins 46: 191–203.
— & Dönz-Breuss, M. 2004. Measuring biodiversity
at the stand scale – an evaluation of indicators in
European history gradients. Ecological Bulletins
51: 305–332.
Arsenault, A. 2003. A note on the ecology and management of old-growth forests in the Montane Cordillera. Forestry Chronicle 79(3): 441–454.
Axelsson, A.L., Östlund, L. & Hellberg, E. 2002.
Changes in mixed deciduous forests in boreal
Sweden 1866–1999 based on interpretation of historical records. Landscape Ecology 17: 403–418.
Bengtson, J., Angelstam, P., Elmqvist, T., Emmanuelson, U., Folke, C., Ihse, M., Moberg, F. & Nyström.
M. 2003. Reserves, resilience and dynamic landscapes. Ambio 32: 389–396.
Bergeron, Y. 1991. The influence of island and mainland lakeshore landscapes on boreal forest fire
regimes. Ecology 72: 1980–1992.
— , Gauthier, S., Flannigan, M.D. & Kafka, V. 2004.
Fire regimes at the transition between mixedwoods
and conifer boreal forest in northwestern Quebec.
Ecology 85: 1916–1932.

— & Leduc, A. 1998. Relationships between change
in fire frequency and mortality due to spruce budworm outbreaks in the southern Canadian boreal
forest. Journal of Vegetation Sciences 9: 492–
500.
— , Gauthier, S., Kafka, V., Lefort, P. & Lesieur, D.
2001. Natural fire frequency for the eastern Canadian boreal forest: consequences for sustainable
forestry. Canadian Journal of Forest Research 31:
384–391.
— & Harper, K. 2009 Old-growth forests in the Canadian boreal: the exception rather than the rule?
In: Wirth, K. et al. (eds.). Old-growth forests.
Ecological Studies 207. Springer-Verlag, Berlin–
Heidelberg. p. 285–300.
— , Leduc, A., Harvey, B. & Gauthier, S. 2002. Natural fire regime: a guide for sustainable management
of the Canadian boreal forest. Silva Fennica 36:
81–96.
Bouchard, M., Pothier, D. & Gauthier, S. 2008. Fire
return intervals and tree species succession in the
North Shore region of eastern Quebec. Canadian
Journal of Forest Research 28: 1621–1633.
Bridge, S.R.J. & Johnson, E.A. 2000. Geomorphic principles of terrain organization and vegetation gradients. Journal of Vegetation Science 11: 57–70.
Burns, R.M. & Honkala, B.H. 1990. Silvics of North
America. Agriculture handbook 654. Vol. 1 and 2.
Forest Service, USDA, Washington, DC.
Burton, P.J., Kneeshaw, D.D. & Coates, K.D. 1999.
Managing forest harvesting to maintain old-growth
in boreal and sub-boreal forests. Forestry Chronicle
75: 623–631.
— , Messier, C. D., Smith, W. & Adamovitz, V.L.
(eds.). 2003. Towards sustainable management of
the boreal forest. NRC Research Press, Ottawa.
Buryak, L.V., Luzganov, A.G., Matveev, P.M., Kalenskaya, O.P. 2003. [Impact of surface fires on formation of light-coniferous forests in the South of
Middle Siberia]. Vliyaniye nizovykh pozharov na
formirovaniye svetlokhvojnykh nasazhdenij juga
Sredney Sibiri. Krasnoyarsk. 206 p. (In Russian).
Clements, F.E. 1936. Nature and Structure of the
Climax. Journal of Ecology 24(1): 252–284.
Cogbill, C.V. 1985. Dynamics of the boreal forests
of the Laurentian highlands, Canada. Canadian
Journal of Forest Research 15: 252–261.
Cyr, D. 2010. Cycle des feux, vieilles forêts et aménagement en forêt boréale de l’est du Canada. PhD
thesis. UQAM.

801

Silva Fennica 45(5), 2011
— , Gauthier, S. & Bergeron, Y. 2007. Scale-dependant
determinants of heterogeneity in fire frequency in a
coniferous boreal forest of eastern Canada. Landscape Ecology 22: 1325–1339.
— , Gauthier, S. & Bergeron, Y. 2009. Forest management in driving the eastern North American boreal
forest outside its natural variability. Frontiers in
Ecology and the Environment 7: 519–524.
D’Aoust, V., Kneeshaw, D. & Bergeron, Y. 2004.
Characterization of canopy openness before and
after a spruce budworm outbreak in the southern
boreal forest. Canadian Journal of Forest Research
34: 339–352
Duchesne, L. 1994. Defining Canada’s old-growth
forest problems and solutions. Forestry Chronicle
70: 739–744.
Dyrenkov, S.A. 1984. [Structure and dynamics of taiga
spruce forests]. Struktura i dinamika tayezhnykh
el’nikov. Leningrad, Nauka Publ. 176 p. (In Russian).
Fauria, M.M. & Johnson, E.A. 2008. Climate and
wildfires in the North American boreal forest.
Philosophical Transactions of the Royal Society
363: 2317–2329.
Fedorchuk, V.N., Kuznetsova, M.L., Andreeva, A.A.,
Moiseev, D.V. 1998. [Forest reserve of “Vepssky
les”. Forestry research]. Rezervat “Vepsskij Les”.
Lesovodstvennyje issledovanija. Saint-Petersburg
Forestry Research Institute Publishers. p. 208 (In
Russian).
Fenton, N.J., & Bergeron, Y. 2008. Does time or habitat
make old-growth forests species rich? Bryophyte
richness in boreal Picea mariana forests. Biological
conservation 141: 1389–1399.
Foster, D.R. 1983. The history and pattern of fire in the
boreal forest of southeastern Labrador. Canadian
Journal of Botany 61: 2459–2471.
Frelich, L.E. 2002. Forest dynamics and disturbance
regimes: studies from temperate evergreen-deciduous forests. Cambridge University Press, Cambridge, MA.
Fries, C., Johnsson, O., Pettersson, B. & Simonsson, P.
1997. Silvicultural models to maintain and restore
natural stand structures in Swedish boreal forests.
Forest Ecology and Management 94: 89–103.
Furyaev, V.V. 1970. [Impact of fires and Siberian silkworm outbreaks on formation of forests between
Ket’ and Chulym rivers]. Vliyaniye pozharov i
massovykh razmnozhenij sibirskogo shelkopryada
na formirovaniye lesov Ket’-Chulymskogo mezh-

802

review articles
durechya. [Issues of Forest Sciences] Voprosy lesovedenya v. 1. p. 408–421. (In Russian).
— 1996. [The role of fires in forest forming process]. Rol’ pozharov v protsesse lesoobrazovaniya.
Novosibirsk, Nauka. 253 p. (In Russian).
Gauthier, S., Lefort, P., Bergeron, Y. & Drapeau, P.
2002. Time since fire map, age class distribution
and forest dynamics in the Lake Abitibi Model
Forest. Natural Resources Canada. Canadian Forest
Service – Laurentian Forestry Centre. Information
Report LAU–X-125.
— , Vaillancourt, MA., Leduc, A., De Grandpré, L.,
Kneeshaw, D., Morin, H., Drapeau, P. & Y. Bergeron. 2009. Ecosystem management in the boreal
forest. Presses de l’Université du Québec. 572 p.
— , Boucher, D., Morissette J. & De Grandpré, L.
2010. Fifty-seven years of change in the eastern
boreal forest of Canada. Journal of Vegetation
Science 21: 772–785.
Gavin, D.G., Hu, F.S., Lertzman, K. & Corbett, P.
2006. Weak climatic control of stand-scale fire
history during the late Holocene. Ecology 87(7):
1722–1732.
Girardin, M.P., Flannigan, M.D., Tardif, J.C. &
Bergeron, Y. 2009. Climate, weather and forest
fires. In: Gauthier, S., Vaillancourt, M.-A., Leduc,
A., De Grandpré, L., Kneeshaw, D., Morin, H.,
Drapeau, P & Y. Bergeron, Y. (eds.). Ecosystem managment of the boreal forest. Presses de
l’Université du Québec. 562 p.
Gromtsev, A.N. 1996. Retrospective analysis of natural
fire regimes in landscapes of Eastern Fennoscandia
and problems of their anthropogenic transformation. In: Goldammer, J.G. & Furyaev, V.V. (eds.).
Fire in ecosystems of boreal Eurasia. DortrechtBoston-London. p. 45–54.
— 1999. [Natural fire regimes in boreal landscapes
and their role in conservation of pristine forests].
Estetsvennye pozharnye rezhimy v taezhnykh landshaftakh i ikh rol’ pri sokhranenii korennykh lesov.
In: Volkov, A.D. & Gromtsev, A.N. (eds.). [Pristine
forests in the boreal zone of Europe: modern status
and perspectives of conservation]. Korennye lesa
taezhnoj zony Evropy: sovremennoje sostoyanije
i problemy sohkranenija. Proc. int. conf. Petrozavodsk, “SDV – OPTIMA”. p. 128–129. (In Russian).
— 2002. Natural disturbance dynamics in the boreal
forests of European Russia: a review. Silva Fennica
36(1): 41–55.

Shorohova et al.

Variability and Dynamics of Old-Growth Forests in the Circumboreal Zone …

— 2008. [Basics of landscape ecology of Russia’s
European boreal forests]. Osnovy landshaftnoj
ekologii evropejskikh tayezhnykh lesov Rossii.
Petrozavodsk, Karelian Centre of Russian Academy of Science. 238 p. (In Russian).
— , Kravchenko, A.V,. Kurhinen, Ju.P. & Sazonov.
S.V. 2010. Dynamics opf the diversity of forest
communities, flora and fauna in European taiga
under pristine conditions and upon human impact:
research material and first conclusions. Proc. Karelian Centre of Russian Academy of Science 1:
16–33.
Gustafsson, L., Kouki, J. & Sverdrup-Thygeson, A.
2010. Tree retention as a conservation measure in
clear-cut forests in Northern Europe: a review of
ecological consequences. Scandinavian Journal of
Forest Research 25: 295–308.
Hanson, J.J. & Lorimer, C.G. 2007. Forest structure
and light regimes following moderate windstorms:
Implications for multi-cohort management. Ecological applications 17(5): 1325–1340.
Hanski, I. 2000. Extinction debt and species credit
in boreal forests: modelling the consequences of
different approaches to biodiversity conservation.
Annales Zoologici Fennici 37: 271–280.
Harper, K., Boudreault, C., De Garndpre, L., Drapeau,
P., Gauthier, S. & Bergeron, Y. 2003. Structure,
composition and diversity of old-growth black
spruce boreal forest of the clay Belt region in
Quebec and Ontario. Environmental Reviews 11:
S79–S98.
Harvey, B.D., Leduc, A., Gauthier, S. & Bergeron,
Y. 2002. Stand-landscape integration in natural
disturbance-based management of the southern
boreal forest. Forest Ecology and Management
155: 369–385.
Hennigar, C.R., MacLean, D.A., Quiring, D.T. & Kershaw, J.A. 2008. Differences in spruce budworm
defoliation among balsam fir and white, red, and
black spruce. Forest Sciences 54: 158–166.
Hilbert, J. & Wiensczyk, A. 2007. Old-growth definitions and management: a literature review. BC
Journal of Ecosystem Management 8(1): 15–31.
Hytteborn, H., Maslov, A.A., Nazimova, D.I. & Rysin,
L.P. 2005. Boreal forests of Eurasia. In: Ecosystems
of the world. Vol. 6. Coniferous forests. Elsevier,
Amsterdam–Boston. p. 23–99.
Jasinski, J.P.P. & Payette, S. 2005. The creation of
alternative stable states in the southern boreal
forest, Québec, Canada. Ecological Monographs

75: 561–583.
Johnson, E.A. 1992. Fire and vegetation dynamics:
studies from the North American boreal forests.
Cambridge Studies in Ecology, Cambridge University Press, New York. 129 p.
Johnson, E.A., Miyanishi, K. & Bridge, S.R.J. 2001.
Wildfire regime in the boreal forest and the idea of
suppression and fuel buildup. Conservation Biology 15: 1554–1557.
— , Miyanishi, K. & Weir, J. 1995. Old-growth, disturbance and ecosystem management. Canadian
Journal of Botany 73: 918–926.
— , Miyanishi, K. & Weir, J.M.H. 1998. Wildfires
in the western Canadian boreal forest: landscape
patterns and ecosystem management. Journal of
Vegetation Sciences 9: 603–610.
Jönsson, M.T., Shawn, F. & Jonsson, B.G. 2009. Forest
history and the development of old-growth characteristics in fragmented boreal forests. Journal of
Vegetation Sciences 20: 91–106.
Kazimirov, N.I. 1971. [Spruce forests of Karelia].
El’niki Karelii. Nauka, Leningrad.140 p. (In Russian).
Kimmins, J.P. 1997. Forest ecology: a foundation for
sustainable management. 2nd edition. Prentice
Hall, New Jersey. p. 596.
— 2003. Old-growth forest: An ancient and stable
sylvan equilibrium, or a relatively transitory ecosystem condition that offers people a visual and
emotional feast? Answer – it depends. Forestry
Chronicle 79(3): 429–440.
Kneeshaw, D.D. & Bergeron, Y. 1998. Canopy gap
characteristics and tree replacement in the southern
boreal forest. Ecology 79: 783–794.
— & Burton, P. 1998. Assessment of functional oldgrowth status: a case study in the sub-boreal spruce
zone of British Columbia, Canada. Natural Areas
Journal 18(4): 293–308.
— & Gauthier, S. 2003. Old-growth in the boreal
forest: A dynamic perspective at the stand and landscape scale. Environmental Reviews 11: 99–114.
— , Kobe, R.K., Coates, K.D., & Messier, C. 2006.
Sapling size influences shade tolerance ranking
among southern boreal tree species. Journal of
Ecology 94: 471–480.
— , Bergeron, Y. & Kuuluvainen, T. 2011. Forest ecosystem dynamics across the circumboreal forest. In:
Millington, A.C. (ed.). Handbook of biogeography.
Sage, London. p. 261–278.
— , Lauzon, E., de Römer, A., Reyes, G., Belle-Ile, J.,

803

Silva Fennica 45(5), 2011
Messier, J. & Gauthier, S. 2009. Applying knowledge of natural disturbance regimes to develop
forestry practices inspired by nature in the southern
region of the Gaspé Peninsula. In: Gauthier, S. et
al. (eds.). Ecosystem management in the boreal
forest. U Quebec Press, Quebec.
Kuuluvainen, T. 1994. Gap disturbance, ground
microtopography, and the regeneration dynamics
of boreal coniferous forests in Finland: a review.
Annales Zoologici Fennici 31: 35–51.
— 2009. Forest management and biodiversity conservation based on natural ecosystem dynamics in
northern Europe: the complexity challenge. Ambio
38(6): 309–315.
— , Mäki, J., Karjalainen, L. & Lehtonen, H. 2002.
Tree age distributions in old-growth forest sites
Vienansalo wilderness, eastern Fennoscandia. Silva
Fennica 36(1): 169–184.
Larjavaara, M., Kuuluvainen, T., Tanskanen, H. &
Venäläinen, A. 2004. Variation in forest fire ignition probability in Finland. Silva Fennica 38:
253–266.
Larsen, C.P.S. 1997. Spatial and temporal variations in
boreal fire frequency in northern Alberta. Journal
of Biogeography 24: 663–673.
Lefort, P., Gauthier, S. & Bergeron, Y. 2003. The
influence of fire, weather and land use on the fire
regime of Lake Abitibi area, Eastern Canada. For.
Sci. 49 : 509–521.
Lesica, P. 1996. Using fire history models to estimate proportions of old-growth forest in northwest Montana, USA. Biological Conservation 77:
33–39.
Lilja, S., de Chantal, M., Kuuluvainen, T., VanhaMajamaa, I. & Puttonen, P. 2005. Restoring
natural characteristics in boreal Norway spruce
(Picea abies L. Karst.) stands with partial cutting,
deadwood creation and fire: immediate treatment
effects. Scandinavian Journal of Forest Research
20 (6): 68–78.
Liu, K.B. 1990. Holocene paleoecology in the boreal
forest and Great Lakes-St-Laurent forest in northern
Ontario. Ecological Monographs 60: 179–212.
Mansuy, N., Gauthier, S. Robitaille, A. & Bergeron,
Y. 2010. The impact of surficial deposit-drainage
combinations associated with physical factors on
spatial variations of fire cycle in northern Quebec,
Canada. International Journal of Wildland Fire
19:1083–1098.
Maslov, A.A. 1999. [The role of basic terms, pristine

804

review articles
and old-growth forests, in creation of system of
protected areas in southern boreal zone]. O roli
bazovykh terminov – kerennoj, starovozrastnyj les
– v sisteme prioritetov pri sozdanii okhranyaemykh
territorij na yuge taezhnoj zony. In: Volkov, A.D.
& Gromtsev, A.N. (eds.). [Pristine forests in the
boreal zone of Europe: modern status and perspectives of conservation]. Korennye lesa taezhnoj
zony Evropy: sovremennoje sostoyanije i problemy
sohkranenija. Proc. int. conf. Petrozavodsk, “SDV
– OPTIMA”. p. 94–95. (In Russian).
McCarthy, J.W. 2001. Gap dynamics of forest trees: a
review with particular attention to boreal forests.
Environmental Reviews 9: 1–59.
— & Weetman, G. 2007. Stand structure and development of an insect-mediated boreal forest landscape.
Forest Ecology and Management 241: 101–114.
Melekhov, I.S. 1947. [Nature of a forest and forest fires].
Priroda lesa i lesnye pozhary. OGIS, Arkhangelsk.
60 p. (In Russian).
Morin, H. 1994. Dynamics of balsam fir forests in
relation to spruce budworm outbreaks in the
boreal zone of Quebec. Canadian Journal of Forest
Research 24: 730–741.
Mosseler, A., Thompson, I. & Pendrel, B.A. 2003.
Overview of old-growth forests in Canada from a
science perspective. Environmental Reviews 11:
51–57.
Nikolov, N. & Helmisaari, H. 1992. Silvics of the
circumpolar boreal tree species. In: Shugart, H.,
Leemans, R. & Bonan, G.B. (eds.). A systems
analysis of the global boreal forest. p. 13–84.
O’Hara, K.L. 2002. The historical development of
uneven-aged silviculture in North America. Forestry 75: 339–346.
Ohlson, M. & Tryterud, E. 1999. Long-term spruce
forest continuity – a challenge for a sustainable
Scandinavian forestry. Forest Ecology and Management 124: 27–34.
— , Brown, K. J., Birks, H. J. B., Grytnes, J.-A., Hörnberg, G., Niklasson, M., Seppä, H. & Bradshaw,
R.H.W. 2011. Invasion of Norway spruce diversifies the fire regime in boreal European forests.
Journal of Ecology 99: 395–403.
Payette, S., Morneau, C., Sirois, L. & Desponts, M.
1989. Recent fire history of the northern Quebec
biomes. Ecology 70: 656–673.
Pennanen, J. 2002. Forest age distribution under mixedseverity fire regimes – a simulation based analysis
for middle-boreal Fennoscandia. Silva Fennica 36:

Shorohova et al.

Variability and Dynamics of Old-Growth Forests in the Circumboreal Zone …

213–231.
Perera, A.H., Buse, L.J. & Weber, M.G. (eds.). 2004.
Emulating natural forest landscapes disturbances.
Columbia University Press, New York.
Pham, A.T., De Grandpre, L., Gauthier, S. & Bergeron,
Y. 2004. Gap dynamics and replacement patterns in
gaps of the northeastern boreal forests of Quebec.
Canadian Journal of Forest Research 34: 353–
364.
Pugachevsky, A.V. 1992. [The spruce coenopopulations: structure, dynamics and factors of regulation]. Tsenopopulyatsii eli: struktura, dinamika,
factory regulyatsii. Navuka and Tekhnica Publ.
202 p. (In Russian).
Punttila, P. & Ihalainen, A. 2006. Luonnontilaisen
kaltaiset metsät suojelu- ja ei-suojelualueilla. In:
Horne, P., Koskela, T., Kuusinen, M., Otsamo, A. &
Syrjänen, K. (eds.). Metson jäljillä – Etelä-Suomen
metsien monimuotoisuusohjelman tutkimusraportti, p. 19. (In Finnish).
Reyes, G.P., Kneeshaw, D.D. De Grandpré, L. & Leduc,
A. 2010 Changes in woody vegetation abundance
and diversity after natural disturbances. Journal of
Vegetation Sciences: 1–12.
Rouvinen, S. & Kouki, J. 2008. The natural northern
European boreal forests: unifying the concepts,
terminologies and their application. Silva Fennica
42(1): 135–146.
Rosenwald, R. & Löhmus, A. 2008. For what, when
and where is green-tree retention better than clearcutting? A review of the biodiversity aspects. Forest
Ecology and Management 255: 1–15.
Rossi, S & Morin, H. 2011 Demography and spatial dynamics in balsam fir stands after a spruce
budworm outbreak Canadian Journal of Forest
Research 2011(41): 1112–1120.
Seymour, R.S., White, A.S. & de Maynadier, P.G. 2002.
Natural disturbance regimes in northeastern North
America – evaluating silvicultural systems using
natural scales and frequencies. Forest Ecology and
Management 155: 357–367.
Szewczyk, J.. Szwagrzyk, J. & Muter, E. 2011. Tree
growth and disturbance dynamics in old-growth
subalpine spruce forests of the Western Carpathians
Canadian Journal of Forest Research 2011(41):
938–944.
Shorohova, E., Fedorchuk V.N., Kuznetsova M.L. &
Shvedova, O. 2008. Wind induced successional
changes in pristine boreal Picea abies forest stands:
evidence from long-term permanent plot records.

Forestry 81: 335–359.
— , Kuuluvainen, T., Kangur, A., & Jõgiste, K. 2009.
Natural stand structures, disturbance regimes and
successional dynamics in the Eurasian boreal forests: a review with special reference to Russian
studies. Annales of Forest Sciences 66: 1–20.
Siitonen, J, Martikainen, P., Puntilla, P & Rauh, J.
2000. Coarse woody debris and stand characteristics in mature managed and old-growth boreal
mesic forests in southern Finland. Forest Ecology
and Management 128: 211–225.
Skvortsova, E.B., Ulanova, N.G. & Basevich, V.F.
1983. [Ecological role of windthrows]. Ekologitcheskaya rol’ vetrovalov. Forest Industry Publ.,
Moscow. 192 p. (In Russian).
Sloan, G. 1956. Forest resources of British Columbia,
Victoria, B.C. Report of the Commissioner. [Cited
in Hilbert and Wiensczyk 2007].
Smolonogov, E.P. 1990. [Ecological-geographical differentiation and dynamics of Siberian pine forests
in Ural and Western-Siberian Plain: ecologicalforestry basics of optimization of forestry]. Ekologo-geograficheskaya differentsiatsia i dinamika
kedrovikh lesov Urala i Zapadno-Sibirskoj ravniny: ekologo-lesovodstvennyje osnovy potimizatsii
khozyajstva. Sverdlovsk. (In Russian).
Sofronov, M.A. & Volokitina, A.V. 1990. [Division
of taiga zone into pyrological districts]. Pirologicheskoye rajonirovaniye v tayezhnoj zone. Nauka,
Novosibirsk. 205 p. (In Russian).
Spies, T.A. 2004. Ecological concepts and diversity of
old-growth forests. Journal of Forestry: 14–20.
Stocks, B.J., Mason, J.A., Todd, J.B., Bosch, E.M.,
Wotton, B.M., Amiro, B.D., Flannigan, M.D.,
Hirsch, K.G., Logan, K.A., Martell, D.L. & Skinner, W.R. 2003. Large forest fires in Canada, 1959–
1997. Journal of Geophysical Research 108(D1).
doi:10.1029/2001JD000484.
Svenson, J.S. & Jelgum, J.K. 2001. Structure and
dynamics of an undisturbed old-growth Norway
spruce forest on the rising Bothnian coastline.
Forest Ecology and Management 151: 67–79.
Tasanen, T. 2004. Läksi puut ylenemähän. Metsien
hoidon historia Suomessa keskiajalta metsäteolisuuden läpimurtoon 1870-luvulla. Summary. The history of silviculture in Finland from the Mediaeval
to the breakthrough of forest industry in 1980s.
Metsäntutkimuslaitos. 443 p.
Tetioukhin, S. 1987. [Structure of larch dominated
forests in Magadansky region as a basis for inter-

805

Silva Fennica 45(5), 2011
pretation of satellite images]. Zakonomernosti
stroyenyja listvennichnikov Magadanskoj oblasti
i deshifrirovanoye kosmicheskihk fotosnimkov na
ikh osnove. Doctoral thesis. StP FTA. 17 p. (In
Russian).
Ulanova, N.G. 2000. The effects of windthrow on
forests at different spatial scales: a review. Forest
Ecology and Management 135: 155–167.
Valendik, E.N. & Ivanova, G.A. 2001. [Fire regimes
in the forests of Siberia and Far East]. Pozharnye
rezhimy v lesakh Sibiri i Dal’nego Vostoka. [Russian Forest Sciences] Lesovedenye 4: 69–76. (In
Russian).
Vanha-Majamaa, I., Lilja, S., Ryömä, R., Kotiaho, J.S.,
Laaka-Lindberrg, S., Lindberg, H., Tamminen, P.,
Toivanen, T. & Kuuluvainen, T. 2007. Rehabilitating boreal forest structure and species composition
in Finland through logging, dead wood creation
and fire: The FORE experiment. Forest Ecology
and Management 250: 77–88.
Vaschuk, L.N. & Shvidenko, A.Z. 2006. [Dynamics
of forests of Irkutsk region]. Dinamika lesnykh
prostranstv Irkutskoj oblasti. Irkutsk. 392 p. (In
Russian).
Verkhunov, P.M. 1970. [Genesis and age structure
of modern pine forests in Siberia]. Genezis i
vozrastnoye stroenije sovremennykh sosnovykh
lesov Sibiri. In: [Forestry research in the forests of
Siberia]. Lesovodstvennyje issledovanija v lesakh
Sibiri. Issue 2. p. 7–58. (In Russian).
Volkov, A.D. 2003. [The bio-ecological basics of
exploitation of spruce forests in the north-west of
taiga zone of Russia]. Bioekologicheskye osnovi
ekspluatatsii el’nikov severo-zapada taezhnoy zony
Rossii. Petrozavodsk, Karelian Science Centre of
Russian Academy of Sciences. 250 p. (In Russian).
Wallenius, T. H., Kuuluvainen, T. & Vanha-Majamaa,
I. 2004. Fire history in relation to site type and
vegetation in Vienansalo wilderness in eastern
Fennoscandia, Russia. Canadian Journal of Forest
Research 34(7): 1400–1409.
— , Kauhanen, H., Herva, H. & Pennanen, J. 2010
Long fire cycle in northern boreal Pinus forests
in Finnish Lapland. Canadian Journal of Forest

806

review articles
Research 40: 2027–2035.
Weir, J.M.H., Johnson, E.A. & Miyanishi, K. 1999. Fire
frequency and the spatial age mosaic of the mixedwood boreal forest of Saskatchewan. In: Science
and practice: sustaining the boreal forest. Proc. of
the 1999 Sustainable Forest Management Network
Conference, 14–17 February, 1999. Edmonton,
Alberta, Canada. Ed. by T.S. Veeman, D.W. Smith,
P.G. Purdy, F.J. Salkie, G.A. Larkin. p. 81–86.
Wells, R.W., Lertzman, K.P. & Saunders, S.C. 1998.
Old-growth definitions for the forests of British
Columbia, Canada. Natural Areas Journal 18:279–
292.
Wirth, K., Messier, C., Bergeron, Y., Frank, D. &
Fankhänel, A. 2009. Old-growth forest definitions;
a pragmatic view. In: Wirth, K. et al. (eds.). Oldgrowth forests. Ecological Studies 207. SpringerVerlag, Berlin–Heidelberg. p. 11–33.
Yaroshenko, A. Yu., Potapov, P.V. & Turubanova, S.A.
2001. The last intact forest landscapes of Northern
European Russia. Green Peace Russia. 77 p.
Zhigunov, A.V., Semakova, T.A. & Shabunin, D.A.
2007. [Mass forest decline in the North-West of
Russia]. Mossovoye usykhanije lesov na SeveroZapade Rossii. In: [Forest-biological research in
the taiga zone of North-Western Russia; Results
and prospects]. Leso-biologicheskije issledovanoja
na Severo-Zapade taezhnoj zony Rossii: itogi i
perspektivy. Proc. Sci. Conf. devoted to 50th Ann.
of Forest Institute of Karelian Centre of Russian
Academy of Science. Petrozavodsk. p. 42–52. (In
Russian).
Zyabchenko, S.S. 1986. [Pine forests of the European
north]. Sosnovye lesa evropeyskogo Severa. L.
Nauka. 248 p. (In Russian).
Total of 128 references

