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ABSTRACT

The southern portions of the boreal region across Canada are dominated by boreal mixedwoods forests, which are character-
ized by varying canopy dominance of boreal broadleaf and conifer trees. This forest region encompasses a large east-to-west
gradient of climate and disturbance regimes. Although the same major boreal tree species occur in all parts of the boreal
mixedwood region, they vary greatly in relative abundance. This is a reflection of the interactions among the different abiotic
and biotic components. As a result, there is considerable variation in post-disturbance stand development, producing a wide
variety of mixedwood forest conditions existing as a mosaic in time and space. Post-disturbance dominance by broadleaf spe-
cies followed by a transition to conifers is the “classic” pathway in all regions. However, there is wide variation in the transition
rate and the species sequence across the gradient depending on factors such as moisture, abundance of each species, fire cycle,
climate and secondary disturbances (mainly insect outbreaks). Future changes in climate and disturbance regime could influ-
ence the nature of stand dynamics of boreal mixedwoods and the prominence of different pathways among regions. Focussing
on the commonality of processes in mixedwood stand development across the boreal is a promising way to address the man-
agement of this important forest ecosystem.

Keywords: Canadian boreal mixedwood forest, stand dynamics, fire disturbance, insect disturbance, forest management
emulating natural stand dynamics

RESUME

Le sud de la région boréale canadienne est dominé par la forét boréale mixte, caractérisée par une canopée a dominance
feuillue et coniférienne en différentes proportions. Cette région forestiere traverse dest en ouest, un large gradient climatique
et différents régimes de perturbation. Les espéces principales de la forét boréale mixte sont les mémes a travers le Canada,
mais leur importance relative varie. Cela refléte les interactions entre les différentes composantes biotiques et abiotiques de
lécosysteme. Le développement d'un peuplement aprés perturbation peut prendre différentes tangentes ce qui fait qu’il existe
plusieurs types de foréts boréales mixtes qui se présentent sous forme de mosaiques spatiales et temporelles. Une dominance
feuillue apres perturbation, suivie d'une transition vers les coniféres, constitue la séquence temporelle « classique » de la dy-
namique forestiere dans toutes les régions. Toutefois, les taux de transition et les séquences despéces varient grandement a
travers le gradient. Cette variabilité dépend principalement du régime d’humidité, de labondance de chaque espéce, du cy-
cle de feu, du climat et des perturbations secondaires (surtout les épidémies d’insectes). Les changements climatiques futurs
et le régime de perturbations pourraient influencer la nature de la dynamique des peuplements de la forét boréale mixte et
l'importance relative des différents patrons temporels a travers les régions. Bien comprendre les processus communs au dével-
oppement des peuplements de la forét boréale mixte est une facon prometteuse dentreprendre lFaménagement forestier de cet
important écosysteme.

Mots clés : forét boréale mixte canadienne, dynamique des peuplements, perturbation par le feu, épidémies d’insectes, amé-
nagement forestier reproduisant la dynamique naturelle du peuplement

Introduction

Forest composition and structure, and how these change over
time, are a result of complex interactions involving the regional
species pool and the ecological properties of these species, en-
vironmental conditions, and disturbances; this complexity
can result in a variety of possible pathways of stand dynamics

(Cattelino et al. 1979). Maintenance of diversity in forest com-
position can play a role in conservation of biodiversity and
habitat (Hobson and Bayne 2000, Cavard et al. 2011), and
in forest productivity, resistance and resilience (De Grand-
pré and Bergeron 1997, Brassard et al. 2011, Bartels and Chen
2012, Zhang et al. 2012). However, this diversity represents a
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In Canada, the boreal mixedwood region
forms a wide belt encompassing a large pro-
portion of the boreal forest distributed over six
provinces and two territories (Fig. 1). This re-
gion is characterized by a complex mosaic of
forest types that vary both structurally and in
the relative proportion of broadleaf and conifer
tree species. This highly productive and diverse
ecosystem is influenced by a strong east-to-west
gradient in climate, edaphic conditions, and dis-
turbance regimes (Table 1). Surficial deposits west
of the Rocky Mountains are mainly characterized
by colluvial till, the western portion of the zone,
located in the central plains, is characterized by
clay and till deposits; the eastern portion of the
mixedwood region is characterized by tills except
in the clay belt, which overlaps the border be-
tween Ontario and Quebec (Fulton 1989). There
is a strong precipitation gradient, from drier in
the west to moister conditions in the east attrib-

Fig. 1. Map of the extent of boreal forest in Canada (light and dark grey areas;
Brandt 2009). The boreal mixedwood (dark grey area) corresponds to the
thermoboreal bioclimatic subdivision of the Canadian boreal hiome, version
1 (Baldwin et al. 2012), Circumboreal Vegetation Map (CBVM) (Talbat and

Meades 2011).

challenge for management (Lieffers et al. 1996a, Liefters et al.
2008). The complexity of managing for several species coex-
isting in the canopy has led to a tendency in recent decades to
employ management systems which could lead to an “unmix-
ing” of mixed species forests (Man and Lieffers 1999, Jackson
et al. 2000, Liefters et al. 2008). A new paradigm of forest man-
agement invokes emulating natural disturbances and stand
dynamics of natural systems as an approach to ensure future
forest sustainability (Burton et al. 2006). Such an approach nec-
essarily depends upon a solid understanding of forest dynamics.

Table 1. Summary of key differences between the eastern and western portions of
the boreal mixedwood region in Canada (Hare and Thomas 1979, Larsen 1980,

Fulton 1989, Lenihan 1993).

utable to the Atlantic Ocean influence (Hare and
Thomas 1979). Together, climate and soils/sur-
ficial deposits influence vegetation as much as
disturbances and thus play a major role in stand
dynamics (Larsen 1980).

The major species and their relative abun-
dances also vary from west to east (Lenihan 1993), resulting in
variation in the species mixture and in the ratio of broadleaf to
conifer species. Generally, conifers are more abundant in the
east. Trembling aspen (Populus tremuloides Michx.) is the domi-
nant broadleaf on clay and tills in the west, whereas paper birch
(Betula papyrifera Marsh.) is the main broadleaf on eastern tills.
In the western portion of the boreal mixedwood region, balsam
fir (Abies balsamea [L.] Mill.) has low abundance and eastern
white cedar (Thuja occidentalis L.) is completely absent; these
two conifers play key roles in the east (Bergeron 2000).

Various natural disturbances, which
are influenced themselves by climate and
landscape features, influence species dis-
tributions and relative abundances. In
the west wildfires are large and frequent,

West (Yukon, Northwest Territory,
British Columbia, Alberta,

whereas in the east the natural fire regime
is characterized by smaller and less fre-
quent fires (Bergeron and Fenton 2012;

Characteristic Saskatchewan, Manitoba) East (Ontario and Quebec)
Temperature Similar across Canada in the boreal mixedwood zone
Annual 400 - 600 mm (dry) 600 - 1200 mm (moist)
precipitation

Table 1). These differences in fire size and
frequency strongly influence forest vegeta-
tion composition, structure and dynamics
(Bergeron and Dansereau 1993, Kneeshaw
and Gauthier 2003, McIntire et al. 2005,

Main surficial Clay (with some till) Till (except for the clay belt) Johnstone and Chapin 2006b, Bouchard
deposit - » bou

Main bedrock Sedimentary (Calcareous-basic) Intrusive-metamorphic %nd Po(tihlfr 1228(8);; }?Olllldltard el; all' 2%01%5;’

(Granite-acidic) rassard ef al. , Johnstone et al. .

. . . The other important natural disturbance,

Major tree Trembling aspen Paper birch insect outbreaks, depends on the prior

species Bglsam E.O P %lar Tregﬂ:{hng %Sp e stand type and landscape forest composi-

aper birc alsam fir

Whlgte spruce White spruce tion (Campbell et al. 2008, Colford-Gilks et

White cedar al. 2012, Nixon and Roland 2012). Spruce

- Sh . L ) budworm is more prevalent in the east

e Ve(;rtIfoiz Oigrqéc ¢ because of the prominence of balsam fir,

yLarg & its preferred host (Blais 1983). Forest tent

Secondary Drought Spruce budworm caterpillar is present throughout the bo-

disturbances Forest tent caterpillar real mixedwoods, but is a more influential
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disturbance agent in the western boreal, because trembling as-
pen is one of the most common tree species (Hogg and Schwarz
1999, Cooke and Roland 2007, Sutton and Tardif 2007). Aspen
in western Canada is also impacted by severe drought condi-
tions that reduce growth and cause dieback (Hogg et al. 2002,
Brandt et al. 2003, Frey et al. 2004, Hogg et al. 2008).

Our objective herein is to reconcile our understanding of the
diversity of patterns and processes in stand dynamics of boreal
mixedwoods across Canada as a basis for informing manage-
ment approaches for this region. To this end we: 1) examine
the different factors driving mixedwood stand dynamics and
how these vary across Canada, 2) summarize the variability in
pattern and process of boreal mixedwood stand dynamics ob-
served across Canada, and 3) briefly discuss applications of this
knowledge to forest management.

Drivers of Stand Dynamics and Forest Composition
“Stand dynamics” are defined as changes in stand structure and
species composition over time following a stand-replacing dis-
turbance (Oliver and Larson 1996, Chen and Popadiouk 2002).
Variability in stand structure and composition reflects differ-
ences in dominant species and environmental conditions, and
associated disturbance regimes (e.g., McIntire et al. 2005, Sho-
rohova et al. 2009). Typically, early post-fire mixedwood stands
are dominated by shade-intolerant species (mostly broadleaf
species, but could include pines) that are gradually replaced over
time by shade-tolerant species (mainly conifers). This idealized
broadleaf to conifer transition is quite variable, however, de-
pending on both the nature of the stand-initiating disturbance
and the compositional history of the disturbed forest stand and
its surroundings (Bergeron and Dubuc 1989, Bergeron 2000,
Chen and Popadiouk 2002, Awada et al. 2004, Park et al. 2005,
Taylor and Chen 2011).

Time alone is an insufficient predictor of species dynamics
in the boreal forest (Park et al. 2005, Taylor and Chen 2011).

(A)

- Landscape composition

- Site conditions (parent -
material, topography, soils) Fire
- Climate

- Pre-fire stand composition severity, frequency, size

(8) : /

- Availability of reproductive
propagules (regional species
pool)

-Species reproductive traits
-Regeneration microsites
-Microenvironment

(C)

- Species tolerance and
longevity

-On-going regeneration
-Competition, Herbivory
-Secondary disturbances

—

Post-disturbance
Regeneration

Ongoing stand
development

Fig. 2. The influence of abictic and bictic factors and wildfire

on post-fire regeneration and ongoing stand dynamics in boreal
mixedwoods. Site-level factors (box “A”) influence fire; both these
determine those factors in box “B”, which in turn drive post-
disturbance regeneration. That regeneration, plus the influence of
factors in box “C” drive ongoing stand development.
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Factors such as characteristics of the fire (e.g., severity), pre-fire
stand and landscape floristic composition, site conditions and
climate, regeneration processes, and stochasticity influence early
post-fire forest composition (Fig. 2). Subsequent development
of structure and composition is a function of ongoing regen-
eration processes, species life history, biotic interactions, abiotic
conditions, and secondary natural disturbances such as insect
outbreaks (Kenkel et al. 1997; Bergeron 2000; Peters et al. 2005,
2006). Overall, the diversity and complexity of these factors re-
sult in a wide variety of possible pathways of stand structures
and compositions (Fig. 3 and Fig. 4).

The role of fire in stand initiation

The natural disturbance regime of the boreal mixedwood is
dominated by stand-initiating wildfire (Johnson 1992). Wild-
fires remove vegetation, reduce the depth of the forest floor,
and increase light and nutrient availability to the benefit of
early-establishing herbs, shrubs and trees (Chen and Popadiouk
2002, Purdy et al. 2002, Greene et al. 2007). Forest composi-
tion following wildfire is strongly influenced by pre-fire species
composition and the severity, size and return interval of the
fire itself (Johnson 1992; Johnstone and Chapin 2006a, 2006b).
When young stands burn, they have a much higher probability
of regenerating to broadleaf dominance than do mature stands
(Johnstone and Chapin 2006b) and frequent fire increases the
abundance of broadleaf species at the expense of conifers (Dix
and Swan 1971, Chen et al. 2009). Species with serotinous
cones, such as jack pine and black spruce, are promoted by fire
and will show general stand self-replacement stand dynam-
ics provided that fires are sufficiently frequent and recurrent
(Rowe and Scotter 1973, Ilisson and Chen 2009a). Fire affects
both propagule availability and regeneration substrate suitabil-
ity, which in turn regulate regeneration and subsequent stand
dynamics (Kruger and Reich 1997; Johnstone et al. 2004; John-
stone and Chapin 2006a, 2006b).

The influence of species’ regeneration strategies and life
history traits

Patterns of stand dynamics are a function of the characteristics
of each species—such as shade-tolerance, regeneration niche,
and longevity—interacting with the effects of the fire and with
other biotic and abiotic factors (Fig. 2). Differences in regen-
eration, tolerance, growth and the timing of senescence regulate
post-disturbance establishment and regeneration following
secondary disturbances, and thus the nature and timing of any
shifts in species composition (Fig. 3 and Fig. 4).

Immediate post-fire regeneration sets the template for long-
term stand dynamics. Forest re-establishment after disturbance
requires a source of seeds or vegetative propagules (buds). Fire
size and severity influence distance to seed sources (unburned
residuals and the surrounding landscape) and thus the possi-
bilities for colonization. The common boreal broadleaf species,
particularly aspen and balsam poplar (Populus balsamifera L.),
undergo rapid post-fire clonal regeneration from root suckers
(Schier 1973, Frey et al. 2003). Post-fire regeneration of these
species is therefore strongly related to pre-fire composition
(Johnstone and Chapin 2006b, Chen et al. 2009, Ilisson and
Chen 2009a). Adaptations such as cone serotiny in jack pine
(Pinus banksiana Lamb.), lodgepole pine (Pinus contorta Loud.)
and black spruce (Picea mariana [Mill.] BSP), and masting in
white spruce (Picea glauca [Moench] Voss), also strongly influ-
ence post-fire seed availability (Greene et al. 1999, Peters et al.
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Fig. 3. Generalized patterns of mixedwood stand dynamics as a function of the
amount of broadleaf and conifer regeneration in the initial post-fire period and later
on during stand development, as well as the influence of canopy senescence and
secondary disturbances. The six stand dynamics patterns described in the text are
represented by the following transitions between forest conditions: 1) “classic™
6-7-8-9-15-16 or 11-12-13-14-15-16, 16 gap dynamics; 2) No conifer regenera-
tion: 1-2-3, 3 gap dynamics; 3) Ongoing broadleaf and conifer regeneration: 1-5-8-
9-10 or 6-7-8-9-10, 10 gap dynamics; 4) Accelerated transition to conifer: same
as (1) except faster; 5) Ongoing broadleaf recruitment: 15-10, 10 gap dynamics;
B) Transition to shrub dominance: 3-4 or 15-17.
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Fig. 4. The main species and conditions of forest structure and composition at
various stages of boreal mixedwood stand dynamics in the eastern and western
boreal in Canada and the role of secondary disturbance in driving stand dynamics.
Spruce budworm (SBW), forest tent caterpillar (FTC) and other secondary distur-
bances drive transitions in canopy composition and gap dynamics (as discussed in
the text); fire resets the system to a younger condition.

2005). Regeneration of later-colonizing conifers is primarily
from seeds germinating on rotting logs, but vegetative layering
may also be important (Bergeron 2000).

The regeneration microsite has an important control-
ling influence on the success of conifer regeneration, both
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immediately post-fire and later in stand devel-
opment (Simard et al. 1998, 2003; Peters et al.
2006). Conifer regeneration is strongly depen-
dent on the availability of suitable microsites.
White spruce germinates best on exposed min-
eral soil, a thin organic layer, or well-decayed
wood (Purdy et al. 2002, Peters et al. 2006)
while white cedar prefers decaying wood (Si-
mard et al. 1998, 2003). All conifer seedlings,
with the possible exception of balsam fir, have
difficulty establishing in leaf litter (Simard et al.
1998, 2003). Fire severity strongly regulates the
availability of regeneration microsites and thus
has an important controlling influence on the
density of initial conifer regeneration (Charron
and Greene 2002, Johnstone and Chapin 2006a,
Greene et al. 2007). Fire severity, through its in-
fluence on propagule availability and microsites,
can also influence vegetative regeneration or
seedling establishment in broadleaf species such
as aspen (Frey et al. 2003; Greene et al. 2004,
2005; Landhausser et al. 2010).

Ongoing tree recruitment—or lack there-
of—influences species composition throughout
stand development (Fig. 3). For example, the
timing of post-fire regeneration by white spruce
can strongly affect mixedwood composition
(e.g., Peters et al. 2006). If conifer regeneration
is poor, due to seed or microsite limitations
or canopy competition, broadleaf stands may
be maintained as such across fire cycles (Dix
and Swan 1971, Chen and Popadiouk 2002,
Johnstone and Chapin 2006b). Vegetative re-
production (via layering) in boreal conifers can
also be an influential process at the later stage of
stand development (Bergeron 2000).

Ongoing recruitment of white spruce and
balsam fir seedlings most commonly occurs
on partially decomposed logs, since elevated
logs provide some protection from pathogens
(Zhong and van der Kamp 1999), competing
herbaceous vegetation, and smothering leaf
litter (Lieffers et al. 1996b; Simard et al. 1998,
2003; Awada et al. 2004). The establishment and
growth of advance regeneration is largely re-
lated to light and moisture availability (Zasada
et al. 1992). Tree recruitment is often limited by
competition with grasses, forbs or shrubs (Zo-
ladeski and Maycock 1990). A dense understory
of beaked hazelnut (Corylus cornuta Marsh.)
reduces aspen root suckering after disturbance
(Mundell et al. 2007) and strongly inhibits the
recruitment of conifers (Waldron 1959, Trot-
tier 1981). In the east, mountain maple (Acer
spicatum Lamb.) competes with balsam fir in
gaps formed by spruce budworm, reducing the
quantity and height of fir saplings (Kneeshaw

and Bergeron 1996). Aspen regeneration is also negatively af-
fected by grass competition (Landhéusser and Lieffers 1998,
Landhausser et al. 2007).

Species differences in growth rate and longevity also regulate
perceived patterns of stand dynamics. Shade-tolerant conifers
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typically have slower initial growth rates than do shade-intol-
erant broadleaf species (Frelich and Reich 1995, Lieffers et al.
1996b, Chen and Popadiouk 2002, Gutsell and Johnson 2002).
The faster growth of these early-colonizing broadleaf trees al-
lows them to quickly dominate the forest canopy. However,
these species generally have a shorter lifespan, reaching the
age of senescence sooner than slower-growing conifers (Auger
et al. 2004, Bergeron 2000). Canopy openings created through
the senescence and death of the early-colonizing broadleaf
species result in the establishment or release of more shade-tol-
erant, slower-growing conifers (Kneeshaw and Bergeron 1996,
Bergeron 2000, Brassard and Chen 2006). Self-replacement
can also occur, however, in which broadleaf species re-establish
themselves in canopy openings through successful root sucker-
ing (Bergeron 2000, Cumming et al. 2000, Senecal et al. 2004,
Kurkowski et al. 2008).

The age of tree senescence, and therefore of compositional
transitions in mixedwoods, is dependent on site quality and
climate and thus varies among regions (Kabzems and Garcia
2004). For example, aspen and jack pine show earlier senescence
on more fertile sites (Auger et al. 2004, Duchesne and Ouimet
2009) while aspen decline in Alberta occurs more rapidly on
poor sites (Meng et al. 2008). The age of onset and duration of
senescence of some species, including jack pine, increases at
more northerly latitudes (Pothier and Savard 1998).

The influence of non-stand replacing (secondary) disturbances
Secondary disturbances are important drivers for stand dynam-
ics. We can divide secondary disturbances into patch (landscape
scale) and gap (within-stand scale) disturbances as a function of
the area affected.

The most important patch disturbance driving mixedwood
stand dynamics is defoliation by insects (Fig. 4). Indeed, insect
outbreaks may be a more important driver of forest composi-
tion in older stands than time since fire (Taylor and Chen 2011).
The impact of insect defoliation on tree regeneration and the soil
organic layer is typically less severe than wildfire. Furthermore,
insect outbreaks affect forest stands in a species-specific way,
and their influence often extends over several years (Baskerville
1975, McCullough et al. 1998, Chen and Popadiouk 2002). The
two most disruptive insect defoliators in the Canadian boreal
forest are spruce budworm (Choristoneura fumiferana Clemens,
SBW), which feeds mostly on balsam fir and spruces, and for-
est tent caterpillar (Malacosoma disstria Hitbner; FTC), which
affects mainly trembling aspen, balsam poplar and paper birch
(Batzer and Morris 1978, Moulinier et al. 2011, Chen and Taylor
2012).

The effects of spruce budworm are key to understanding
eastern boreal forest dynamics (Morin 1994, Bouchard et al.
2006) (Fig. 4). Spruce budworm outbreaks occur over a period
of several years, oftentimes over areas much larger than those
affected by fire (Blais 1983, Morin et al. 1993, Candau et al.
1998). Spruce budworm mainly affects mature to over-mature
balsam fir stands, and outbreaks are responsible for the forma-
tion of canopy gaps in these stands (Morin 1994, Bergeron et al.
1995). Their impact is, however, less in young stands or land-
scapes with a higher broadleaf component (Bergeron et al. 1995,
Su et al. 1996, Kneeshaw and Bergeron 1998, Colford-Gilks
et al. 2012). Host trees show an appreciable decline in growth
rate when undergoing insect attack (MacKinnon and MacLean
2004), and repeated defoliation results in mortality (Bergeron et
al. 1995). Suppressed balsam fir saplings show release growth
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following an outbreak, especially in immature stands (Knee-
shaw and Bergeron 1998). While white spruce is less affected
by spruce budworm than balsam fir (MacLean and MacKinnon
1997), it shows poorer post-outbreak recovery (Kneeshaw and
Bergeron 1996). The effects of spruce budworm outbreaks are
dependent on site conditions and the pre-existing composition
and structure of both the stand and the surrounding landscape
(MacLean and MacKinnon 1997, 2004; Campbell et al. 2008;
Colford-Gilks et al. 2012). In balsam fir-dominated stands,
spruce budworm outbreaks often result in a continuous cycle
of fir dominance (Baskerville 1975, Pham et al. 2004). Alterna-
tively, spruce budworm outbreaks may favor the recruitment of
shade-intolerant species, resulting in conifer-dominated stands
reverting to mixedwood stands (Kneeshaw and Bergeron 1998,
Chen and Taylor 2012).

The forest tent caterpillar is a known defoliator of broadleaf
species, particularly aspen (Cooke and Lorenzetti 2006). Out-
breaks of this insect cause substantial and sustained reduction
in leaf area and live crown volume in aspen stands and slow
the radial growth of trees (Cooke and Roland 2007, Sutton and
Tardif 2007, Moulinier et al. 2011). At the landscape scale, for-
est tent caterpillar outbreaks show strong periodicity with peak
outbreaks being decadal and usually lasting less than five years;
however, at a more local scale outbreaks can be more frequent
and/or last for as long as a decade (Cooke and Roland 2007).
Repeated and severe defoliation in aspen stands increases mor-
tality of mature stems and may accelerate the decline of older
stands (Ghent 1958, Chen and Popadiouk 2002, Man and Rice
2010). The thinning effect of forest tent caterpillar defoliation
may facilitate the release of shade-tolerant conifer species such
as spruce or fir, speeding their growth into the canopy (Ghent
1958, Man and Rice 2010). Alternatively, canopy gaps may be
large enough to allow for the self-replacement of trembling as-
pen from root suckers (Kneeshaw and Bergeron 1998, Man and
Rice 2010, Moulinier et al. 2011, Reinikainen et al. 2012). Al-
though less frequent than insect disturbance, major windthrow
events are another patch disturbance observed in mixedwood
forests (Peterson 2004, Bouchard et al. 2009).

Forest dynamics are also influenced by smaller-scale gap
disturbances such as single-tree blowdowns, pathogens, and
other insects or herbivores. Tree deaths creating gaps are often
the result of a combination of these factors. For example, older
trees already weakened by insects and fungi are much more sus-
ceptible to blowdown (Taylor and Maclean 2005, 2007; Rich et
al. 2007). Blowdown is more likely in trees with large crowns—
because of the increased contact surface with the wind—and a
shallow root system, particularly when growing on shallow soil
(Peterson 2004, Kneeshaw et al. 2011). Blowdown mortality
creates canopy openings that facilitate the release of suppressed
trees and provide an opportunity for stand regeneration (Morin
1994, Ruel 1995).

Herbivory by mammals, including ungulates (moose (Al-
ces americanus Clinton), elk (Cervus canadensis L. ) and deer
(Odocoileus virginianus Zimmermann)), hares (Lepus america-
nus Erxleben) and beaver (Castor canadensis Kuhl) also directly
impacts stand dynamics (e.g., Pastor and Naiman 1992). As
with insects, herbivore effects are species-specific. For exam-
ple, moose selectively browse balsam fir saplings in the winter
months (Belovsky 1981). Repeated and regular browsing of bal-
sam fir saplings by ungulates has been shown to greatly reduce
recruitment of fir into the canopy, in both eastern and western
boreal forests (Brandner et al. 1990, Potvin et al. 2003). Moose
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and elk also browse aspen (Pastor et al. 1993, Rounds 1979),
which can result in the creation of persistent gaps in aspen
stands in western boreal forest (MaclIsaac et al. 2006). Browsing
by snowshoe hares on white spruce seedlings reduces growth
and causes mortality (Cater and Chapin 2000, Peters 2002).
Beaver can also greatly reduce the density of trembling aspen
through their foraging and dam-building activities (Rosell et al.
2005). The large canopy openings resulting from beaver activity
may accelerate the development of conifer stands, or alternative-
ly provide an opportunity for aspen self-replacement (Johnston
and Naiman 1990, Donkor and Fryxell 1999). The differential
effect of browsing can result in divergence in stand structure
and composition over time (Johnston and Naiman 1990, Pastor
and Naiman 1992, Pastor ef al. 1993, Donkor and Fryxell 1999).

Patterns of Mixedwood Stand Dynamics

Given the complex interacting effects of disturbance (includ-
ing type, size, frequency and intensity), seed and bud source
availability, seed dispersal, seedbed quality, competition, cli-
matic, edaphic and topographic variability, insect pests, fungal
pathogens and herbivory, it is not surprising that mixedwood
boreal forests display a wide variety of pathways (Cattelino et
al. 1979, Bergeron and Dubuc 1989, Caners and Kenkel 2003,
Kurkowski et al. 2008, Taylor and Chen 2011). Throughout the
boreal mixedwood, there is considerable variation on the “clas-
sical” mixedwood forest dynamic model (Chen and Popadiouk
2002).

The relative abundance of broadleaf versus conifer regenera-
tion immediately post-fire, together with the amount of ongoing
regeneration of broadleaf and conifer species, are key factors
underlying variation in patterns of mixedwood stand dynamics
(Fig. 3). Broadleaf and conifer species often establish contempo-
raneously following a disturbance but constant recruitment of
conifer in the understory is also often observed, especially in the
eastern portions of the mixedwood region. Changes in canopy
dominance over time reflect the rate at which post-disturbance
broadleaf forests are invaded by conifers (Liefters et al. 1996b,
Galipeau et al. 1997, Albani et al. 2005, Kabzems and Garcia
2004, Peters et al. 2006) and differences in the growth rates and
longevity of species (Cogbill 1985, Bergeron and Charron 1994,
Gutsell and Johnson 2002, Johnstone et al. 2004, Kabzems and
Garcia 2004, Peters et al. 2006). Considerable variation in these
processes drives variation in mixedwood stand dynamics.

At alandscape scale, composition changes are predictable for
a long period after fire, but the time required for compositional
changes to occur can vary widely from one landscape to anoth-
er (e.g., Frelich and Reich 1995). At smaller spatial scales canopy
dynamics are highly variable, even under similar abiotic condi-
tions (Bergeron and Charron 1994, Frelich and Reich 1995; Fig.
3 and Fig. 4). With prolonged absence of stand-replacing dis-
turbance, successional pathways are numerous and regulated by
neighbourhood effect, availability of resources, and secondary
disturbances (Morin et al. 1993, Kneeshaw and Bergeron 1998,
Pham et al. 2004, Amos-Binks et al. 2010, Taylor and Chen
2011).

We describe six possible stand dynamic pathways in boreal
mixedwood forests, which arise as a result of differences in im-
mediate post-fire floristics, ongoing regeneration, and effects of
secondary disturbances (Fig. 3). All of these possible trajectories
are empirically evident—at least at the plot or stand level—in
both eastern and western boreal mixedwoods, although the
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predominant species and disturbance effects vary among re-
gions (Fig. 4). At the landscape scale, this diversity in stand
dynamic trajectories results in the long-term maintenance of
mixedwoods (i.e., long-term coexistence of broadleaf and coni-
fer species) under most conditions.

Classical dynamics

The classical pattern of post-fire mixedwood dynamics is the
“three cohort” model (Bergeron 2000, Chen and Popadiouk
2002), in which forests gradually transition from broadleaf
dominance (aspen and paper birch), to mixed stands with an
important conifer component, and eventually to conifer stands
dominated by spruce (black or white, depending on soil con-
ditions), balsam fir or white cedar (Fig. 3). Following fire,
mixedwood forests are typically initially dominated by shade-
intolerant broadleaf species such as aspen and paper birch.
Several studies have shown that, given sufficient time without a
major disturbance, the more shade-tolerant conifers eventually
replace the pioneer broadleaf species in the canopy (Carleton
and Maycock 1978, Bergeron and Dubuc 1989, Frelich and
Reich 1995, De Grandpré et al. 2000, Duchesne and Ouimet
2009, Kurkowski et al. 2008). Senescence of the initially domi-
nant broadleaf canopy (Pothier et al. 2004) allows replacement
by slower-growing, shade-tolerant species found beneath the
canopy (Kneeshaw and Bergeron 1996, Bergeron 2000). The
timing of this transition can be highly variable, depending on
vigour and longevity of the broadleaf canopy (Kabzems and
Garcia 2004) and the timing of conifer regeneration post-distur-
bance (Peters et al. 2006).

In the eastern boreal mixedwood, both paper birch and as-
pen are important shade-intolerant pioneers, while balsam fir,
black spruce, white spruce and white cedar are the most im-
portant canopy-replacing conifer species (Bergeron and Dubuc
1989, Bergeron 2000, De Grandpré et al. 2000; Fig. 4). However,
eastern white cedar is absent from the western boreal region
and balsam fir is much less abundant in the west (Lenihan
1993). Balsam fir is typically slow to establish in western mixed-
wood stands (Dix and Swan 1971). A combination of more
frequent fires and drier and colder climatic conditions likely
limits the distribution and abundance of balsam fir in the west-
ern boreal mixedwood forest (Moss 1953, Rowe 1961, Lenihan
1993). Thus, boreal mixedwoods in western Canada primarily
are comprised of trembling aspen and white spruce (Fig. 4).

In the absence of a stand-initiating disturbance, forest
structure and composition are regulated by gap dynamics
(Frelich and Reich 1995, Kenkel et al. 1997, Romer et al. 2007,
Kneeshaw et al. 2011). In the eastern boreal forest, where a
lower fire frequency allows sufficient time for stands to ex-
perience canopy disturbance, shade-tolerant species recruit
into gaps and forests develop a multi-cohort structure with a
mosaic canopy of conifer species such as balsam fir or eastern
white cedar (Frelich and Reich 1995, McCarthy 2001, Chen
and Popadiouk 2002, Pham ef al. 2004). In the presence of a
white cedar seed source and abundant dead wood—the pre-
ferred regeneration substrate for white cedar (Simard et al.
1998, 2003; Asselin et al. 2001)—eastern boreal stands may
eventually be dominated by this long-lived species and remain
stable until the next stand-initiating fire (Bergeron and Dubuc
1989, Bergeron 2000, Taylor and Chen 2011). In the western
boreal, however, the higher fire frequency results in a smaller
proportion of broadleaf or mixedwood stands transitioning to
conifer dominance.
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No conifer regeneration: constant broadleaf dominance and
multi-aged aspen stands

The classical pattern is dependent on the presence, often sup-
pressed under the broadleaf canopy, of abundant conifer
regeneration that is necessary to ensure temporal transitions
in canopy composition. A self-replacing pathway occurs when
canopy dominance by pioneer species is maintained beyond
the initial cohort stage (Cumming et al. 2000, Kurkowski et al.
2008). This dynamic is characteristic of stands that lack a local
seed source of shade-tolerant conifers (Bergeron and Dubuc
1989, Bergeron 2000, Caners and Kenkel 2003, Johnstone et
al. 2004). Several studies have shown that frequent and severe
natural disturbances can result in the local extirpation of conifer
species (Moss 1953, Dix and Swan 1971, Bergeron and Dubuc
1989, Johnstone and Chapin 2006b). Other studies have estab-
lished that the main factors responsible for absence of conifer
species in some stands are seed or seedbed limitations (Gal-
ipeau et al. 1997, Stewart et al. 1998, Purdy et al. 2002, Peters
et al. 2005) or poor establishment and survival of conifer seed-
lings beneath a broadleaf canopy (DeLong et al. 1997, Greene
et al. 1999, Simard et al. 2003, Albani et al. 2005, Gartner et al.
2011). In these situations, senescence of the broadleaf canopy
can result in ongoing root sucker regeneration, creating a self-
replacing gap dynamic stand (Cumming et al. 2000, Caners and
Kenkel 2003). Forest tent caterpillar outbreaks can facilitate this
type of dynamic, by producing canopy gaps of sufficient size to
permit broadleaf regeneration and subsequent development of
uneven-aged aspen stands (Moulinier ef al. 2011). This dynamic
is more important in western regions, where fires were histori-
cally of sufficient frequency to ensure that stands burned before
changes in canopy composition could occur (Dix and Swan
1971, Zoladesky and Maycock 1990, Johnson 1992, Youngblood
1995, Gutsell and Johnson 2002, Johnstone et al. 2004). How-
ever, this type of stand dynamics pathway also exists in eastern
boreal forests, and may be more important than previously rec-
ognized (Zoladeski and Maycock 1990, Kneeshaw and Gauthier
2003, Moulinier et al. 2011).

Ongoing recruitment of both broadleaf and conifer: multi-aged
mixedwood

In the western boreal, older mixedwood stands are perpetuated
through the ongoing recruitment of both trembling aspen and
white spruce, with lesser amounts of balsam poplar and paper
birch (Rowe 1961, Caners and Kenkel 2003, Awada et al. 2004,
Levac 2012, Reinikainen et al. 2012). This long-term coexis-
tence of trembling aspen and white spruce as a self-replacing
mixed mosaic may be attributable to the absence of white cedar,
together with limited recruitment of balsam fir over much of the
western boreal forest (Moss 1953, Dix and Swan 1971). Unlike
balsam fir, white spruce rarely forms extensive, dense mono-
specific stands. The long-term co-existence of trembling aspen
and white spruce is attributable to the ability of both species to
successfully colonize gaps created by secondary disturbances
(Cumming et al. 2000, Senecal et al. 2004).

This dynamic is also evident in the eastern boreal. Both as-
pen and birch, along with conifers, can invade canopy gaps at
later stages of stand development (Chen and Taylor 2012).
Substantial increases in the abundance of broadleaf trees fol-
lowing secondary disturbances create multi-aged mixedwoods,
and severe spruce budworm outbreaks can even result in birch
dominance (Taylor and Chen 2011).
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Accelerated replacement by conifers: rapid mixedwood to
conifer transition

The classical pathway can be accelerated by secondary distur-
bances. Stand dynamics following a small-scale disturbance
depend on the regeneration already present. In stands with
abundant white spruce regeneration, a forest tent caterpillar
outbreak that thins the broadleaf canopy can facilitate a more
rapid transition to mixedwood stands and eventual conifer
dominance (Ghent 1958, Man and Rice 2010, Reinikainen
et al. 2012). Similarly, removal of the aspen canopy through
windthrow or disturbance by beavers could accelerate the re-
lease and recruitment of conifers such as white spruce and white
cedar (Johnston and Naiman 1990, Rich et al. 2007). When
balsam fir saplings are abundant, a spruce budworm outbreak
could speed transition to a self-replacing stand of balsam fir
(Baskerville 1975) but with insufficient fir regeneration the
stand could transition to white cedar dominance (Frelich and
Reich 1995, Bergeron 2000, Taylor and Chen 2011).

Ongoing broadleaf recruitment in gaps: later transition from
conifer-dominance to mixedwood

In the absence of sufficient conifer regeneration, disturbance
to an existing conifer-dominated canopy could result in the
regeneration of broadleaf species. The conifer stand could
then transition to a mixedwood condition and be maintained
as such, displaying mixedwood gap dynamics (Kneeshaw and
Bergeron 1998, Senecal et al. 2004, Romer et al. 2007, Reini-
kainen et al. 2012). Spruce budworm defoliation or windthrow
could be causal factors producing this dynamic (Taylor and
Chen 2011, Reinikainen et al. 2012).

Broadleaf or conifer dominance to shrub dominance

If there is little advanced conifer regeneration, competition
from shrubs (beaked hazel in the west, mountain maple and
beaked hazel in the east) or grasses (e.g., Calamagrostis ca-
nadensis [Michx.] Nutt.) can severely hamper ongoing tree
seedling regeneration, slowing or inhibiting the transition from
broadleaf to conifer dominance (Kneeshaw and Bergeron 1998,
Landhausser and Lieffers 1998). Some studies have shown that
broadleaf- or conifer-dominated stands can develop into shrub-
by, open-canopy stands as natural mortality removes canopy
trees (Zoladeski and Maycock 1990, Caners and Kenkel 2003,
Reinikainen ef al. 2012). High shrub abundance can significant-
ly reduce light at ground level, limiting tree regeneration and
recruitment even if canopy openings are present (Kurmis and
Sucoff 1989; Kneeshaw and Bergeron 1996, 1998; Messier et al.
1998). If shrub cover persists this dynamic results in reduced
forest productivity, although productive stands are expected to
redevelop following a stand-replacing disturbance.

Implications for Management

Opverall, boreal mixedwood forest stand dynamics are charac-
terized by a shifting spatio-temporal dynamic including many
different possibilities for transitions in canopy composition,
or lack thereof. The classic canopy transition from a broad-
leaf canopy to mixedwoods and then to conifer dominance
may be common, but each of these forest types could remain
as such, ie., developing into a multi-cohort stand displaying
gap dynamics. Also, conifer-dominated stands can develop
into mixedwoods, and either conifer or broadleaf forests could
evolve to shrub-dominated communities. There is considerable
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evidence for all these possibilities in the east (e.g., Senecal et al.
2004, Romer et al. 2007, Taylor and Chen 2011), and in Mani-
toba (Levac 2012) and Alberta (Shongming Huang, Alberta
Environment and Sustainable Resource Development, personal
communication, the “dynamic alternating moving mosaic”) as
well.

It is challenging to maintain this complexity of dynamics in a
forest management context. Yet there are multiple advantages to
managing to maintain mixedwoods at both the stand and land-
scape scales, including maintaining biodiversity (Cavard et al.
2011), improving tree growth and forest productivity (Man and
Lieffers 1999, Chen et al. 2003, Zhang et al. 2012), reducing the
risk of insect and pathogen outbreaks (Cappuccino et al. 1998;
MacKinnon and Maclean 2003, 2004; Colford-Gilks et al. 2012;
Nixon and Roland 2012) and fire (Cumming 2001, Hirsch et al.
2001), and improving resilience to climate change (Drobyshev
et al. 2012, Terrier et al. 2013). Variation in stand-level compo-
sition underlies landscape-scale diversity in boreal mixedwood
forest composition (Frelich and Reich 1995). The diversity of
patterns in mixedwood stand dynamics is a function of a set of
basic ecological drivers: 1) regional differences in climate and
edaphic conditions; 2) fire and non-stand-replacing distur-
bances; 3) propagule (species pool) availability and species trait
variation; 4) microsite variation; and 5) time since stand-replac-
ing disturbance. Complexity emerges not only at the stand scale,
where different mixtures are observed, but also at the landscape
scale where the spatio-temporal mosaics are controlled by varia-
tion in the size and frequency of fires.

To move forward towards sustainable management of boreal
mixedwoods, we recommend the following principles. We can
focus on processes underlying the complexity of patterns and
the silvicultural options required
to emulate them (e.g., Lieffers et
al. 1996a, Puettmann et al. 2009,
Taylor et al. 2009; Table 2). Such

of this paper, but Table 2 presents the main driving factors and
processes underlying mixedwood stand dynamics and provides
suggestions for management options that could be further de-
veloped in the future. In the east, studies on disturbance and
stand dynamics were used in the development of an ecosys-
tem management approach for the Lake Duparquet Research
and Teaching Forest (Bergeron and Harvey 1997, Bergeron et
al. 1999, Harvey et al. 2002). A silvicultural system inspired by
natural dynamics, in which fire is emulated by clearcutting and
natural canopy succession is imitated by partial cutting, was de-
veloped. Even-aged stands dominated by broadleaf species but
with an understory of conifers are partially cut in order to repro-
duce the natural death of trees observed through the succession
towards mixed broadleaf/conifer stands. These stands can be
partially cut again to produce pure conifer stands. A proportion
of broadleaf, mixed and conifer stands are clearcut in order to
emulate fire disturbances. Mortality due to insect outbreaks and
gap dynamics (Kneeshaw and Bergeron 1998) that occur in late
successional conifer stands could also be emulated using partial
and selection cutting. At the landscape level, the proportion of
stands belonging to broadleaf, mixed and conifer compositions
are quantified in order to represent the proportion that would
be observed under a natural disturbance regime. Although
the implementation of this approach is relatively recent, re-
sults are encouraging (Brais et al. 2004, Gendreau-Berthiaume
et al. 2012). Similar approaches are currently being developed
elsewhere in Canada (Lieffers et al. 1996a, Taylor et al. 2009,
Gartner et al. 2011; see The Forestry Chronicle Vol. 90, No. 1).
Through this analysis of process and pattern, we aimed to
create a common understanding of the complexity of stand
dynamics in Canadian boreal mixedwoods and to highlight

Table 2. Key ecological processes underlying the diversity in mixedwood stand dynamics and
management options to emulate them.

management practices should be
region- and objective-specific.

Variation in these drivers has
resulted in the very high diver-
sity of forest stands within and
among regions; ‘one size fits
all’ management will inevita-
bly reduce diversity and stand
dynamics of Canadas boreal
mixedwood forests (Macdonald
1995, Bergeron and Harvey 1997,
Burton et al. 2006, Lieffers et al.
2008, Messier et al. 2013). In light
of increased natural and human
disturbances (CCFM 2008, Fau-
ria and Johnson 2008), both of
which promote broadleaf trees

Ongoing regeneration of
broadleafs and conifers

Small-scale canopy

at the expense of conifers (Ilisson %iritgsrilziaél;sein canopy
and Chen 2009b), we need ap- omposition
proaches to forest management

that can facilitate maintenance of

mixedwood composition. Gap dynamics

There are many ways in
which silviculture could be used
to help maintain regional mixed-
wood complexity. Giving specific
guidelines goes beyond the scope

Stand re-initiation

Ecological process/driver =~ Management option

Density of post-disturbance  Planting

broadleaf and conifer Harvesting practices and silviculture to encourage natural
regeneration regeneration

Regeneration standards allowing intimate mixtures
Manage microsite conditions post-harvesting (e.g.,
minimize physical site damage such as rutting and
compaction that does not occur following natural
disturbances)

Facilitating natural regeneration through thinning, gap
creation or site preparation

Maintaining a legacy of regeneration microsites (e.g.,
downed dead wood)

Underplanting conifers

Thinning, patch or other partial harvesting

Selective harvesting (e.g., understory retention)
Longer rotation, 3-cohort (broadleaf, mixedwood,
conifer) approach

Longer rotation, 3-cohort approach
Partial harvesting to encourage broadleaf or conifer
regeneration

Clearcut harvesting or partial harvesting with low levels
of retention
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common drivers. The next steps involve incorporation of this
understanding into forest harvest models, and the development
of management systems that can reproduce this complexity at
both the stand and landscape scales. A comprehensive cost-
benefit analysis of these approaches is also needed.
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