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Ecology and Dynamics of Mixed Red Alder–Conifer Stands

KLAUS J. PUETTMANN AND DAVID E. HIBBS

California (Figure ). It is usually found in areas
below  m , but in the southern limit of its range
it has been found at an elevation of  m
(Harrington ). Even though isolated
populations exist east of the Cascades and Sierra
Nevada, the most common distribution of red
alder is within  km of the Pacific coast
(Harrington et␣ al. ).

Red alder is found as a monoculture along river
bottoms or on the lower parts of the slopes and is
the major component of several other forest cover
types (Eyre ). Usual associates are Douglas-fir
(Pseudotsuga menziesii [Mirb.] Franco), Sitka
spruce (Picea sitchensis [Bong.] Carr), western
hemlock (Tsuga heterophylla [Raf.] Sarg.), grand fir
(Abies grandis [Dougl. ex Don] Lindl.), and
western redcedar (Thuja plicata Don. ex D. Don).
The distributions of these species overlap
significantly and with red alder’s distribution
(Burns and Honkala ). Other associated
species include a variety of hardwoods such as
black cottonwood (Populus trichocarpa Torr. and
Gray), bigleaf maple (Acer macrophyllum Pursh),
and willow (Salix spp.).

Red alder is a pioneer species and invades
recently disturbed sites where mineral soil is
exposed. Because of its relatively short life span
compared with the long-lived conifers, its presence
and dominance are directly linked to disturbance
systems and patterns.

Historically, the distribution of red alder was
limited to lower parts of valleys and it was mainly
dependent on erosion on stream banks (Heusser
). Only after fire or other disturbances does it
invade uphill areas. Harvest of conifer stands has
led to an expansion of red alder forests (Davis
). Considering this fairly recent expansion is
important, since it indicates that red alder is
growing on sites that are suitable to support and,
until recently, have supported significant conifer

Abstract

Interest in mixed red alder–conifer stands is
increasing in the Pacific Northwest. This paper
reviews the current knowledge about the ecology
and dynamics of such mixtures, including the
silvics and distribution of red alder and associated
conifer species. Nitrogen fixation can be a major
objective for growing red alder in mixed species
stands since it improves site productivity and
sustainability on low-nitrogen sites. Also, mixing
red alder into conifer stands seems to improve
conditions for a variety of mammal and bird
species. Because of its N-fixing ability, red alder
can actually improve the growth of associated
conifers on low-nitrogen sites, but in other cases it
may lead to reduced growth compared with pure
conifer stands. Chambers’ () empirical yield
tables for red alder predict red alder yields
adequately in mixed stands with a red alder
proportion of % or greater. Factors that need to
be considered when choosing an associated species
include soil nitrogen levels and the flood and
drought potential of the site. Stand density, as well
as mixture proportions, are discussed. Spatial
aspects of mixtures include single tree, row, and
group mixtures. Temporal considerations such as
underplanting in red alder stands, simultaneous
plantings of both species, and delayed plantings of
red alder are presented. Finally, technical aspects
such as specific needs for site preparation,
harvesting machinery, and separation of species at
the landing conclude the paper.

Silvics and Distribution of Red Alder

Red alder (Alnus rubra Bong.) is a common species
in lowlands of western Oregon, western
Washington, and western British Columbia. It
generally ranges from southwest Alaska to northern
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Nitrogen Fixation Red alder is a unique tree
species in the Pacific Northwest because of its
association with Frankia, a nitrogen-fixing
actinomycete. This association allows red alder to
grow and thrive on sites with low nitrogen supply.
It also creates special opportunities and problems
in management of mixed red alder–conifer stands.
Red alder can benefit associated conifers by
providing nitrogen, but at the same time it
competes with these conifers for light, water, and
other resources.

While very little research has explored the
specific resources and conditions that affect
nitrogen fixation (Binkley et␣ al. ), it seems that
all the conditions that favour red alder growth also
increase nodule biomass and thus nitrogen fixation
(Dixon and Wheeler ). This relationship seems
to hold on a stand- (e.g., temperature, soil, water
levels) and individual-tree level. The nodule biomass
of individual trees seems to be related to growth
and therefore to its competitive position in the
canopy (Heilman and Stettler ). While clear
trends between nitrogen fixation have not been
found, it seems to be reduced at high nitrogen
levels (Lipp ). This has a direct implication in
selecting sites where red alder can be used to in-
crease fertility (nitrogen level) for conifer growth.
Alder will contribute little to stand productivity
on␣ sites that have an abundant supply of
available␣ nitrogen.

In monocultures, red alder nitrogen fixation has
been measured in a variety of conditions (stand
ages and site fertilities). Fixation rates are usually
between  and  kg · ha- · yr- (Binkley et␣ al.
). Nitrogen fixation in mixed species stands
has been investigated mainly for those with
Douglas-fir. The “classic” study is the Wind River
mixed alder–Douglas-fir plantation (Tarrant ;
Tarrant and Miller ; Miller and Murray )
in which red alder produced an estimated
 ␣ kg · ha- · yr- of fixed nitrogen. Other long-term
studies in the Cascade Head Experimental Forest
suggest a fixation rate of – kg · ha- · yr- of
nitrogen for the first five decades (Binkley et␣ al.
). The fixation rate at age  was lower than
in␣ earlier decades, suggesting that fixation may
decline because of accumulation of nitrogen in the
soil, changes in soil properties, or declining vigour
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  The distribution of red alder (from Harrington
1990).

forests. Successional trends on these sites also show
this fact. In most mixed red alder–conifer stands,
red alder will be outlived and replaced by the coni-
fers (Burns and Honkala ). In some situations,
when conifers are absent, red alder stands can be
replaced by shrub communities with dense cover of
salmonberry and other species (Newton et␣ al. ;
Carlton ; Tappeiner et␣ al. ).
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of alder at this age (Binkley and Greene ;
Puettmann et␣ al. ; Binkley et␣ al. ). On a site
that was not nitrogen deficient, a young mixed
plantation was no different in soil nitrogen level
than a monoculture Douglas-fir plot after  years
(Cole and Newton ). The only fixation
measurement with another of the associated
conifers was done in Scotland where increased soil
nitrogen levels in a mixed alder–Sitka spruce stand
indicated a nitrogen fixation rate of  kg · ha- · yr-

(Malcolm et␣ al. ).
While red alder was the same age as the

associated conifer in all of the studies described
above, Berg and Doerksen ₍₎ investigated a
stratified mixed stand. Red alder had invaded the
understorey of a Douglas-fir stand that had been
heavily thinned  years earlier. Over the stand’s
life span, nitrogen levels indicate fixation levels
averaged  and  kg · ha- · yr- in areas with a␣ low
and high red alder component, respectively.
Because the red alder had slowed in growth and
showed increased mortality at the time of
measurement, rates were probably higher during
earlier phases when red alder was growing
more␣ vigorously.

Associated Conifer Species The main conifer
species associated with red alder in the coastal
fogbelt are western hemlock, Sitka spruce, grand
fir, western redcedar, and, in the southwest,
Oregon Port Orford cedar. Farther inland,
Douglas-fir is one main species growing in mixture
with red alder. The characteristics that influence
their presence in mixed stands are based on their
silvics. These species have a medium (Douglas-fir),
high (Sitka spruce, grand fir), or very high
(western hemlock, western redcedar) shade
tolerance. In addition, all these species have a
slower initial growth but are longer lived than red
alder (Burns and Honkala ). Most of these
species either prefer or tolerate mineral soil as
seedbed. Western hemlock is an exception; it also
germinates and grows on stumps or rotten logs.
Western redcedar frequently regenerates through
layering (Minore ). Some species are more
adapted to summer drought (e.g., Douglas-fir)
and␣ less adapted to extended flooding periods.

Stand Structure and Dynamics

The above-mentioned silvics influence spatial and
temporal aspects of mixed species stands. Since all

the associated species can germinate and colonize
recently disturbed sites, they invade after a
disturbance that exposes mineral soil (Burns and
Honkala ). Thus, stands with significant red
alder components are usually even-aged (Ruth and
Harms ; Carlton ). Because of the
disturbance frequency and the short life span of
red alder, these stands do not develop into uneven-
aged stands until other species have replaced red
alder. While red alder establishes in Oregon in a
very short time span (Carlton ), studies on red
alder–conifer stands in Washington indicate that
this establishment period can last up to  years
(Stubblefield and Oliver ). However, in a single
plot of red alder, ages were within  years,
indicating that secondary disturbances might be
responsible for longer establishment periods. In
stands considered mixed species by Stubblefield
and Oliver ₍₎, red alder had invaded after
western hemlock and western redcedar became
established. In stands where western hemlock was
– years older, the conifers outgrew red alder in
height. In mixed red alder–Douglas-fir stands,
Douglas-fir had at least a -year head start before
red alder got established.

The time of establishment is critical because of
the difference in growth pattern between red alder
and associated conifer species. Under even-aged
conditions, red alder’s fast initial height growth
allows it to overtop all of its associated conifers on
most sites (Harrington and Curtis ) (Figure ).
During this period, conifers can coexist in red
alder stands either in the understorey or in gaps
where red alder is missing or is at an extremely low
density. The shade tolerance of the conifers allows
them to grow slowly, but to survive in the
understorey for several years (Miller and Murray
; Stubblefield and Oliver ; Murray and
Miller ; Shainsky and Radosevich ).
Eventually, dense red alder thickets result in
mortality of some or all conifers, leading to a pure
red alder stand (Newton and Cole ). However,
if the density of red alder is variable, the conifers
can probably survive through the first two decades
in the understorey. For instance, western hemlock
seedlings that germinate on stumps—a seedbed
that is unsuitable for red alder—have a height
advantage. Other successful examples of mixed-
species stands are the result of a selective reduction
of red alder height growth because of frost (Tarrant
; Miller and Murray ) or preferential
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potential to continue growing vigorously after red
alder drops out of the stand (Puettmann et␣ al. ;
Puettmann, unpubl. data). This two-stage
development of alder-conifer stands is similar to
the management scenario suggested by Hibbs ₍₎

for red alder monocultures. During the initial
decades, the understorey conifers experience high
density, resulting in small branches that self-prune
effectively. After the conifers expand their crowns
above the hardwood canopy, their crown and
branch size increases (Stubblefield and Oliver
), leading to associated gains in vigour and
growth, but also to a reduction in wood quality.

Ecosystem Functions

Red alder is valued because of its positive effect on
ecosystem productivity and long-term
sustainability (Bormann et␣ al. ). This status is
due to its nitrogen-fixing capacity and its effect on
various soil characteristics.

Soil fertility is one factor used to assess the
feasibility of mixed red alder–conifer stands
(Atkinson et␣ al. ; Tarrant et␣ al. ).
Nitrification can lead to cation leaching and
lowering of pH in red alder stands (Van Miegroet
and Cole ; Cole et␣ al. ). However, this
effect seems to be expressed more strongly after
multiple rotations of red alder (Bormann et␣ al.
) and therefore should not be that prevalent
in␣ mixtures, especially if red alder is not growing
in␣ the same location in mixed stands in
subsequent␣ rotations.

Red alder will increase the annual litterfall in
mixed stands (Waring and Schlesinger ).
Because of the increased amount and the higher
nutrient concentration in red alder litter
(Zavitkowski and Newton ; Gessel and Turner
; Cole et␣ al. ), red alder will accelerate
nutrient cycling in mixed stands (Bormann et␣ al.
). Red alder litter, especially woody debris,
initially decomposes faster than associated conifers
(Neal et␣ al. ). The decomposition rates of other
litter mixed with red alder litter are also improved
(Bormann and Sidle ). However, after the first
year, litter decomposition rates slow down to rates
similar to conifer litter (Edmonds ). Thus, red
alder mixed with conifers can accelerate and
improve the nutrient distribution within the soil
profile and may also increase nutrient availability
for the plants.

  Height-growth curves for red alder (SI20 = 15 m)
and Douglas-fir (SI50 = 30 m). Growth curves
are based on equations from Harrington and
Curtis (1986) and King (1966).

browsing (Newton and Cole ). In areas in
which red alder eliminates the conifer component,
the understorey may become dominated by
salmonberry, further reducing the chance for a
conifer invasion (Tappeiner et␣ al. ).

When understorey Douglas-fir is present at very
high densities (up to  /ha), it may reduce the
growth of overstorey alder, possibly through
competition for water (Shainsky and Radosevich
). If the understorey conifers survive, they can
act as “training trees,” shading lower parts of the
red alder crowns and causing natural pruning,
which alters the canopy structure (Stubblefield and
Oliver ).

After two decades, red alder height growth and
crown expansion slows dramatically (Harrington
and Curtis ). The slower crown expansion and
the increased time required to close canopy gaps
may allow conifers to maintain or improve their
vigour and take advantage of a better height
growth potential during these decades (Stubblefield
and Oliver ; Cole and Newton ). The
associated conifers, especially Douglas-fir, can then
grow above the red alder canopy and rapidly
accelerate their crown expansion and growth,
leading to a two-storeyed stand. During this
transition phase, the appearance of a forest can
change significantly from an alder-dominated
forest with a few weak conifers growing in the
understorey to a forest with red alder in the lower
canopy layers and substantial amounts of conifer
volume (Williamson ). The conifers have the
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At the same time, red alder increases organic
matter content in the soil in mixed-species stands
(Bormann et␣ al. ). This increase improves soil
aggregation and decreases soil bulk density
(Wild ), and also improves the soil water-
holding capacity (Crocker and Dickson ). In
addition, organic matter content is positively
related to the cation exchange capacity of soils
(Bormann et␣ al. ).

Mixtures of red alder also affect the microbial
and other animal life in the soil. For example, red
alder leaves are a preferred food source for
earthworms (Graham and Wood ), which help
incorporate the organic matter into the soil. The
increased amount of high-quality litter should lead
to increased populations of detritivores that in turn
provide a better food source for other insects
and␣ birds.

All these factors have been directly related to eco-
system productivity (Powers ) and lead to the
conclusion that mixing red alder into conifer stands
improves ecosystem productivity and sustainability.

Wildlife Aspects

Red alder is one of the few deciduous trees in a
conifer-dominated region (Tesch ). Its effect
on wildlife can be separated into effects directly
related to the presence of red alder and effects due
to adding diversity into a “homogenous” landscape.

Bruce et␣ al. ₍₎ measured direct effects by
estimating the number of species that use red alder
for food ( species) or reproduction ( species).
Current research shows that this is a conservative
estimate (McComb ). Other species found in
higher numbers in red alder than conifer forests
include frogs, salamanders, shrews, and newts
(Aubry and Hall ; Corn and Bury ). Red
alder cover is correlated to the frequency of several
flycatcher species (Gilbert and Allwine ), and it
is an important food source for deer and various
bird species (Leslie et␣ al. ). Beavers use red
alder both as food and as material to build dams
(Brunner ). Deer and elk use red alder as
browse (Newton and Cole ), but because of its
fast initial growth the leaves are within browsing
range for only ‒ years. Young alder saplings can
also be damaged by antler rubbing. While natural
red alder stands in these stages are usually dense
enough that damage is negligible, it can lead to

losses in managed stands, especially if red alder is
at a low density (Newton and Cole ).

Mixed deciduous (mainly red alder) and
coniferous forests are predicted to support more
wildlife species than either pure conifer or pure red
alder stands (McComb ). Most studies that
compare the abundance of wildlife in red alder or
mixed red alder–conifer stands with pure conifer
stands cannot separate the effects of location from
those of species composition. Frequently, red alder
is found in riparian zones and is compared with
upland, conifer-dominated forests. The con-
founding of location, dominant tree species, and
age may explain why McGarigal and McComb
₍₎ found more breeding bird species and small
mammals in a -year-old upland conifer forest
(–% red alder) than in younger, mixed-species
riparian forests (–% red alder).

While direct research into the effects of red alder
in monoculture and as a component of mixed
species forests is very limited, it seems to be a
critical component of many ecosystems. The
presence and abundance of a variety of species
show the benefits of alder-conifer mixtures for
some mammals and birds.

Aesthetic Aspects

Hardwood mixtures bring variety to a conifer-
dominated landscape. Visual quality indices, the
Scenic Beauty Index (Schroeder and Daniels )
for example, include the number of species in a
stand as an important measure of its aesthetic value.

Thus, mixtures of red alder with other species
improve the visual aspects in the coastal conifer
belt, although red alder does not turn a bright
colour in fall.

Management Considerations

Because of the various benefits of mixed red alder–
conifer stands, the objectives of mixed-species
management must be identified before making any
recommendations and decisions. Reasons for the
interest in mixed red alder–conifer stands include
the use of red alder to increase biodiversity or
improve the growing conditions of conifers (e.g.,
replace artificial fertilization with nitrogen fixation
on low-nitrogen sites), or the value of both species
as crop trees.
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Growth and Yield Currently, most red alder yield
estimates in monocultures are based on the Normal
Yield Tables for Red Alder (Worthington et␣ al. ),
the Empirical Yield Table for Predominantly Alder
Stands in Western Washington (Chambers ),
and the Stand Projection System ₍SPS₎ (Arney ).
All three prediction tools are derived from data
collected in unmanaged, monoculture stands.

To investigate the use of these tools in mixed red
alder–Douglas-fir stands, Puettmann and Hibbs
₍₎ compared the yield table and growth model
predictions with growth records from actual
stands. The stand growth data were obtained from
research and inventory plots in natural stands in
southwestern British Columbia, western
Washington, and northwestern Oregon. This data
set included  measurements in mixed red alder–
Douglas-fir stands. Only directly measured
variables such as a quadratic mean diameter (Dq),
trees per acre, and basal area were compared to
avoid the confounding effects of volume equations.

To test the application of these tools to mixed
species stands, different versions and adjustments
to the basal area proportions were used. Despite
these corrections, the Normal Yield Tables for Red
Alder (Worthington et␣ al. ) did not provide
accurate predictions for mixed species stands. To
use the Empirical Yield Table for Predominantly
Alder Stands in Western Washington (Chambers
), the percent normal basal area was calculated
only from the red alder proportion of mixed
stands. While the average predicted values were
very close, at lower red alder proportions (less than
%), diameters and trees per acre of red alder
were overestimated. A stand diameter table for
each species was used for growth projections with
the Stand Projection System. Even in short-term
predictions (average  years), mortality was greatly
underestimated. In combination with the
overestimation of diameter growth, this also
resulted in severe overestimation of red alder basal
area in mixed stands. This problem increased with
the length of projection.

The normal yield table is therefore not
sufficiently accurate for yield estimates of red alder
in mixed red alder–Douglas-fir stands, especially in
stands below  or more than  years of age.
When measuring basal area the empirical yield
table can be used. With a red alder proportion
of␣ % or greater, its use is recommended to

determine the red alder component in mixed
red alder–Douglas-fir stands.

The Stand Projection System cannot be
recommended for red alder stands because of
inflated mortality estimates. In mixed stands, the
diameter growth is also overestimated.

All three tools estimated trees per acre and
mortality with less accuracy than diameter
estimates. Because spacing and thinning activities
(rather than natural mortality) will determine
stand density in managed stands, growth and yield
estimation for managed stands can be simplified
and improved by assuming that controlled patterns
of mortality exist. However, further research is
necessary to help understand the dynamics and
predict the performance of mixed red alder–conifer
stands. Further research is also needed to
investigate the conifer yield in mixed stands.

While yield in mixed species stands is usually
intermediate between the yields of monoculture
stands of each of the associated species, red alder
can actually increase the yield in mixed species
stands on low-nitrogen sites. In the Wind River
study, Douglas-fir height growth was improved by
% and its yield in mixture was approximately
% higher than in monoculture (Miller and
Murray ). In addition, because red alder was of
sawtimber size, the volume of the mixed stands was
double that of pure stands. While this is probably
one of the best possible scenarios, size-density
relationships (Puettmann et␣ al. ) indicate that
the yield in mixed species stands might be lower
than in Douglas-fir monocultures (Newton and
Cole ). Another simulation study using
FORCYTE- suggests that the maximum Douglas-fir
yield was % higher in mixture with red alder
than in monoculture on a low-quality site
(Comeau and Sachs ). Studies to investigate
these aspects have been established by several state,
federal, and private landowners throughout
western Oregon, Washington, and British Columbia
as part of the Hardwood Silviculture Research
Cooperative program at Oregon State University.
Other studies have been established by Newton and
co-workers (Oregon State University), and by
Comeau (British Columbia Ministry of Forests).

Species Choice It is primarily site characteristics
and potential markets that determine the selection
of species. The species that currently occur on the
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site of interest and similar sites nearby are an
obvious first choice. This suggestion is especially
useful for species mixed with red alder because red
alder currently occupies sites that conifers occupied
until relatively recently. The general location
(coastal fogbelt and Coast Range) will provide
the␣ first selection. However, specific site factors,
like nitrogen content, and potential for drought
or␣ flooding should also be considered
(Ahrens et␣ al. ).

Ideally, a mixed stand should contain tree
species with compatible height growth patterns.
However, any of the associated conifers will have a
slower initial growth than red alder. The shade
tolerance of the conifers partially offsets the slower
growth (i.e., by allowing them to survive under a
red alder canopy). Since the degree of shade
tolerance indicates the need for release, Douglas-fir
needs more space (i.e., it requires more attention
for release and thinnings) than Sitka spruce, grand
fir, and western hemlock and redcedar.

Site Selection Mixed species require more intensive
management, and the return on investment is
generally larger on higher-quality sites. The site
requirements for red alder and the associated
conifers overlap significantly (Harrington ). A
good red alder site is frequently also a good conifer
site (Harrington and Curtis ; Puettmann et␣ al.
). However, a more detailed look at the site
requirements indicates that nitrogen availability,
water availability (drought and flooding), and
microclimate factors may affect the species
differently (Newton et␣ al. ; Harrington ).

The ability to fix nitrogen allows red alder to
grow vigorously on sites that, because of the
limited nitrogen supply, have a low site index for
conifers. Alder’s nitrogen-fixing ability can make it
insensitive to soil nitrogen levels (Harrington
). However, when grown in various nitrogen
solutions, red alder grows slowly under low
nitrogen levels (Lipp ), possibly because of the
energy expended for nitrogen fixation. On the
other hand, some conifers (e.g., Douglas-fir) are
not as affected by drought as red alder, but are
more affected by flooding (Harrington ;
Hermann and Lavender ). To determine the
site quality for both species, the specific factors
that limit the growth potential of each species on
the site must be determined and linked to the

specific requirement of the species under con-
sideration. Because extremely low site qualities are
usually associated with more than one growth-
limiting factor, lower-quality sites are generally not
as suitable for mixed species management (Hibbs
and DeBell ).

Alternatively, a mismatch of site conditions and
species requirements can probably be used to offset
or enhance differential growth patterns (Murray
and Miller ). For example, the mixed stand at
Wind River (Miller and Murray ) may have
been successful because the red alder was from an
off-site, coastal seed source.

Density Considerations Hibbs and DeBell ₍₎

discussed several scenarios for red alder–conifer
mixtures that assumed equal spacing throughout
the stand. They suggested that density should be
determined by the suggested monoculture density
for the more light-demanding species, in this case
red alder. Examples of a red alder monoculture
density diagram and examples of density scenarios
can also be found in Puettmann et␣ al. ₍₎. These
scenarios are easiest to implement when both
species are planted. In a simulation study, Comeau
and Sachs ₍₎ suggested that the optimal density
for red alder in mixture with  Douglas-fir per
hectare should be – trees per hectare on
low-quality sites and less than  trees per hectare
on higher-quality sites.

Alternatively, the density throughout a stand can
vary depending on the species proportions at the
specific locality. Except in the individual tree
mixture at a / proportion, varying the density
would allow the spacing requirements for all
species to be accommodated by ensuring that the
light-demanding red alder have more room while
keeping the shade-tolerant conifers at a higher
density. This could be very useful in clumped
mixtures, where intraspecific competition is
dominant within clumps. The size-density surface
developed by Puettmann et␣ al. ₍₎ allows
calculation of relative densities for mixed red
alder–conifer stands based on average diameter,
basal area proportion, and total stand density.
However, relative density can only be evaluated
when the change in proportion can be predicted.
Depending on the trajectory, a . relative density
has a different interpretation and leads to different
management suggestions (Figure ). Further
research is needed to determine how other factors
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such as spatial arrangement effect these density
issues (Puettmann, in prep.).

Mixture Proportions The management objective
will determine the optimal proportion of species in
mixtures. This objective will not necessarily be
constant for the life of a stand. If nitrogen fixation
drives the interest in mixtures, the red alder pro-
portion should be adequate to provide sufficient
nitrogen, while keeping competitive effects on the
conifer to a minimum. Alternatively, if red alder is

maintained in the stand for wildlife or timber
interests, the proportion required may be different
and may result in greater reduction in conifer yield.

The amount of nitrogen fixed by red alder is not
a direct function of the number of trees, but is
more related to total red alder leaf area (Binkley
et␣ al. ). A few vigorous red alder will fix
proportionally more nitrogen than many red alder
in high-density, competitive environments. Thus,
the optimal proportion will vary directly with the
amount of nitrogen fixation needed to provide
adequate growing conditions for the conifers. A
minimum number suggested by Miller and Murray
₍₎ and Comeau and Sachs ₍₎ is – trees
per hectare. With a total density of  or 

trees per hectare, respectively, this would mean a
–% proportion of red alder.

If the timber value of red alder is assumed to be
close to that of Douglas-fir, or if the other benefits
that red alder provide are more important, this
proportion would increase. The tradeoffs between
volume or other benefits and mixture programs are
likely to be nonlinear. Mixtures with more than
% red alder probably behave similarly to pure
red alder stands. When red alder comprises less
than % of the stand there is a curvilinear
increase toward Douglas-fir levels (Figure ). The
main benefits of mixing red alder with conifer
stands may accrue by increasing alder at very low
densities. However, these benefits soon reach a
plateau beyond which further increases in red alder
make few additional contributions.

Spatial Considerations Spatial patterns are of
special concern in red alder–conifer mixtures
because the positive interaction (e.g., nitrogen
fixation) as well as the negative interactions (e.g.,
competition) are spatially explicit processes. The
range of spatial options includes single tree mix-
tures, row mixtures, and mixtures of monoculture
clumps of various sizes (Hibbs and DeBell ).
The optimal spatial mixture changes with
management objectives and over time. Inter-
mediate treatments, such as release or thinning,
might be necessary to adjust for the dynamics of
mixtures; that is, the optimal spatial setup is also
dependent on the ability to enter the stand.

A single tree mixture provides the maximum
amount of interaction between the species (and
minimum within species). This means the
competition between the species will be most
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  (a) Conceptual self-thinning surface for a two-
species mixture. Plotted on the surface are three
different scenarios for developing stands. (b)
Self-thinning lines (from Figure 3a) plotted on a
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Puettmann et␣ al. 1992).
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of “buffer trees” is not detrimental if the “final
crop trees” are growing vigorously. Another benefit
is that microsite differences are of a scale that will
allow plantings of groups of trees. For example, a
depression in a Douglas-fir plantation that has a
temporarily high water table could be planted
into␣ red alder. When supplementing natural
regeneration, spots that did not seed in by one
species could be seeded or planted with another
species. As well, brushing, clearing, and spraying
activities can be organized to leave clumps of
broadleaves. By letting the microsite or natural
agents define the clumpiness, the patch structure
should reflect the growing conditions on the site.

Clumped mixtures need to be laid out to allow
access to the various clumps without damaging
intermediate areas. The patch structure should
allow for a layout of skid trails that reduce damage
to the residual stand.

Ongoing research is investigating how far a
neighbouring Douglas-fir patch influences growth
of a red alder patch and vice versa (Puettmann, in
prep.). This project also tries to quantify how these
relationships change over time. The results of this
project might provide better recommendations for
a spatial layout of mixed species stands.

Temporal Considerations Depending on
management objectives, several timing options are
available to establish and manage mixed species
stands. These options are based on the principle
that time of establishment can offset or enhance
differential growth patterns and significantly affect
the success of a species (Mack and Harper ).
We will discuss three scenarios that assume that
two or more species must grow together for part of
the rotation to qualify as mixed-species stands.
Scenario 1: Underplanting Underplanting a conifer
with an established red alder stand simulates (and
accelerates) succession toward conifers.
Underplanting or seeding ensures that conifers are
available to succeed the red alder when it matures
and dies or is removed during a harvest operation.
Management considerations include the need for
site preparation and weed control. The need to
control brush competition will increase after the
stands go through the stem exclusion phase and
openings are filled with salmonberry (Rubus
spectabilis Pursh) and other shrubs (Tappeiner
et␣ al. ). When underplanted during the earlier
phases, weed control may not be necessary. Species
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intense. The benefit from nitrogen fixation,
however, is dispersed throughout the stand. Miller
and Murray ₍₎ estimated the zone of influence
to be up to  m. They suggested that red alder be
spaced regularly at  trees per hectare, with
intermediate spots occupied by conifers. However,
because of the intensity of contact between the
species, competitive relationships seem to become
very important in a single tree mixture. To avoid
unnecessary growth losses and mortality in the
conifers, these mixtures must be monitored very
closely and may need to be entered frequently to
maintain a desired mixture proportion.

Row mixtures take less planning and supervision
and still ensure that each tree has trees of a
different species as a neighbour. Row mixtures will
also need to be monitored. However, they can be
regulated or altered by row thinning that allows
more efficient use of machinery in future thinning
operations.

The third alternative is a clumped mixture. If
one species is more competitive, such as red alder
during the first few decades, this option allows
conifer neighbours to buffer the competitive effects
(Hibbs ). With this approach, the manager can
take advantage of the higher value of final crop
trees compared with thinning. Thus, a growth loss
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vary in their ability to survive under a canopy. The
greater the shade tolerance, the better the survival
and growth of the seedlings. For example, hemlock
survived better than Douglas-fir when under-
planted with a -year-old red alder stand
(Emmingham et␣ al. ).

Underplanting conifers implies a conversion
during the next rotation, and plans for harvest and
removal need to be developed. Even shade-tolerant
species can survive under a canopy for only a
limited time. Then, either thinning or stand
removal must open the canopy to give them room
to grow. During this harvest process, damage to
conifer regeneration must be avoided. Harvest
should be during the winter. Species with a thin
bark (e.g., western hemlock and western redcedar)
need to be protected from logging damage.
Scenario 2: Regeneration The second option is to
regenerate a site by establishing both red alder and
the associated conifers at the same time. The fast
initial height growth of red alder will result in
conifer seedlings being overtopped. With density
ranges of up to  trees per hectare, the Douglas-
fir and other conifers seem able to survive for –

years (Newton et␣ al. ; Murray and Miller ).
If red alder seeded-in or was planted at densities

within the prescribed range, both species will
coexist for up to a decade. When the main
objective of the mixture is improving the site’s
nitrogen status, managers can either reduce or
eliminate the red alder before it reduces the vigour
of the conifer species  (Newton et␣ al. ; Murray
and Miller ). To help the conifers to adapt to
the change in the microclimate, red alder should
not be cut and dropped to the ground, but
chemically thinned or girdled. This allows the
standing dead stems to provide some shade.

When the objective is to produce harvestable red
alder, the density of red alder should be reduced
during a thinning operation. One approach
includes a pre-commercial thinning at age  that
reduces the red alder to  trees per hectare
(Miller and Murray ). The thinning operation
mainly focuses on red alder and should release the
conifers in heavy red alder thickets, ensuring their
survival and growth. A second thinning at age 
reduces the red alder to between  to  trees per
hectare. While these numbers are based on limited
research, the more shade-intolerant conifers (e.g.,
Douglas-fir) will be more sensitive to the

competition, and red alder numbers should be on
the lower end of the spectrum compared to a
mixture with more shade-tolerant species (e.g.,
western hemlock or western redcedar). The red
alder can be removed at around age . By this
time, the contribution through nitrogen fixation is
reduced (Zavitkowski and Newton ; Binkley
et␣ al. ). Red alder can provide income for the
landowner because its removal can be combined
with commercial thinning of the conifer
component (Miller and Murray ). If the
remaining red alder is left beyond age , it will be
overtopped and die. This provides snags and
woody debris, and creates gaps that will increase
the benefit to wildlife.
Scenario 3: Delayed Establishment The third option
is to delay the establishment of red alder until –
 ␣ years after the conifer establishment. This is based
on the assumption that conifers do not occupy the
site fully during the establishment phase and after
thinning operations later in the␣ rotation.

Delaying establishment of red alder was first
suggested by Newton et␣ al. ₍₎. Ongoing studies
indicate that on coastal Oregon sites a -year delay
does not allow red alder to catch up with Douglas-
fir height growth (Hibbs, unpubl. data). On these
high-quality sites, a – year delay should allow
both species to survive. For lower-quality sites in
southwestern and northwestern Washington, mixed
stands survive a delay of – years with Douglas-
fir (Tarrant and Miller ), – years with
western hemlock, and – years with western
redcedar (Stubblefield and Oliver ). These
delays vary with site factors (e.g., soil moisture,
nitrogen availability) (Figure ). For example, in a
simulation study Comeau and Sachs ₍₎ found
only a slight increase in Douglas-fir (.%) and
total (%) biomass yield when red alder planting
was delayed five years after the Douglas-fir on a
low-quality site. This scenario requires additional
weed control and a thinning that ensures survival
of all desired species. If the setup is successful, the
delayed establishment allows both species to
survive until they have a reasonable size (Miller
and Murray ; Stubblefield and Oliver ) and
permits simultaneous harvesting.

Intensive thinning operations free up resources
that understorey vegetation can use (Smith ).
Underplanting red alder after a thinning operation
allows red alder to take advantage of the available
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germinate on rotten stumps or logs. This is
especially important when both species are to be
regenerated at the same time. If the natural
conditions are inadequate, a site preparation
method that provides good germination conditions
for more than one species or a two-stage site
preparation must be employed. One species may
find suitable conditions (e.g., red alder will seed-in
naturally), while the second species (e.g., Sitka
spruce or western hemlock) needs to be planted or
seeded. In these cases, site preparation can focus
on one species, but must allow the already
established species to survive and grow through the
operation. Frequently, preparing planting or seeding
spots may be preferable to broadcast treatments.

During any intermediate treatment such as pre-
commercial thinning, the remaining trees must be
protected. The degree of caution required depends
on the species sensitivity. For example, western
hemlock is very susceptible to bark damage and
associated rot (Packee ), while older Douglas-
fir is less sensitive (Hermann and Lavender ).
This will affect the spatial layout of mixtures. Skid
trails that take advantage of the more damage-
resistant species must be designed. Also, the
harvesting equipment and method must consider
these species sensitivity issues (e.g., short-wood
harvesting may reduce damage for the
residual␣ trees).

In addition, the density and timing of
establishment may not account for the different
growing patterns, and the optimal time for thin-
ning and final harvest could vary with species. This
would require more frequent entries and greater
cost. Alternatively, the differential growth patterns
and species longevity may allow the final harvest of
one species (e.g., red alder) to be combined with a
thinning operation of associated conifers.

When more than one species is harvested (e.g.,
if red alder is harvested at age  and Sitka spruce
is thinned at the same time), the size range of
harvestable trees is usually wider than in even-aged
monocultures, and the machinery must be flexible
enough to accommodate the range of sizes. Red
alder and the associated conifers are usually sold to
different buyers and the species must be separated,
creating another expense for the loggers.
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resources and grow until the overstorey closes. The
objective of this option is to add nitrogen to the
site and does not include any harvesting of mer-
chantable red alder. As with other nitrogen-fixing
plants, the conditions needed by red alder to grow
and fix significant amounts of nitrogen may
necessitate a heavy thinning operation (e.g.,
thinning to  Douglas-fir per hectare at age )
(Berg and Doerksen ). This is a heavier
thinning than practised under traditional conifer
management. However, new options aimed at
recreating old-growth structures recommend early
intensive thinning in conifer stands (Newton and
Cole ), which may permit red alder to develop
in an understorey.

Technical Aspects

Most management techniques, tools, and machinery
have been developed for operation in even-aged
monocultures. Before using these techniques and
tools in mixed species stands, we should determine
whether modifications or alternative tools are
necessary. Most of these technical aspects must be
considered in any mixed species management and
are not specific to red alder–conifer mixtures.

First, the establishment requirements for various
species are different. The preferred germination
conditions must be provided for each species. For
example, red alder as well as Sitka spruce and
Douglas-fir prefer a mineral soil seedbed for
germination, while western hemlock will also
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Summary

Growing mixtures of red alder and conifers can
provide benefits for biodiversity, ecosystem
functions, productivity, and sustainability. Research
into the temporal or spatial aspects of mixture
management and appropriate densities is needed.
Better predictions of the growth and yield of
mixed-species stands is also required. Recommen-
dations are currently based on a limited number of
studies that focus primarily on mixtures of red
alder and Douglas-fir stands.
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Abstract

In Québec, % of the productive forest lands are
classified as mixedwood forests. As a whole, they
cover nearly   km and represent a large
proportion of the wood supply in some regions.
Recently, maintaining a mixed species composition
has been recognized as a sound management
objective for mixedwood stands, and research on
the subject has been initiated. This paper describes
the present status of management practices and
research on mixedwood forests in Québec.

Introduction

This paper provides an overview of the extent and
characteristics of mixedwood forests in Québec.
The silviculture systems, and regeneration and
stand-tending practices being used to manage
mixed-species forests in this province are also
discussed. Our knowledge is limited because until
now we have not been intentionally managing
these stands as mixed-species stands. In the past,
we simply managed them as pure softwood or
hardwood stands, depending on the dominant
species. Managing mixedwood stands was then
often limited to harvesting only the softwood or
hardwood species. Obviously, these practices
resulted in degraded residual stands and
established weed species that suppressed the
preferred ones, especially on the best sites.
Integrated logging, which is the cutting of all
merchantable species at the same time, was
introduced in the early s. Its application varied
widely between regions because it was dependent
on existing markets for these species. Even though
waste wood was reduced, this system was too
simple for the complex environment of mixed-
species forests. Recently, changes to forest
management policy in Québec clearly recognize

that maintaining a mixed composition is a possible
management objective, and related silvicultural
treatments are now eligible as payment of stum-
page dues (Ministère des Ressources naturelles du
Québec ).

We are aware that we must develop silvicultural
systems that are adapted to mixed stands because
they are increasing in area and represent a large
proportion of the wood supply in some regions.
The benefits of forest diversity are numerous and,
because pesticide use is very restricted in Québec,
environmentally sensitive management methods
must be developed. Even though we still have few
results, we are establishing research programs at
different levels and can foresee that research efforts
will increase over the next few years.

Importance of Mixedwood Forests

The importance of mixedwood forests in Québec
can be illustrated by the following data (Parent
). The area of the province is . million km,
of which % is occupied by forest. Productive
forests occupy % (. million km ), south of
° N (Figure ). Excluding the nonstocked areas,
conifer stands, dominated by black spruce (Picea
mariana [Mill.] B.S.P.) and balsam fir (Abies
balsamea [L.] Mill.), cover approximately % of
this area, while broadleaved stands cover about
%. The remaining % of productive forests is
classified as mixedwood stands, which represent
nearly   km. Mixedwood forests are
concentrated in an east-west strip between ° and
° N, where they cover nearly % of the forest
area. On the map of ecological regions of southern
Québec (Thibault ), this area roughly
corresponds to the balsam fir–white birch and
balsam fir–yellow birch associations, which occur
in transition between coniferous forests to the
north and broadleaved forests to the south.

Mixedwood Management Research and Practice in Québec
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Autecology of the Main Component Species

Balsam fir is a very shade-tolerant species; it is
present in almost all stands, especially in eastern
Québec where precipitation is more abundant. It
can grow on a variety of soil conditions, is usually
abundant as advance growth, and is known to
respond well to release. Trees older than  years
are subject to decay and are susceptible to the
spruce budworm (Choristoneura fumiferana Clem.).

White spruce is also widely distributed in our
mixedwood stands, but it is less subject to decay
and to foliage losses caused by spruce budworm. It
can live more than  years and is frequently
encountered as veteran stems. White spruce is
intermediate in shade tolerance, and may fail to
establish under cover.

Another coniferous species that is common in
the southeast of the province is red spruce, which
seems to be adapted to edaphic conditions that are
unfavourable to other species. This species is very
shade tolerant and it can respond well to release
even after a long period of suppression.

Jack pine, black spruce, and tamarack are also
found, the two latter on wet sites. Except for
balsam fir, which can germinate on several types of
seedbed, these conifers require good seedbeds such
as mixed soil, mineral soil, or sphagnum moss.

Paper birch is the most common shade-
intolerant broadleaved species encountered in
mixture with conifers. Often considered as a weed
species, paper birch has rapid early growth and can
invade a site immediately after logging by natural
seeding and sprouting. This species can live for
 ␣ years, but crown dieback is often observed after
 years of age.

Aspen is also widespread, especially in the
western part of the province. Because of its
aggressive root suckering, aspen may increase in
proportion after logging. This species is very shade
intolerant and survival of the suckers largely
depends on light intensity. With a maturity around
 years old, it is considered as a potential
competitor for many years. Aspen cover often
produces the shade that enables tolerant species,
which will follow in the succession, to establish.

Yellow birch is commonly found on better sites.
It is intermediate in shade tolerance and can live
up to  years. The tallest of our birches, this
species regenerates well from seeds and by
sprouting. It tends to produce epicormic branches

Artic tundra
Forested tundra
Taiga
Forest

  Québec’s biogeographical regions.

Climatic conditions of the mixedwood forests are
characterized by – degree-days during the
growing season and an average annual
precipitation of about  mm. The mixedwood
forest corresponds with a rather heavily populated
area (by Canadian standards). One-third of the
forested area is in private ownership.

Mixedwood stands represent nearly  billion m

of gross merchantable volume, which is evenly
distributed between hardwood and softwood
species. Balsam fir, white spruce (Picea glauca
[Moench] Voss), black spruce, paper birch (Betula
papyrifera Marsh.), yellow birch (Betula
alleghaniensis Britton.), and aspen (Populus
tremuloides Michx) together account for % of
this volume, but other species such as tamarack
(Larix laricina [Du Roi] K. Koch), jack pine (Pinus
banksiana Lamb.), red pine (Pinus resinosa Ait.),
white pine (Pinus strobus L.), eastern white cedar
(Thuja occidentalis L.), eastern hemlock (Tsuga
canadensis [L.] Carr), red spruce (Picea rubens
Sarg.), sugar maple (Acer saccharum Marsh.), and
red maple (Acer rubrum L.) are also common.
These species all have their own ecological
requirements and a given stand may contain
several of them, greatly differing in age and size, so
that mixedwood forests are highly variable in time
and space.
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when the forest cover is opened, so stand density is
critical for stem quality.

Sugar maple is very shade tolerant and regener-
ates well in the understorey. It can live for  years
and is known to respond well to release, even though
frost and radiation cracks are potential problems.

Finally, red maple has a very large ecological
range and is a common species in mixedwood
stands. It reproduces vigorously by both seeds and
sprouting. Its shade tolerance and longevity of
about  years, make it a persistent competitor.

Management and Research

When we consider mixedwood stands, two man-
agement groups are usually recognized according
to their broadleaved species: () the shade-tolerant
hardwood-conifer stands, and () the shade-
intolerant hardwood-conifer stands. The shade-
tolerant hardwood-conifer stands are composed
primarily of yellow birch, maples, balsam fir, and
white spruce and comprise about % of Québec
mixedwoods. They contain our most valuable
species and occupy the most productive sites of the
mixedwood forests. Past clearcuts of these stands
have shown that competition from mountain
maple (Acer spicatum Lam.), pin cherry (Prunus
pensylvanica L.f.), squashberry (Viburnum spp.),
and raspberry (Rubus idaeus L.) is a frequently
observed problem. To reduce the development of
these competing species, the opening of the stand
must be limited as much as possible. Depending on
the stand structure, three different scenarios are
possible (Figure ). In the case of even-aged stands,
the management policy is to apply either shelter-
wood cutting or careful clearcut logging, depending
on the presence and height of advance growth. In
uneven-aged stands, selection cutting with the
removal of –% of the basal area is proposed
to␣ maintain a mixed structure and to allow full
growth of long-lived merchantable species. In all
cases, regeneration stocking of the harvested
species must reach at least their pre-harvest levels
within  years after the last cut, otherwise fill
planting is mandatory. During the first – years
after logging, pre-commercial thinning is also
proposed to adjust spacing and to maintain a
mixed stand composition.

At the Ministry of Natural Resources, Dr. Zoran
Macjen has been studying yellow birch–balsam fir
stands for the last  years. He tried single-tree

Shade-tolerant Hardwood-Conifer Stands

Even-aged Uneven-aged

Adequate
advance growth:
careful logging

Selection cutting
20–35% of 
basal area

Shelterwood
cutting

Fill planting

Pre-commercial thinning

  Silviculture of shade-tolerant hardwood-conifer
stands.

selection cutting and also group-selection cutting
to adapt this method to the mosaic of mixedwood
forests. As these forests are often a mixture of
homogeneous clumps, group-selection cutting may
be more appropriate than other methods. Early
results indicate that it can be useful if a good seed
supply and receptive seedbeds are available. In the
summer of , the Canadian Forest Service in the
Québec Region (Dr. Denis Ouellet) established a
study on regeneration of mixedwood forests by
shelterwood cutting. Different cutting intensities
are combined with soil preparation to create
favourable seedbeds and limit weed development.
The effects of treatment on natural succession are
being examined along with site factors.

The shade-intolerant hardwood-conifer stands,
which make up nearly % of our mixedwood
forests, include the paper birch–conifer association
that represents % of all Québec’s mixedwood
stands, the aspen-conifer stands that cover %,
and a combination of aspen, birch, and various
softwoods that cover %. For these three
associations, a study indicated that stocking of
softwood advance growth was % or more in
approximately % of the mature stands (Doucet
). On this basis, the forest management policy
recommends careful logging to protect conifer
advance growth. It is anticipated that the stand will
become a mixedwood stand as the hardwoods
regrow (Figure␣ ). Both regeneration standards and
stand tending must follow the same rules as
mixedwoods with tolerant hardwoods. Results of
these practices are still unknown, but it is expected
that the lack of advance growth will be a limiting
factor in several cases. Depending on its height at
the time of logging, advance growth may also be
overtopped by fast-growing species such as aspen
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through partial cutting (Hittenrauch ; Jones
). Where aspen is increasingly being used,
shelterwood cutting can promote growth of
residual stems and the development of a softwood
understorey. This is the basis of a research project
that the Québec Ministry of Natural Resources is
conducting. The aim is to define the optimal
canopy opening to improve the establishment and
development of conifer regeneration and con-
currently limit aspen growth. In the summer of
, we established an experiment on shelterwood
cutting near Québec City. The design consisted of
four replications of five cutting intensities– , ,
, , and % of the canopy. In the summer of
, each treatment will be applied on a  ×  m
area and sixteen -m plots will be established in
the inner  ×  m (Figure ). To assess the
influence of seedbeds on seedling establishment,
half of these plots will be scarified. Seedbeds,
regeneration, and competition were estimated in
these plots last summer to gather information on
pre-treatment conditions and we expect to collect
the same kind of information each year for the
next few years. The experiment will also include
micro-environmental measurements in each
treatment to improve our understanding of
vegetation dynamics. Photosynthetically active
radiation will be monitored at one fixed point in
each treatment and periodic point samplings will

Shade-intolerant Hardwood-Conifer Stands

Careful logging

Fill planting

Pre-commercial thinning

– Lack of advanced growth

– Height of advance growth

– Species composition

?

  Silviculture of shade-intolerant hardwood-conifer
stands.

and paper birch. The requirement that
regeneration must be composed of the harvested
species is also expected to be frequently unfulfilled.
However, we consider that this policy is a good
beginning, which will prompt research in this area.

In the paper birch–conifer stands, a team from
Laval University (Dr. Marius Pineau) is
experimenting with shelterwood cuttings. The
experiment consists of a regeneration cut, to be
followed by a final careful logging when the
regeneration is established. The study compares
different methods of shelterwood cutting in balsam
fir stands, where competition from hardwoods is a
potential problem. Effects of seedbed and
environmental conditions on seedling
establishment are also examined. The productivity
of mixedwood forests is also under study.

Mixed stands with aspen create management
problems because of the aggressiveness of this
species following logging. Even stands classified as
softwood, but with a small proportion of aspen,
may become pure aspen after logging (Perala ;
Doucet ), as was often the case historically in
Québec forests. Given the structure of our
industry, it is important to maintain the softwood
component of our forests. At the other extreme,
stands classified as pure aspen may contain a small
proportion of softwood in the main canopy, by
definition up to % of the basal area. The poten-
tial exists to increase the softwood component, but
methods must be found to accomplish this.

Studies demonstrated that it is possible to
reduce suckering by controlling light intensity

  Layout of sampling plots within an experimental
unit in the shelterwood cutting project for aspen-
conifer stand regeneration.

– Seedbed type
– Regeneration
– Competition
– Light measurements

– Growth of residual stems
– Net precipitation
– Soil moisture
– Soil temperature

– Vegetation heterogeneity
– (overstorey vs understorey)
– Range of densities
– Potential windthrow
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be made at each sampling plot. Net precipitation,
soil moisture, and soil temperature will also be
monitored in the different treatments.

At this point, we realize what a challenge
establishing experiments in mixedwood stands can
be. Our pre-treatment data indicate that vegetation
heterogeneity makes it difficult to assign
treatments so that experimental error is kept to a
minimum. For example, experimental units that
are comparable for the overstorey often strongly
differ for the understorey. We also have questions
about the feasibility of protecting understorey
across a range of stand densities, and are aware of
the potential for windthrow.

Research is also being conducted in the Abitibi
region, by the University of Québec in Montreal
(Dr. Yves Bergeron) and the University of Québec
in Abitibi–Temiscamingue. Their studies are
focusing mainly on the natural dynamics of the
boreal balsam fir stands, where aspen and paper
birch are important pioneer species. Stand
productivity, soil fertility, and susceptibility to the
spruce budworm are being examined on a
successional basis.

Conclusion

There is a need to improve our knowledge of
mixedwood management practices in Québec. The
new forest protection strategy will give priority to
an environmentally sensitive silviculture aimed at
limiting insect, disease, and competition problems
without using pesticides. Vegetation diversity is
known to reduce the risks of disease and insect
damage. In our province, where the spruce
budworm periodically causes severe damage to fir
and spruce stands, mixedwood stand management
must be considered as an alternative to pesticide
use. Furthermore, technological advances have
created increased demands for hardwood species.
This is another point that favours increased
research of mixedwood stands. Research on
mixedwood management will certainly be an
important issue for the next few years and only
time will tell us how foresters can adapt to this
new␣ challenge.
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Abstract

The Boreal Mixedwood Forest in Ontario is vast
and productive, but has been underutilized and
poorly managed. Increased interest in maintaining
diversity is revealing shortfalls in knowledge,
policies, and operating procedures for Ontario’s
mixedwood forests. Current inventories, manage-
ment guidelines, and silvicultural standards are
inadequate for mixedwood forests. An opportunity
exists to advance integrated resource management
in Ontario through improved mixedwood
silviculture. Preliminary research results support
the ecological and economic feasibility of modified
harvesting to perpetuate productive mixed-species
crops. Progress in mixedwood management will
depend on accelerated programs of research,
demonstration, training, and information sharing
between jurisdictions.

Introduction

The extensive mixedwood forests in northern
Ontario have not been actively managed or
utilized, leaving their potential largely untapped.
Advances in mixedwood management in other
jurisdictions and the inherent advantages of species
mixtures are encouraging resource managers in the
province to embrace the opportunities and address
the challenges of mixedwoods.

This paper describes the Ontario Boreal
Mixedwood Forest, discusses the advantages and
current status of mixedwood management in
Ontario, and presents some opportunities for
management and research in the near future.

Definitions

The structure and composition of Ontario
mixedwood stands are complex, and clear

definitions are important to help resource
managers determine which sites are good
candidates for proactive mixedwood prescriptions.
The following definitions have been developed for
Ontario conditions (MacDonald and Weingartner
), but the concepts apply wherever mixed-
woods are managed. The characteristic mixedwood
species in northern Ontario are listed in Tables 
and .

  The defining boreal mixedwood tree species

Common name Scientific name

White spruce Picea glauca (Moench) Voss

Black spruce Picea mariana (Mill) B.S.P.

Balsam fir Abies balsamea (L.) Mill.

Trembling aspen Populus tremuloides Michx.

White birch Betula papyrifera Marsh.

  The associated boreal mixedwood tree species

Common name Scientific name

Jack pine Pinus banksiana Lamb.

White pine Pinus strobus L.

Red pine Pinus resinosa Ait.

Eastern white cedar Thuja occidentalis L.

Tamarack Larix laricina (Du Roi) K. Koch

Largetooth aspen Populus grandidentata Michx.

Balsam poplar Populus balsamifera L.

White elm Ulmus americana L.

Black ash Fraxinus nigra Marsh.

Black willow Salix nigra Marsh.

Mixedwood Management Research and Practice in Ontario
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Boreal Mixedwood Sites A boreal mixedwood site
is an area with climatic, topographic, and edaphic
conditions that favour the production of closed
canopies dominated by trembling aspen or white
birch in early successional stages, black spruce or
white spruce in mid-successional stages, and
balsam fir in late successional stages.

Disturbances on boreal mixedwood sites in
Ontario create conditions suitable for the establish-
ment of shade-intolerant species. Early successional
trees such as trembling aspen and white birch
usually become established with pioneer shrub
species. As the hardwood trees close their canopy,
the abundance of shrubs in the understorey
declines. Shade-intolerant pines may become
established with the early successional hardwoods.
The diffuse canopy provides a suitable regeneration
environment for moderately shade-tolerant
conifers such as black spruce and white spruce,
although significant mineral soil exposure is
required to ensure establishment of spruce
germinants. Balsam fir is the characteristic late-
successional species on boreal mixedwood sites, as
it tolerates the increasingly dense shade and
establishes well on the undisturbed accumulations
of litter and humus. Spruce-fir mixedwoods
seldom endure as climax formations because fire,
windthrow, spruce budworm epidemics, or other
disturbances soon return these forests to an earlier
successional stage.

The successional pattern of mixedwood sites is a
key component of the definition, and it should
guide management prescriptions. The definition
assumes that adequate supplies of seed or
vegetative propagules are available to produce the
characteristic dominant species at each stage. The
abundance, diversity, and relative position of
associated species at each successional stage depend
on the disturbance type and pre-disturbance
stand␣ composition.

The use of characteristic site types provides a
stable frame of reference to define these complex
and dynamic forests. Boreal mixedwood sites
typically have well-drained, fertile soils on mid-
slope positions, and exclude wet lowlands, dry sand
plains, and shallow soils on bedrock outcrops
(McClain ). Deep soils, medium to fine
textures, and unrestricted drainage are essential
elements of a mixedwood site.

Boreal Mixedwood Stands A boreal mixedwood
stand is a tree community on a boreal mixedwood
site in which no single species exceeds % of the
basal area. All of the defining and associated tree
species (Tables  and ) qualify as canopy
components. The definition imposes no constraint
on the proportions of hardwood or softwood
species for a stand to be classified as mixedwood. It
accommodates stands composed of two or more
hardwood species or two or more conifer species,
provided the stands are established on boreal
mixedwood sites. The implication is that the stand
is a candidate for mixedwood management
prescriptions because the site has potential to
increase its diversity of tree species in the future.
Stand composition at any point in time depends
on the successional stage, which is controlled by
the disturbance type and availability of seed or
vegetative propagules.

Boreal Mixedwood Forests A boreal mixedwood
forest is the aggregate of all boreal mixedwood sites
in any distinct area. Specifically, the Boreal Mixed-
wood Forest of Ontario is the aggregate of all
boreal mixedwood sites in the province. Boreal
mixedwood forests may contain mixtures of several
species within each stand, or mosaics of small
single-species stands. The emphasis on site
provides geographical stability to these definitions,
making them useful for inventory and
management␣ planning.

Relationship to Forest Ecosystem Classification
Terminology The forest ecosystem classification
₍FEC₎ systems in northern Ontario identify
approximately  boreal mixedwood vegetation
types (Jones et␣ al. ; Sims et␣ al. ), which are
analogous to boreal mixedwood stands as defined
in this paper. A drawback to using vegetation types
for management planning is that they change on a
given site through natural forest succession.

The FEC soil types are simpler, more stable, and
more relevant for identifying sites where long-term
mixedwood management would be appropriate.
Thus, the concept of soil type is compatible with
the definition of boreal mixedwood site. The
shallow soils and organic soils in the FEC

descriptions can generally be excluded from the
definition of mixedwood sites.
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Extent of Mixedwoods in Northern Ontario

The Boreal Mixedwood Forest covers approx-
imately % of Ontario’s productive forest area
(Armson ; Spectranalysis, Inc. ). The
greatest concentration of mixedwood sites occurs
north of Lake Superior, between ° and ° N

latitude. The area of mixedwood cover types in
northern Ontario is increasing as harvested conifer
stands regenerate to a variety of species and the
spruce component is overtaken by balsam fir and
trembling aspen (Yang and Fry ). Fire control
has permitted the expansion of mixedwood forests
on sites normally dominated by monocultures of
early successional species such as jack pine, black
spruce, or aspen.

A regeneration audit (Hearnden et␣ al. )
revealed that the stocking of young stands in
Ontario is acceptable, but the species composition
is shifting decisively toward mixedwoods and
hardwoods. This trend persists despite attempts to
establish conifer stands after harvesting. The
expansion of mixedwoods emphasizes the urgency
of developing silvicultural guidelines for these
forest types.

Why Manage for Mixedwoods?

Ecological Sustainability Biological and physical
diversity ensure healthy and productive forest
ecosystems (Suffling et␣ al. ; Brooks and Grant
). Interactions among tree species maintain site
productivity and resistance to infestation and
disease. Mixed-species ecosystems are resilient and
forgiving of management errors, providing
insurance against failure of one of the component
species (Debyle ). Companion species differ in
their limiting environmental factors, growth
habits;,and physiological processes (Chan et␣ al.
; Schuler and Smith ) permitting more
biological activity per unit area in mixtures than
in␣ monocultures.

In Ontario, the nutrient cycling capabilities of
soil may deteriorate under conifers because of raw
humus formation. Hardwoods, particularly birch,
prevent this, and the best-quality conifers are often
found in mixedwood stands (Bedell ).
Impermeable iron pans may develop under black
spruce stands, resulting in wet, unproductive sites.
This process is minimized by growing black spruce
in combination with hardwood species (Bedell

). Nutrient replacement times following
disturbances such as harvesting are more rapid in
mixedwood stands than in spruce monocultures
(Gordon ).

Economic Considerations Mixedwoods that were
formerly by-passed in the search for pure conifer
stands offer an attractive source of high-quality
fibre close to mills. Markets are rapidly expanding
for these previously ignored species, especially
aspen. Technological developments allow the use of
hardwood species for paper, oriented strandboard,
and other wood products. Furthermore, as
utilization practices come under greater public
scrutiny, companies seek to harvest a wider range
of species from their limits. Mixedwood forests
provide stability for industry because hardwoods
and softwoods focus on different products
and␣ markets.

Mixedwood stands in northern Ontario occur
on upland sites, which can be harvested during the
frost-free season. This provides a flexibility in
harvest scheduling not available for lowland conifer
stands, which must be harvested during the winter
to minimize site damage. Operational productivity
is high in mixedwood stands because stem sizes are
larger, compared to spruce stands. Furthermore,
access roads can be built more easily in upland
mixedwood areas than in lowland conifer areas.

Harvest yields are increased when both the
hardwoods and softwoods are used, and mixed-
species stands often have higher total growth rates
than pure stands. Mixedwoods in north-central
Ontario produce about  m/ha, compared
to␣  m/ha for average black spruce stands
(Opper␣ ).

The high cost of establishing spruce stands is
unjustified on mixedwood sites that produce
abundant natural regeneration. However, successful
mixedwood stands cannot be produced without
silvicultural investment. For example, mid-rotation
tending and modified harvesting are required to
maintain productive densities, protect advance
regeneration, and reduce the susceptibility of fir
and aspen to insect and disease losses. Also, site
preparation techniques must be modified to
enhance conifer establishment while preventing
damage to the root systems of the complementary
hardwood crop (Smith ; Lieffers and Beck ).

Mixedwoods can also improve non-timber
economic values. For example, the maintenance of
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species mixtures creates aesthetically varied
landscapes, providing opportunities for recreation
and tourism. The diverse succession of vegetation
supports many wildlife species and protects the
quality of watersheds.

What about Balsam Fir? The conifer supply short-
age in Ontario could be addressed by increasing
the use of balsam fir. This species is the least-
preferred mixedwood conifer in the province,
although it is as satisfactory as spruce for most
products. For example, fir wood pulp is in some
ways superior to spruce pulp (Bedell ).
Mixedwood management strategies must recognize
the role of fir, which is replacing spruce through
natural succession on many sites in northern
Ontario (Yang and Fry ).

Natural fir regeneration is easily obtained. A
faster growth rate and more vigorous root
development allow fir seedlings to become
established on thicker layers of litter and survive
longer periods of drought, compared to spruce.
Unmanaged fir is more susceptible to insect and
disease damage, but such problems could be greatly
reduced by applying management techniques
suited to the silvics of the species, such as thinning
young stands and lowering the rotation age. In
Ontario, fir is managed on the same rotation age as
spruce (approximately  years). However, fir is
faster-growing and susceptible to decay and spruce
budworm. Thus, it should be managed on a much
shorter rotation (e.g.,  years).

The Global Perspective Mixedwood silviculture is
well accepted in Scandinavia, where concern exists
about extensive clearcutting and heavy site
preparation (Norokorpi ). Careful logging of
aspen to protect understorey spruce has been
applied widely in Alberta and to a more limited
extent in Saskatchewan and Manitoba (Lieffers and
Beck ). In western Canada, increased use of
hardwoods and a public demand to maintain
mixedwoods for non-timber uses are challenging
the traditional softwood bias in mixedwood
management (Brace Forest Services ). Forest
management to promote mixed-species crops is
also gaining wide acceptance in the United States
(Baker ; Irland and Maass ).

Mixedwood management is the most important
research priority in Alberta (Forest Research
Advisory Council of Canada ), reflecting the
rapid increase in aspen utilization in that province.

Ontario lags behind Alberta by about  years,
regarding interest in boreal mixedwood manage-
ment. However, social, economic, and ecological
realities are causing resource managers in Ontario
to consider mixedwood management more seriously.

Policy Concerns

Ontario’s forest policies and practices are increas-
ingly influenced by public attitudes. A number of
emerging issues affected by public input relate to
mixedwoods. These include ecosystem-based manage-
ment, maintenance of biodiversity, enhancement of
non-timber forest values, and cost reduction␣ (e.g.,
shifting away from artificial regeneration toward
natural regeneration). The Crown Forest Sustain-
ability Act, introduced by the Ontario government
in , is a response to public attitudes. It parallels
the B.C. Forest Practices Act, indirectly supporting
mixedwood silviculture on appropriate sites by
emphasizing integrated resource management and
systems that promote biological diversity.

The environmental assessment for timber
management in Ontario (Koven and Martel )
thoroughly examined all aspects of timber
management policy and operations in the Ontario
Ministry of Natural Resources. The Ontario
government is legally bound to implement
 ␣ terms and conditions arising from this invest-
igation. Many of the terms address mixedwood
issues such as the effects of management practices
on biodiversity, ecosystem processes, and non-
timber values such as fish and wildlife habitat. The
Ministry of Natural Resources is specifically
ordered to produce a mixedwood silvicultural
guide to be used in the timber management
planning process. The environmental assessment
compels the Ministry of Natural Resources to
consider more active mixedwood management and
to address the large information gap regarding
mixedwood ecology and silviculture.

The Ontario Ministry of Natural Resources is
developing a new business relationship with the
forest industry, in which companies would assume
responsibility for funding and conducting all
silvicultural operations on their limits. A portion
of stumpage fees (e.g., $/m for spruce or pine)
would be deposited into a trust fund dedicated to
supporting silviculture on the limits of the contri-
butor. On the positive side, this arrangement
creates stability of silvicultural funding and merges
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harvesting and silviculture under a single operator.
However, the main intention of the arrangement is
to fund conifer regeneration, and from a mixed-
wood perspective the scope must be expanded to
include all species and silvicultural operations
throughout the rotation.

Ecosystem dynamics should be given as much
attention as mill requirements in formulating
silvicultural guidelines. Policies should encourage
multi-rotation mixedwood management,
understorey protection during harvesting, wider
species utilization, mill integration, and movement
of raw material between different sectors of the
wood-processing industry. Stocking standards and
free-to-grow assessments must be revised to allow
for natural regeneration of mixed species.
Furthermore, the provincial inventory system,
which classifies a stand according to its single
dominant species and ignores the understorey,
must be revised to accommodate mixedwoods.

The diversity and productivity of mixedwood
forests make them ideal candidates for integrated
resource management. The wide range of resource
values demands improved co-operation between
agencies and disciplines. In this regard, recent
changes in the Ontario Ministry of Natural
Resources are encouraging: forest management
planning is now conducted by interdisciplinary
teams, public participation in the process is
mandatory, and funding for research depends on
the degree of collaboration.

Management Guidelines

Management guidelines for Ontario’s northern
mixedwoods are being developed by drawing on
experience in other jurisdictions, consolidating the
results of past field trials in the province, and
establishing operational-scale research and demon-
stration projects. A mixedwood silvicultural guide
is being produced, as legally required by the recent
environmental assessment (Koven and Martel
). The guide will present the most current
knowledge in a concise, updatable format
for␣ practitioners.

Pre-harvest silvicultural prescriptions for
mixedwood sites must adapt to successional trends,
rather than resist them. Multiple rotations of a
single species lead to a depletion of site
productivity and biological diversity. Attempts to
perpetuate conifer crops on mixedwood sites are

expensive and seldom completely successful.
Silvicultural prescriptions should specify the stand
structures and species compositions desired at
critical points in the rotation, and indicate the
modified harvesting, regeneration, and tending
systems required to achieve these stand conditions.
An overriding constraint in northern Ontario is
the low unit value of mixedwood tree species,
which limits the amount of intensive silviculture
that can be conducted.

Most forest companies in northern Ontario use
only softwoods or hardwoods. This presents a
problem in mixedwood stands, where hardwoods
and softwoods have different rotation ages. During
harvesting of the preferred species, a secondary
species is often damaged. If protection of the
secondary species is prescribed, the harvesting
operation is slower and more expensive. Although
recent revisions to Ontario’s forest management
planning system advocate diversity and multiple
values, mechanisms to resolve these operational
concerns are not well developed.

The mixedwood logging systems being used in
western Canada to preserve advance conifer
growth␣ are cost-effective and ecologically sensible
(Lieffers␣ and Beck ). Interest in these systems is
growing␣ in Ontario, and large-scale research and
development trials have recently been established.
However, cost factors and the lack of applied
guidelines are impeding widespread acceptance
by␣ industry.

A dual rotation system could be applied in
Ontario boreal mixedwood stands. An initial
harvest of the unmanaged forest would remove
mature or overmature aspen, birch, and jack pine.
Younger merchantable fir and spruce should also
be cut. The operation would release advance spruce
in the understorey and stimulate aspen suckering.
A two-stage shelterwood, with the removal cut
following the initial cut by – years, would
provide residual cover for the acclimation of large
advance growth. Thinning operations should be
scheduled within  years of harvesting to obtain
the required density of aspen. A clearcut or seed-
tree cut  years after the initial harvest would
remove aspen, birch, and pine aged – years,
and spruce and fir aged – years. Pre-cut site
preparation or post-cut underplanting of the aspen
suckers may be needed to enhance the spruce
component. Fire should be used for site
preparation if control of balsam fir is desired and
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advance spruce regeneration is absent. The cycle
would be repeated with careful shelterwood
logging of the overstorey after a subsequent
 ␣ years. Timing adjustments would be advisable if
all mixedwood species were present because on
most sites fir should be harvested at – years,
and pine at – years.

Modified cutting techniques that promote
natural regeneration are the foundation of
mixedwood management. One of the greatest
opportunities for advancing mixedwood forestry
and obtaining industry co-operation lies in the
refinement of these harvesting techniques. Other
good candidate areas for immediate attention are
species-site relationships, site preparation
techniques that mimic natural disturbances,
modified artificial regeneration (e.g.,␣ under-
planting), stand rehabilitation, and thinning. All
silvicultural guidelines must be evaluated from an
ecological and an economic perspective, to obtain
operational acceptance. The primary opportunities
for progress through cross-discipline linkages
include the ecosystem effects of alternative
silviculture, biodiversity, and species interactions,
and the enhancement of non-timber values, forest-
level wood supply, and mixed-species, variable-
density yield tables.

Mixedwood management could be greatly
improved in northern Ontario by the development
of appropriate equipment for harvesting,
forwarding, and site preparation. Because existing
machinery is designed for large-scale clearcuts, it is
unsuitable for protecting advance regeneration and
site quality. Machines should be produced
specifically for the mixedwood forest environment,
combining strength and manoeuvrability.
Scandinavian equipment designed for partial
cutting is generally too light to handle the large-
diameter aspen in northern Ontario mixedwood
stands. Collaboration among the Forest
Engineering Research Institute of Canada, forest
companies, resource managers, and silviculture
researchers will be essential for significant progress
in this area. Equipment development must be
paralleled by initiatives to train and retrain
skilled␣ operators.

Pre-commercial thinning or spacing of aspen
may be required to maintain or enhance stand
vigour early in the rotation. In boreal mixedwoods,
this early release can provide an increase in the
coniferous component or accelerate the growth of

planted conifers, and can also maintain the value
of the stand for wildlife habitat (Weingartner ).
Balsam fir and jack pine are other mixedwood
species that may require pre-commercial thinning.
Although thinning is often neglected in Ontario, it
is one element of an entire-rotation management
system that must be applied to achieve regulated,
productive, and healthy mixedwood forests.

Large areas of northern Ontario are dominated
by mixedwood stands that have become degraded
from a commercial standpoint. On many
mixedwood sites in eastern Canada, natural
succession produces deteriorating stands of aspen,
birch, and jack pine, with dense thickets of balsam
fir and shrubs in canopy gaps. The lack of mineral
soil exposure prevents the establishment of spruce
seedlings. Similar conditions result after
commercial clearcutting and high-grading for the
spruce and pine components of mixedwood stands.
These stands are often regarded as obstacles to
traditional silvicultural practices. In some cases,
the stands can be used for wildlife habitat or
recreation without any silvicultural rehabilitation.
However, they represent a valuable opportunity for
timber and other uses because of their location on
fertile sites close to mills and population centres.
Research is required to determine the most
effective approaches for regaining commercial
productivity of such stands.

Harvesting and silvicultural operations that
imitate natural disturbances must be encouraged to
maintain the species diversity and commercial
productivity of the Boreal Mixedwood Forest. For
example, reduced soil disturbance resulting from
lighter equipment and improved fire protection
will decrease the viable populations of white spruce
on mixedwood sites unless counteracted by
silvicultural prescriptions (Bedell ).

Herbicides should be used selectively in
mixedwood stands to supplement the manual and
mechanical control of broadleaved species where
conifer maintenance or enrichment is prescribed.
The use of prescribed burning should be expanded
because the Boreal Mixedwood Forest is a fire-
dependent ecosystem that would lose its character,
vigour, and diversity in the absence of fire
(Alexander and Euler ). Fire could assist the
rehabilitation of unproductive mixedwood stands,
reduce undesirable species in naturally regenerated
mixedwood stands, and prepare the site for the
establishment of natural spruce regeneration.
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Most mixedwood stands arise from natural
regeneration, but productive mixtures of species
can be established artificially. Successful mixtures
combine faster-growing shade-intolerant species
above slower-growing shade-tolerant species.
Underplanting a mid-rotation aspen stand with
spruce could be used to maintain stocking of
desirable conifers. Planting patterns could be
adopted that facilitate the protection of the conifer
understorey during subsequent removal of the
aspen overstorey.

Silvicultural Standards

Close monitoring of the effectiveness of
silvicultural operations is required under recent
legislation in Ontario. However, standards for
assessing the effectiveness of regeneration and
other silvicultural operations in mixedwood stands
are lacking. These standards cannot be imported
from other jurisdictions that have different
ecological, social, and economic conditions. The
standards will be more complex for mixedwood
stands than for even-aged monocultures. For
example, a northern Ontario mixedwood stand
could contain three or four crop species, each
requiring different assessment criteria. Mixedwood
silvicultural standards must also recognize the
importance of non-timber values.

Traditional stocking standards can be applied
where mixedwoods occur as mosaics of small pure
stands. However, a lowering of the acceptable
stocking levels is appropriate where regeneration is
comprised of species mixtures with variable
vertical stand structure. Adjustments to standards
can be derived from the target basal area of each
component crop species and the current size of
advance growth. However, much research is
required to determine the optimum stocking of
advance growth by species composition and site
type. Prescriptions such as spot scarification,
prescribed burning, seeding, interplanting, and
underplanting would be considered where pre-cut
conifer stocking is inadequate.

Full stocking of aspen regeneration can be
assumed for Ontario boreal mixedwood stands that
supported a minimum of  aspen trees per
hectare before harvest. White birch regeneration is
also plentiful from stump sprouts and seedlings on
exposed soil. If white spruce stocking suffers under
hardwoods, it may be replaced by the more

tolerant balsam fir. Thus, rigid stocking standards
are less appropriate where multiple species are
prescribed than in monocultures. The main
function of the standards would be to ensure that
the prescribed proportion of spruce is achieved.

Stocking standards are essential for degraded
late-successional mixedwood stands. The overmature
hardwoods do not provide adequate stocking of
suckers, and the heavy layers of litter and humus
limit the establishment of natural spruce
regeneration. Shrubs and herbaceous vegetation
dominate stand openings until a major disturbance
creates conditions suitable for early-successional
tree species. Large silvicultural inputs are usually
required to restore such stands to production, and
accurate stocking standards are␣ important to
evaluate the effectiveness of the␣ treatments.

Stocking assessments must be timed to suit the
dynamics of the mixedwood stand being evaluated.
A fifth-year assessment will be more accurate than
a second-year assessment for determining whether
advance conifer growth will be overtaken by
hardwood suckers. However, earlier assessments
allow more time for remedial action.

All silvicultural standards must relate to the
prescriptions made for the future stand conditions.
The forest manager’s plan for the long-term
silvicultural system on each mixedwood site will
promote a distinct succession of species. Standards
for stocking and free-to-grow assessment will be
different at each silvicultural entry during the
cycle. For example, an initial harvest may remove
the dominant hardwoods and protect the conifer
understorey, with the objective of increasing the
merchantable conifer basal area to %. The
corresponding stocking standards would favour
spruce and fir, based on the difficulty of promoting
conifers on mixedwood sites.

Some Preliminary Research Results

The strategy of the Mixedwood Silviculture
Program at the Ontario Forest Research Institute is
to form a silvicultural co-operative as a framework
for operational-scale adaptive research addressing
all aspects of mixedwood management. The
prescriptions will be based in part on the results of
modified harvesting trials established during the
last  years. Some of the initial results are
presented here to indicate the feasibility of
modified mixedwood management in Ontario.
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Careful winter logging of mature mixedwood
stands removed either % or % of the
hardwood overstorey, while protecting understorey
spruce and fir. The original basal area averaged
 m/ha. A feller-buncher and grapple skidder
worked from -m wide skid trails spaced  m
apart. Only the feller-buncher was permitted to
leave the skid trails while operating in the stands.
There was no difference in productivity between
the treatments, averaging  m/hr for harvesting
and  m/hr for skidding. While this productivity
was commercially acceptable, it is recommended
that the distance between skid trails be reduced to
– m to eliminate the need for off-trail
operation by the harvester.

The advance regeneration sustained more wind
damage in the clearcut than in the shelterwood cut
(Table ). Mechanical damage was low in both
cases. The protective effect of the residual
overstorey is clear from Table , which reveals a
major increase in windthrow damage above the
 cm diameter class only in clearcut stands.

These first-year results also reveal response
differences in white spruce that was underplanted
or interplanted in the residual stands during the
spring immediately following the harvest (Table ).
Survival, growth, and quality of spruce seedlings
are high under both harvesting systems, but are
significantly lower in the uncut stands. This
emphasizes the benefit of controlled crown

  Diameter distribution of windthrown advance
conifer growth, recorded 1 year after different
winter logging intensities in northern Ontario
aspen-spruce-fir stands

% trees windthrown

Diametera (cm) Clearcut Shelterwood

0.00–4.00 5.06 1.45

4.01–8.00 9.09 12.00

8.01–12.00 30.38 15.28

12.01–16.00 27.87 18.80

16.01 + 72.73 23.33

a Diameters measured at . m above ground level.

  First-year performance of white spruce planted
during the spring after different winter logging
intensities in northern Ontario aspen-spruce-fir
stands

Response Clearcut Shelterwood Uncut

Survival (%) 97.3 97.9 83.2

Height growth (cm) 10.8  9.6  7.6

Quality index 60.5 59.3 44.8

  Damage to advance conifer regeneration, recorded 1 year after different winter logging intensities in northern
Ontario aspen-spruce-fir stands

Proportion of trees damaged on each treatment (%)

Damage Clearcut Shelterwood Uncut

Location

 Stem 33.8 23.8 17.1

 Crown  1.7  0.5  0.3

Type

 Wind 17.4  6.5  0.7

 Mechanical  2.0  2.8  0.0

 Other 16.1 15.0 16.7

Extent

 Major 22.3 12.7  5.3

 Minor 13.2 11.6 12.1
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opening for conifer establishment. It is anticipated
that the shelterwood system will create the
optimum regeneration environment by providing
increased seedling growth, while reducing frost
damage and moderating hardwood suckering.

Based on these early results, a two-stage
shelterwood is recommended to enhance conifer
regeneration in northern Ontario mixedwood
stands. The entries should be separated by  years
to permit the establishment of seeded or under-
planted conifers and the wind acclimation of
advance conifer regeneration.

High-priority Information Needs

A formal survey of mixedwood stakeholders in
Ontario revealed important issues for management
and research (Weingartner and MacDonald ).
The following areas rated highly regarding the need
for acquiring and applying knowledge:

• modified cutting to obtain natural regeneration
• impacts of harvesting
• ecosystem structure and function
• ecologically sensitive site preparation techniques
• wider species utilization
• mixed-species, variable-density yield tables
• adaptive artificial regeneration

(e.g.,␣ underplanting)
• stand improvement and rehabilitation
• decision support systems.

In the context of mixedwood forestry, applied
ecology and silviculture were higher research and
development priorities than physiology, genetics,
forest protection, or wood science. Fish and
wildlife habitat management was considered the
most important discipline to link with mixedwood
silviculture. Site classification, economics, biodi-
versity, social issues, and recreation were viewed as
somewhat important linkages, and issues related to
climate change were considered to be least important.

Considering the survey results, the Mixedwood
Silviculture Program at the Ontario Forest
Research Institute will emphasize four key areas:
entire-rotation silvicultural prescriptions and
performance standards, ecosystem processes and
successional pathways, landscape effects of
mixedwood management, and growth and yield.
Operational trials will be designed to permit
effective application and refinement of silvicultural
prescriptions. Non-timber values will be addressed

by considering mixedwoods on a landscape scale.
There is an urgent need for predictive tools to

assist mixedwood resource managers (Burkhart and
Tham ). Models of growth and yield for
mixed-species stands are essential for making
sound management decisions. The infinite variety
of possible species mixtures, coupled with the
range of environmental conditions under which
mixtures might be grown, necessitates a modelling
approach. Models supporting ecosystem-based
silviculture require information on the structure
and natural development of mixed forests.

There is also a need for detailed site classifica-
tion and mapping to assist resource managers in
selecting sites for mixedwood prescriptions. In
Ontario, groundwork for this information base has
been completed through the forest ecosystem
classifications (Jones et␣ al. ; Sims et␣ al. ).
Subsequent initiatives (Uhlig and Baker ) will
refine and supplement this knowledge.

Information Transfer and Training

Mixedwood management in Ontario will be
successful if a proactive mixedwood approach is
adopted by policy makers and appropriate
management techniques are available to resource
managers. Thus, the development and transfer of
applied knowledge must be pursued without delay.

Considerable time and patient training are
needed for equipment operators to develop
technical expertise and an ethic for the residual
forest. Respect for natural diversity and adaptation
to successional tendencies must be emphasized
because these attitudes have not been prominent in
traditional forestry operations. In northern
Ontario, most equipment operators have been
trained in the context of rapid timber production
on large-scale clearcuts. It is a positive sign for
mixedwood management that some Ontario
companies have invested in cut-to-length
harvesting and forwarding systems designed for
partial cutting with reduced impacts on the site
and residual stand.

The complexity of mixedwood forests requires
considerable skill to manage stands and predict
outcomes. Thus, training courses, applied workshops,
and demonstration areas must be planned to allow
researchers, resource managers, and equipment
operators to exchange information␣ regularly.
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Conclusions

Attitude barriers and knowledge gaps are among
the obstacles to the implementation of mixedwood
silviculture in northern Ontario. Creative solutions
to these challenges will require a focused effort by
silviculturists. The opportunity to realize multiple
benefits from an underutilized resource justifies a
provincially co-ordinated mixedwood initiative.
Support for such a program is anticipated because
the defining characteristics of mixedwood manage-
ment, such as careful harvesting and conservation
of diversity, are acceptable to an increasingly
critical general public. Furthermore, preliminary
research results support the biological and
economic feasibility of proactive mixedwood
management in northern Ontario.

Inventory systems and standards for stocking
and free-to-grow attainment must be refined to
accommodate species mixtures. Appropriate
incentives and training programs for wood-using
industries would improve the protection of
conifer␣ understoreys, residual overstoreys, and
soil␣ stability.

The status of mixedwood silviculture in Ontario
could be advanced most effectively by refining
harvest systems to perpetuate healthy mixed-
species crops. Successful mixedwood management
also requires more serious attention to mid-
rotation silviculture, such as controlling stand
density and quality. The costs of such operations
should be balanced against the reduced
regeneration costs associated with mixedwood
management. The inherent capacity of
mixedwoods to produce a wide range of resource
values demands a high level of interaction between
disciplines and maximum use of technology such
as geographic information systems ₍GIS₎ and
decision support systems. The transition to more
proactive mixedwood management can be
facilitated through carefully targeted
demonstration and education programs.

The opportunities for sustainable supplies of
multiple resource values from Ontario’s Boreal
Mixedwood Forest are only beginning to be
realized. However, the magnitude and urgency of
the challenges will require a co-ordinated
management and research effort through
partnerships between resource managers, wood-
using industries, federal and provincial research

agencies, universities, and non-timber interest
groups. The Boreal Mixedwood Forest is becoming
more prominent in the research and development
activities of the Ontario Ministry of Natural
Resources and Natural Resources Canada, Ontario
Region. Co-operation between these two
organizations is helping to ensure an efficient
approach to addressing mixedwood issues in the
province. A Canada-wide network of mixedwood
stakeholders should be established to facilitate
communication and minimize duplication of
effort. Applied information must be shared
between jurisdictions because public expectations
are out-pacing current improvements in
mixedwood management practices.
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Abstract

Boreal forests are facing extreme pressure to
produce conifer and hardwood products as well as
to provide other resource uses. Regulations and
silvicultural treatments have been largely aimed at
promoting white spruce after clearcutting. This is
accomplished through plantation establishment
and management, usually including mechanical site
preparation and herbicides. Alternative
management strategies are required to satisfy
timber and other societal demands. Underplanting
aspen stands with white spruce appears to be a
viable alternative management strategy. Several
benefits may accrue using this strategy. These
include: reducing site preparation and vegetation
management costs; reducing root rot problems;
reducing growing season frost damage; retaining
trees to provide protection and thermal cover for
wildlife and to reduce visual resource impacts; and
improving nutrient status of white spruce.

Introduction

Boreal forest ecosystems in British Columbia are
facing extreme pressure to produce conifer and
hardwood products as well as to provide areas for
agriculture, range, recreation, and wildlife. A recent
timber supply analysis for the Dawson Creek
Timber Supply Area in British Columbia indicated
that the current Allowable Annual Cut ₍AAC₎ for
hardwoods can not be supported (B.C. Ministry of
Forests ). Therefore, management to produce
both coniferous and deciduous volume on the
same area of land (i.e., mixedwood management)
may be advantageous, especially if it can be
demonstrated that total volume yields will be
greater than for pure coniferous or pure
deciduous␣ stands.

Historically, mixed stands of aspen (Populus

tremuloides) and white spruce (Picea glauca) were
very common throughout the boreal forest. In
certain areas and especially near human settle-
ments, repeated disturbances related to forestry,
agriculture, and range management have removed
the spruce seed source, resulting in large areas of
pure aspen. Underplanting aspen stands with white
spruce may generate stands similar to natural
mixedwoods. If implemented, this technique could
provide a socially acceptable alternative to
clearcutting and single-species management.

This study was initiated to explore the potential
for underplanting aspen stands with white spruce.
In this silvicultural system, –-year-old aspen
stands, which have already undergone significant
natural thinning, would be underplanted with
white spruce without treatment to reduce aspen
stocking. After approximately  years, the
overstorey aspen would be removed while
protecting the understorey spruce. It is
hypothesised that aspen would still regenerate by
root suckering in gaps between the young spruce,
resulting in a mixedwood stand. After another –
 years, when spruce and aspen reach harvestable
size, the site would be clearcut. Aspen would again
regenerate and the site would be ready for
underplanting in another – years (Figure ).

This project has been pursued in three phases.
Phase  investigated previously underplanted aspen
stands in Alberta. In phase , we determined the
most suitable stands for underplanting by
investigating the light and moisture availability
under trembling aspen stands that varied in basal
area, density, and moisture regime. The criteria
developed in phase  enabled the selection of three
aspen stands that were underplanted in phase . To
derive meaningful comparisons, we also selected
three clearcuts that approximated the aspen
underplant sites in soil texture, slope position,
aspect, and biogeoclimatic site unit.

Investigations of Planting White Spruce under a Trembling Aspen Canopy

DAVID TANNER, S. CRAIG DELONG, AND ANDREA EASTHAM
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 points within a . ha area, on a  ×  m
sampling grid. At each grid position,  sets of
instantaneous measurements were taken, one above
all understorey vegetation and the other at a height
of  cm above ground level, approximating the
height of a planted seedling. Each measurement set
represented an average of  instantaneous readings
taken in the four cardinal directions. All
measurements were taken during clear sky
conditions, between  and  PST, during the
period of peak vegetative development (July –
August ). An overall estimate of the light level
beneath the canopy was calculated using the mean
PPFD at each grid position, and this was related to
basal area, density, and moisture regime infor-
mation for each stand (Figure ). Basal area for
each grid position was calculated using a relascope
and then averaged across all grid positions to
obtain stand estimates. Stand density was
determined by conducting stem counts and
calculating the mean of four  ×  m quadrants
randomly located within the sample area. These
data demonstrate that, in general terms, light
availability decreases as basal area, density, or
moisture availability increases (Figure ).

Continuous PPFD measurements were made at
low, medium, and high basal area mesic sites in the
summers of  and . Hourly averages were
recorded at each site from May  to September 

using quantum sensors (LIS, LI-COR Inc., Lincoln,
Neb.) mounted on stands and connected to
dataloggers (CR, Campbell Scientific Co., Logan,
Utah). Six sensors were located in each stand. Each
sensor was placed at the centre of a  m radius area
that was kept free of understorey vegetation. The
basal area and density associated with each sensor
location was assessed by measuring all trees within
an  m radius, tree-centred plot. These data, when
multiplied by , yielded basal area or density
values per hectare.

Data collected from the quantum sensors
indicated that low basal area stands received more
light than moderate or high basal area stands on
sunny days, but that light reception on cloudy days
was not markedly different across the range in
basal area (Figure ). To determine the effects of
measured levels of light on seedling growth, the
relationship between light levels and white spruce
seedling photosynthesis must be determined. Work
by G.R. Lister and W.D. Binder (B.C. Ministry of
Forests Experimental Project , unpublished
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  Schematic showing the proposed management
regime for spruce planted under pure aspen stands.

Characterizing Micro-environment of
Aspen Stands

Sample sites were selected within a  km radius
of Dawson Creek, B.C. (°' N, °' W). All
sites were located in the Peace variant of the moist
warm Boreal White and Black Spruce subzone
(BWBSmw), which has a mean annual precipitation
of  mm and a mean annual temperature of
.°C. Aspen plot data collected for a classification
of the seral aspen ecosystems of the BWBSc

(DeLong ) were used as a starting point to
select the sites. Sampling sites were chosen to
represent a range of basal areas, densities, and
moisture regimes in –-year-old aspen stands. A
total of five sites were selected for study (Table ).

During the summers of  and ,

photosynthetic photon flux density ₍PPFD₎

measurements were obtained along designated
transects at each of the five selected sites using a
hand-held integrating radiometer (Sunfleck
Ceptometer, Decagon Devices Inc., Pullman,
Wash.). Measurements were made systematically at
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data) enabled construction of a generalized curve
for relative apparent photosynthesis of white spruce
as a function of PPFD. This curve is described by the
following equation:

y = (x – )
[a + b(x – )]

where y = % of relative apparent photosynthesis,
x = light intensity [PPFD],
a = ., and
b = ..

Continuous light measurements collected under
aspen canopies were converted to relative apparent
photosynthesis using this equation. These estimates
were then totalled and compared with the relative
apparent photosynthesis that would take place at
maximum (i.e., unshaded) PPFD levels. From these
data, we were able to develop a regression
relationship between the percentage of maximum
potential photosynthesis and density (Figure ).
The relationship proved to be very strong for the
range of stand conditions measured (r = .).

In addition to light data collected from each
stand, soil moisture potential was assessed using
gypsum moisture blocks. At each site, five groups
of three soil moisture blocks were located at a
depth of  cm below the humus/mineral soil
interface at the apices of an equilateral triangle
with -cm sides. Measurements were obtained
using a hand-held moisture meter at approximately

  Contrasting light availability a) on a sunny day
and b) a cloudy day under aspen canopies of
different relative basal areas.
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-week intervals from June  to August .
Although soil moisture data were collected during
an extremely dry summer ₍₎, soil moisture
potentials for the majority of the growing season
did not indicate more than moderate moisture
stress (Figure ). Therefore, available soil moisture
did not appear to be a significant constraint to
underplanting aspen stands.
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Underplanting Aspen Stands

Collected light and moisture information
indicated that the micro-environment under
aspen stands was suitable for spruce growth, and
also generated criteria useful in selecting sites for
underplanting. The data suggested that we would
be most successful with mesic or subhygric sites
of low to moderate basal area. Using these data,
stock grown specifically for this project were
planted under selected aspen canopies and in
clearcuts. Three clearcuts and three aspen
underplant sites were located in April and May of
. The objectives of the study are as follows:

• To compare the survival and growth of two
white spruce stock types, + research and

  Soil moisture potential throughout the growing
season on three circummesic sites. Lines on the
graph at -0.20 and -1.0 MPa correspond to
moderate and high moisture stress, respectively.

+ ␣ operational, within and between aspen
understorey and clearcut environments.

• To compare the survival and growth of +

stock, cultured under shade cloth versus
cultured in full sun, and planted under an
aspen␣ canopy.

• To compare the survival and growth of shade-
adapted stock planted on brushed microsites to
stock planted on brushed and screefed
microsites under an aspen canopy.

• To compare the seedling micro-environment
under an aspen canopy to that in a clearcut.

The overall design of the experiment is a
randomized, incomplete-block, split-plot design.
Each site constitutes a statistical block and there
are three blocks per main plot treatment. Table 
summarizes the various treatments.

  Summary of treatments

Main plot Split plot

Clearcut • 1 - 1+0 psb research (full sunlight)

• 2 - 1+0 psb operational

Aspen • 1 - 1+0 psb research (full sunlight)
underplant • 2 - 1+0 psb operational

• 3 - 1+0 psb research (66% full

sunlight)

• 4 - 1+0 psb research (66% full

sunlight) + screefing
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Environmental Measurements

One aspen understorey site and one clearcut site
each had  positions selected to record micro-
environmental information. Locations were
selected to cover the range of stand conditions
(aspen understorey) or expected vegetative
development (clearcut). Each position was
equipped with a LI-COR quantum sensor, gypsum
soil moisture blocks, and thermistors for
measuring air and soil temperatures. Quantum
sensors provided continuous PPFD information as in
the studies described earlier. Air temperature
thermistors were mounted at  cm above ground
level and soil temperature thermistors were buried
 cm below the humus/mineral soil interface. All
thermistors recorded daily minima, maxima, and
means. Three soil moisture blocks were located at
each micro-environmental position. To provide
continuous soil moisture potential information,
one of the moisture blocks was connected directly
to a datalogger. In addition to this equipment, the
understorey and clearcut sites were outfitted with a
relative humidity sensor, which recorded average
hourly temperature and relative humidity.

Two-year Results

The project is still in its infancy and any results
should not be construed as definitive. However,
several interesting trends have been observed.
Second-year survival data indicate no significant
differences between main plot treatments
(Figure␣ ). Seedling mortality appears to be a
function of microsite differences (poor planting
location) or unexpected events (trampled by cattle)
rather than of treatment differences.

One of the factors that was expected to be
significantly different between main plot treat-
ments was the occurrence of frost damage. White
spruce in plantations in the boreal forest can
experience as much as % frost damage
(L.␣ Herring, B.C. Ministry of Forests, pers. comm.,
). Although our data do not reflect such a high
percentage of damage, frost damage was much
greater in the clearcut environment in both 

and  (Figure ). Micro-environmental data
confirms these observations (Figure ). In both
 and , frost events were more common and
severe in clearcut environments. Also, frost events
in the clearcut occurred later in the spring, earlier
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in the fall, and with greater frequency throughout
the growing season. All of these factors could
contribute to frost damage of spruce seedlings.

The percentage of seedlings assessed as chlorotic
was also observed to be greater in the clearcut
environment (Figure ). One of the reasons for this
could be nutrient deficiency, but this hypothesis
will remain unanswered until  years after
outplanting, when foliar analysis will be done.
Seedlings in the aspen understorey, where chlorosis
was nearly absent (< %), may be able to obtain
inputs from nutrient-rich aspen litter. In contrast,
seedlings grown in clearcuts do not have the
same␣ availability of nutrients as they are often
planted in microsites with negligible organic
horizon development.

The two-year results of tree growth and vigour
were somewhat surprising as seedlings planted in

  Percentage of seedling survival after 2 years by
main plot treatment and individual site (B1, B2,
PUG, B3, B4, and OH are individual sites, or
replicates of the main plot treatment).
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aspen understorey sites out-performed seedlings
planted in clearcuts. We expected that clearcut
environments, experiencing greater light levels,
would lead to seedlings with superior and
accelerated growth.

Figure  depicts the number of interwhorl buds
by site and main plot treatment. Values for 

reflect the nursery culture from the previous year,
and  values reflect  growing conditions.
Values for  underplant conditions are higher
than those for the clearcut. Analysis of variance
demonstrated that these differences were
statistically significant between these main plot
treatments (P = .) at α = . (see Table ).
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Similarly to the number of interwhorl buds,
annual height increment for  was greater in the
underplant environment, and across all sites
(Figure ). Analysis of variance again
demonstrated significant differences between main
plot treatments (P = .) at α = . (Table ).

In contrast to main plot differences, analysis of
height increment by stock type (Figure ) did not
demonstrate any appreciable differences. Two-year
results indicate that shade-adapted stock offer no
height growth advantages over operational stock.
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  ANOVA table comparing the number of interwhorl buds in 1994 in clearcut and underplant environments

Source df Mean square F-ratio P

Main plot treatment 1 189.78 13.215 0.022

Error mean square site 4 14.361 – –

  ANOVA table comparing 1994 annual height increment in clearcut and underplant environments

Source df Mean square F-ratio P

Main plot treatment 1 1354.78 15.063 0.018

Error mean square site 4 89.941 – –
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  Second-year annual height increment of stock
types by main plot treatment and individual site
(R-100 = research stock grown in full sun;
O-100 = operational stock grown in full sun;
R-66 = research stock grown in 66% full sun;
and R-66-S = research stock grown in 66% full
sun and planted in screefed microsites).

  Height increment in 1994 by main plot
treatment and individual site.
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Summary

Other potential advantages to this approach exist
that are not explicitly tested in the research design.
Providing and maintaining tree cover, especially
coniferous species (which provide thermal cover),
should prove beneficial to wildlife. Maintaining
tree cover should also improve the visual aesthetics
of the site, especially after the first harvest when
the coniferous understorey will be preserved.
Competing vegetation development is expected to
be less in the understorey. Assessment of
competing vegetation under aspen overstoreys
indicated that it was not a significant competitor at
any time in the growing season. This is in accord
with other studies conducted in the boreal forest
(Lieffers and Stadt ). Competing vegetation
development in understorey environments is
important to assess because species such as
bluejoint (Calamagrostis canadensis) can be
significant and severe competitors to planted
coniferous seedlings in clearcut environments.

Another advantage to this underplanting
approach is the potential for reducing losses to
tomentosus root rot (Inonotus tomentosus). Because
white spruce is absent from the site for
approximately – years every second rotation,
the potential for inoculum build-up in susceptible
hosts is reduced, and the inoculum may be
temporarily eliminated. This is important in a
system where tomentosus root rot has been known
to affect up to % of the spruce within a given
area (R. Reich, B.C. Ministry of Forests, pers.
comm., ).

Preliminary results indicate that underplanting
aspen stands with white spruce offers an acceptable
alternative to growing white spruce in clearcuts.
Two-year results of seedling growth and micro-
climate data indicate that in some instances aspen
understoreys may provide better conditions for
seedling growth. Because the data collected are
preliminary, caution should be exercised before
definitive conclusions are drawn. It is feasible that
long-term data may contradict earlier findings.
Also, we wish to expand the data set of seedlings
growing in clearcut environments.

Planned future data collections on the planted
white spruce seedlings will help to determine if the
results collected to date are indicative of general
trends. These collections include more growth
analyses (including stem diameters), examination
of physiological response (photosynthetic
efficiency, carbon allocation), and foliar analysis to
determine seedling nutrient status.
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Abstract

Patterns of vertical stratification were analyzed in
some -year-old, mixed-species stands of the
Interior Cedar–Hemlock zone, Kamloops Forest
Region. Fixed-area plots were located in stands
with different species composition. Western
redcedar, western hemlock, and Douglas-fir were
the most common species. More than % of the
plots supported four or more species. Analysis of
vertical stratification showed that western white
pine and Douglas-fir tend to be the tallest trees
when present. Hybrid spruce, western redcedar,
and western hemlock dominated the upper stratum
only when the other species were not present.

Introduction

The forest stands of the Interior Cedar–Hemlock
biogeoclimatic zone or ICH (Lloyd et␣ al.␣ ) have
regenerated following large, stand-replacement
fires (Johnson␣ et␣ al.␣ ; Parminter␣ ). The
stands are predominantly single-cohort, mixed-
species stands (Oliver and Larson␣ ), although
remnants are common. With  native tree species,
the ICH supports a wide variety of stand structures.
The numbers and proportions of the constituent
species vary widely, even for stands initiated by the
same disturbance. General patterns of species
composition have been identified and related to
elevation, aspect, and moisture regime (Lloyd
et␣ al.␣ ). Studies of the structure and dynamics
of these stands have begun only recently.

The vertical organization of a stand is a product
of the many factors that influence tree-to-tree
variation in height growth. These include species
characteristics and differences in establishment age.
Even single-species plantations, however, usually
develop a vertical hierarchy. Studies in plant
communities have shown that seemingly subtle

differences, such as genetic variation and microsite
conditions, can contribute to the development of
size hierarchies (Weiner␣ ). Divergent growth
patterns are accentuated by competition and
chance events (Waller␣ ; Smith␣ ). Foresters
describe the process as “differentiation into crown
classes” (Smith␣ ).

Mixed-species stands can have greater variation
in vertical structure than monocultures. If the
constituent species have intrinsic differences in
height-growth pattern and shade tolerance, the
stand may become stratified in height by species
(Larson␣ ). When the differences between
species are large, the stand may appear to have
layers of foliage, with a separate species dominating
each layer or stratum (Smith␣ ). Stratification is
a common phenomenon in mixed-species stands of
the boreal, temperate, and tropical regions
(Oliver␣ ).

While the terms “differentiation” and
“stratification” both describe variation in height-
growth rate, it is useful to reserve “differentiation”
for variation within species and to reserve
“stratification” for variation between species (Oliver
and Larson␣ ). The vertical stratification of a
mixed-species stand might then be described by
comparing the heights of the tallest trees of each
species and ignoring the differentiation within
species. This paper uses that approach to provide
an overview of observed patterns of stratification
in natural, fire-origin stands at approximately 

years of age.
This is a preliminary analysis of data collected

during the summer of␣  as part of an ongoing
study of stand dynamics in the ICH. The main
project is a retrospective study of mixed-species
stand dynamics that uses both chronosequences
and stand reconstruction techniques. Some of the
plots described in this paper were subsequently
selected for stand reconstruction. The stem analysis

Vertical Stratification in Some 50-year-old Mixed-species Stands in the Interior Cedar–Hemlock Zone

IAN R. CAMERON
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measurements from reconstruction were not
available for this preliminary analysis. Those
measurements will provide a better picture of
height-growth patterns and changes in
stratification over time.

Methods

Sample stands were selected from within the
ICHmw and ICHmw subzones in the Kamloops
Forest Region (Lloyd et␣ al.␣ ). I attempted to
identify all stands (inventory polygons) that were
between  and  years old (Inventory Age Classes
 and ) by cross-referencing forest cover maps
with biogeoclimatic subzone maps. The initial
sampling was conducted in stands easily accessible
by road. The ecosystem association, age, species
composition, and stratification were assessed
during a reconnaissance visit.

Two temporary sample plots were established in
each stand. The nearest road sign (kilometre mark)
was used as a reference point. At each location, two
circular plots were established at distances of  m
and  m from the road edge, on a bearing
perpendicular to the direction of the road. Plot size
varied with stand density so that at least  trees in
the dominant, codominant, and intermediate
crowns classes would be included. The plots varied
in size between . m radius (. ha) and . m
radius (. ha) in even multiples of . ha.

All trees greater than . m in height (living and
dead) were numbered and measured. Tree
measurements included diameter-at-breast-height
(dbh) and height. In each plot we selected a
minimum of three trees that spanned the range of
tree heights and measured their heights with
conventional angle-distance methods using a
clinometer and measuring tape. The heights of all
other trees in the plot were estimated from ocular
comparisons with the measured trees. Increment
cores were collected from the largest trees of each
species. In total,  plots were sampled. The
number of plots and mean age of dominant trees
in each geographic location are summarized in
Table .

Predominant height—the mean height of the
tallest  trees per hectare—was calculated for
each plot and for each species within each plot.

That is, P
b
 was defined as the predominant height

of plot b based on the tallest  trees per hectare
without regard to species. S

ab
 was defined as the

mean height of the tallest  trees per hectare of
species a in plot b. The current stratification of
each plot was described by expressing the
predominant height of a component species (S) as
a proportion of the predominant height of the plot
(P). That is:

Rab =  x

where: Rab = the relative predominant height of
species a in plot b

Sab = the predominant height of species a in
plot b

Pb = the predominant height of plot b

  Geographic locations and ages of plots

Location No. of plots Age of dominants (yr)

Sugar Lake 8 54

Cayenne Creek 8 40

Harbour Lake 18 52

Craigallechie 10 49

Results

Species Composition In total,  tree species were
observed in the  plots: western white pine (Pinus
monticola), lodgepole pine (Pinus contorta var.
latifolia), interior Douglas-fir (Pseudotsuga
menziesii var. glauca), paper birch (Betula
papyrifera), black cottonwood (Populus␣ trichocarpa),
trembling aspen (Populus tremuloides), hybrid
white spruce (Picea engelmannii x glauca),
subalpine fir (Abies lasiocarpa), western hemlock
(Tsuga heterophylla), western redcedar (Thuja
plicata), and willow (Salix sp.) The overall species
composition is shown in Table . Western redcedar,
western hemlock, and Douglas-fir are the species
that occur most frequently in this data set.

All of the plots were located in mixed-species
stands. Thirty-seven of the plots (%) had four or

 Predominant height, based on the tallest  trees per hectare, is slightly greater than conventional top height, which is based on the
 trees per hectare of largest dbh.

Sab

Pb
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more species. Considering only the upper canopy
trees (taller than % of predominant height), 

plots (%) had three or more species. Only five
plots had a single species in the upper canopy.

  Species composition (by basal area) over all
sample plots

Species Percent basal area

Western redcedar 26

Western hemlock 22

Douglas-fir 18

Western white pine  9

Paper birch  9

Trembling aspen  5

Hybrid white spruce  5

Lodgepole pine  4

Black cottonwood <1

Willow <1

Subalpine fir <1

Vertical Stratification The ranking of species by
relative predominant height (R) is shown in
Table␣ . White pine has the highest values of R.
This means that if the plot contained some white
pine trees—other than advance regeneration—then

the tallest white pines were almost always the
tallest trees in the plot. Douglas-fir generally were
the tallest trees in the absence of white pine.
Hybrid spruce, western redcedar, and western
hemlock dominate the upper stratum only when
the other species are not present.

Discussion

Larson ₍₎ identified four types of height-growth
pattern: asymptotic, sigmoid, linear-fast, and
linear-slow. These patterns, together with the
information from shade tolerance tables
(Baker␣ ), can be used to group species into
guilds (Ashton␣ ) of similar developmental
characteristics.

Table  shows such a grouping for the ICH

species. In the absence of stem analysis
information, the rate and pattern attributes were
inferred from other sources. For instance, relative
predominant height was substituted for height-
growth rate to distinguish between “fast” and
“moderate.” This is reasonable only because the
stands sampled in this study are all approximately
the same age. The shape attributes (e.g., asymptotic
or linear) are included to distinguish the
characteristic, asymptotic shape of the birch and
aspen growth from that of the other species.

The guilds offer an initial prediction of
stratification for different species mixtures at age
. Mixtures composed of members of the same
guild are not expected to exhibit marked stratification.

  Relative predominant height by species

Species Height (m) Number of plots Standard error

Western white pine 100 17 1.5

Douglas-fir 93 30 2.6

Trembling aspen 83 20 3.1

Paper birch 81 20 2.7

Lodgepole pine 81 14 4.7

Hybrid spruce 77 19 2.9

Western redcedar 76 35 2.3

Western hemlock 75 25 2.8
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  Species guilds based on height-growth pattern and shade tolearnce

Species Height-growth pattern Shade tolerance class Guild

Western white pine linear-fast intermediate I

Douglas-fir linear-fast intermediate I

Trembling aspen linear-moderate intolerant I

Paper birch asymptotic very intolerant II

Lodgepole pine asymptotic intolerant II

Hybrid spruce linear moderate tolerant III

Western redcedar linear moderate very tolerant III

Western hemlock linear moderate very tolerant III
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Abstract

Spring and sometimes fall burning has been a way
of life. It was used by Indians to maintain and
enhance game ranges. Fur traders used it to
increase game stocks to provide meat, the staple of
their diet and food for their sled dogs. The shrewd
old Scots traders used chemicals for low-cost
predator control., just as foresters now use poisons
to economically control brush and weeds. All early
ranchers used fire to create pasture and clear the
land. The evolution of biologists brought a new
breed of game managers with more sophisticated
and complicated methods. Tried and true
procedures had to be studied and evaluated.
Science and technology had proven that the age-
old, tried and true method of habitat management
was effective, although not altogether for reasons
previously acknowledged. Evolutionary trends of
the last  years lean farther and farther towards
long studies, with endless reams of information
filed in lengthy reports and computer banks. The
real problem is that too much information
confuses the issue. Who is qualified to take the
time to search through all the information,
separate the logical from the illogical, come up
with workable plans and objectives and carry it
through? The computer cannot. It takes knowledge,
combined with practical experience and a personal
commitment, to get on with the job. With the
swing of the pendulum and present trends, I
foresee further over-zealous protection of timber
stands and broadleaves to the elimination of
wildlife habitat and, eventually, all wildlife. I doubt
that this symposium will create very many new
stands of fibre. If the costs were directed to habitat
enhancement in the field, many new continuing
jobs could be created. The pendulum has to swing
in balance. Knowledge and experience of people in
the field must be considered and incorporated in
planning and put to use.

Use of Prescribed Burning in Habitat
Management

All my life, I have lived and worked in the Peace
River and Williston Lake areas of northeastern
British Columbia, except for  years of high school
at Vancouver Tech. I have been an active guide and
outfitter for  years. My guiding area encompasses
some  square miles [ km] of the western
watershed of the Rocky Mountains, bordering
Williston Lake and the Finlay River. At one time it
also included all watersheds on the north side of
the Peace Arm of Williston Lake.

Evolution has caused many changes to habitat
during my lifetime. The extraction of hydro power,
timber, minerals, oil, and gas have had a
considerable impact on the environment, wildlife,
and the recreation resource required to sustain a
viable outfitting and resort industry.

My experience with habitat enhancement and
broadleaf management started at age . On a hot
spring day my father gave me a box of wooden
matches and sent me off on my saddle horse to set
fires. The purpose was to burn brush from the hills
and undergrowth in the aspen to improve pasture
for our cattle and horses. It also provided a cost-
effective means of clearing bottom lands that
we␣ eventually cultivated. A box of matches cost
five␣ cents.

Dear old “Aunty Mac,” bless her soul, had a
severe case of nerves every spring. She was always
much relieved when burning was finished. Our
fires never burned out of control. Dad was ever
cautious to not burn the coniferous forests.

This conference is about growing aspen and
birch. My concerns are twofold. The first is that
priority will be directed toward conserving and
growing softwoods, to the extent that all other uses
are forgotten. Some ranger districts are so
concerned with spruce and pine that there is
absolutely no consideration for enhancement of

Habitat Management for Game and Parasite Control by Prescribed Burning

KEN KYLLO
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wildlife pastures. Smoky the Bear has them para-
noid. They believe that even a spark will most
certainly demolish vast stands of the Queen’s
timber. My second concern is that all available
funding will continue to be expended for studies
and re-studies, to the extent that little or no
funding will ever be available for real practical work.

Spring and sometimes fall burning has been a
way of life. It was used by Indians to maintain
and␣ enhance game ranges. Fur traders used it to
increase game stocks to provide meat, the staple of
their diet and food for their sled dogs. The shrewd
old Scots traders used chemicals for low-cost
predator control, just as foresters now use poisons
to economically control brush and weeds. All early
ranchers used fire to create pasture and clear
the␣ land.

Guide outfitters used fire to rejuvenate over-
grown jungles and vegetation in remote mountain
valleys in order to improve game ranges and horse
pastures.

Outfitters were doing such a good job of build-
ing game stocks that Fish and Wildlife personnel,
wishing to gain credibility, also became involved. It
was a pleasant break from office drudgery to fly the
areas in a Super Cub or helicopter. Foresters joined
the flights and started to issue burning permits.
Permits were always required. Until then, no one
had ever bothered to apply and Forestry never
intervened.

The evolution of biologists brought a new breed
of game managers with more sophisticated and
complicated methods. Tried and true procedures
had to be studied and evaluated. In the Northern
Rockies, Stone Sheep, the prime marketable
resource, were subjected to intensive research.

One fall, at the annual convention of the
Northern British Columbia Guides Association,
biologists made a presentation on burning.
Comparisons of test sites showed that burned areas
greened up a few days earlier and stayed green a
few days later. They concluded that the advantage
from burning was increased range. Fires also kept
the hillsides clear, thus allowing sun and wind to
reduce snow cover, improving winter range.
Burning benefits almost all ungulates. I can tell the
difference when my horses have had the benefit of
burned range.

I had observed severe tick infestations on horses
wintering on unburned ranges with heavy moose
populations, so I asked if research had been done

on parasites and burning. The reply was “no,” but
it was known that fire killed snails, which are the
carrier for lung worm in sheep.

Next fall, at our annual convention, biologists
came with more charts and graphs. These showed
that sheep on unburned range were severely
infected with lung worm and had a % lamb crop.
A similar band on burned range had almost no
lung worm and an % lamb crop.

Science and technology had proven that the age-
old, tried and true method of habitat management
was effective, although not altogether for reasons
previously acknowledged. Here we use a pendulum
to explain technology versus experience. When on
a level plane the pendulum is in balance. As it is
tilted, the balance becomes unequal. Tilted too far,
it falls flat.

Trends over the last  years lean toward long
studies, with endless reams of information filed in
lengthy reports and computer banks. The real
problem is that too much information confuses the
issue. I contend that when the pendulum tilts too
far and falls over, all the information may just as
well be filed on a roll of tissue paper. The end use
for that is obvious.

Who is qualified to take the time to search
through all the information, separate the logical
from the illogical, come up with workable plans
and objectives and carry it through? The computer
can not. It takes knowledge, combined with
practical experience and a personal commitment,
to get on with the job.

All too often in these days of conflicting
bureaucracies, technology, power politics, and
ecological opportunists, the job is considered to be
the completion of a study. By then, the consultants
have milked all funds from the budget and the
politicians and bureaucrats feel that they have
taken care of the situation. Anyway, no further
funds remain to carry out procedures and
recommendations. Funding can usually be made
available for further study of the same topic—
perhaps from a different perspective or for another
jurisdiction of bureaucracy. We all agree that some
research is necessary, but there has to be
compromise and balance.

The  water license for the Bennett Dam
imposed an obligation on B.C. Hydro to improve
habitat around the new lake to compensate for the
flooding of vast winter ranges. The Habitat
Compensation Fund has contributed about
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$  a year, since , but less than % of
this money has gone to habitat enhancement. The
remainder has been spent on studies, public
relations, and administration.

There are many alternatives to re-invest resource
income back into the hinterlands and short-term
renewable resources. Labour-intensive industries
such as big game guiding and tourism would bene-
fit and produce added and continuing employment.

Forest practices are eliminating much of our
game stocks, yet the underfunded Fish and Wildlife
Branch is expected to carry on. Now they must
bear another burden, expending extra time,
personnel, and money, just to police environmental
damage caused by logging.

Benefits from prescribed fires are well known
and documented. Outfitters were doing a fine job
on their own. However, present restrictions are
causing more difficulty and expense each year.
The Ministry of Forests now imposes unrealistic
restrictions to burning plans, should they even
be␣ granted.

Wilderness and big game, a renewable resource,
provides enjoyment and satisfaction to wildlife
viewers. It also provides recreation and exercise for
hunters and employment for many who would
otherwise be unemployed. Non-resident hunters
and tourists bring in new capital to our provincial
economy. Guide outfitters and other resource users
deserve to be recognized. They should be afforded
co-operation and an opportunity to continue their
way of life.

Integrated resource management was a much
used and abused conundrum. It garnered publicity
and suggested co-operation. The sad reality was
that the term only referred to spruce, pine, and
balsam. Now aspen and birch are also included.

With the swing of the pendulum and present
trends, I foresee further overzealous protection of
timber stands and broadleaves to the elimination
of wildlife habitat and eventually, all wildlife. I
doubt that this symposium will create very many
new stands of fibre. If the costs were directed to
habitat enhancement in the field, many new
continuing jobs could be created.

From my own experience, I would like to give
you an example of a comparison between
technology and practical experience. At age ,
with a graduation diploma in automotive
mechanics from Vancouver Technical High School,
I joined the workforce as an apprentice mechanic.
It was rather a shock when the realization hit home
that my hard-earned technical diploma had little
meaning in the workplace.

After  years of intensive education I did not
even know how to do a simple lube job. We had
always been told to ensure that all bolts were
tightened securely. Eager to succeed, I did just that,
to the frustration of the foreman who patiently
drilled out all the broken bolts. Remember, Van.
Tech. was a technical school. I knew all the theory,
but when it came to practical application, I was
totally lost. The only appropriate term to describe
the dilemma was that I was an “educated idiot.”

The pendulum has to swing in balance.
Knowledge and experience of people in the field
must be considered and incorporated into planning
and put to use.

As a lifelong citizen of this great province, I am
concerned. That is why I have journeyed  miles
[ km] for this opportunity to speak for
preservation of wildlife habitat, wildlife, and the
resulting employment opportunities.
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Abstract

The long-term consequences of alder–Douglas-fir
mixtures to the sustainability of site productivity
are examined in a series of simulations using
FORECAST. Four output parameters (stem biomass
harvested, forest floor mass, total site nitrogen
capital, and the mass of decaying wood) are used
as indicators of sustainability. Results suggest that
on medium-quality, low-elevation coastal sites the
combination of  stems per hectare alder with
 Douglas-fir, with the alder cut down and
allowed to resprout at year , may be the
appropriate mixture to sustain these indicators.
Stem-only harvesting with an -year rotation
sustained long-term site productivity better than
shorter or longer rotations, and better than whole-
tree harvesting. The importance of including
competition from understorey species in simu-
lations of mixedwood management is discussed.
These are preliminary results. Further work is
needed to explore this issue in more detail, and
final simulation-based recommendations for
mixedwood management must await the
completion of the individual-tree, ecosystem
management model FORTOON.

Introduction

Intensive forest management practices with high
levels of biomass utilization (e.g., whole-tree
harvesting) and short rotations cause significant
ecosystem nutrient loss, and may eventually reduce
long-term site productivity. One method of
counteracting this loss of sustainability is to change
from monoculture to mixed-species management
employing nitrogen-fixing broadleaf species with
conifer crop species. Such mixtures can maintain
or augment site productivity through nutrient

additions or accelerated nutrient cycling (Comeau
and Sachs ).

Nitrogen-fixing red alder (Alnus rubra Bong.) is
a widely distributed species in the Pacific
Northwest that has received considerable attention
both as a potential commercial timber species and
as a source of biologically fixed nitrogen (Cole
et␣ al. ; Binkley , ; Van Miegroet et␣ al.
; Binkley et␣ al. ; Comeau and Sachs ).
Through the process of symbiotic nitrogen
fixation, red alder can play an important role in
maintaining long-term site productivity,
particularly on nitrogen-deficient sites. Van
Miegroet et␣ al. ₍₎ reported that the nitrogen-
fixation rates for red alder range from –
 ␣ kg • ha- • yr-. Alder has been managed as a
nutritional nurse crop on sites with adequate
moisture and mineral nutrition (alder has a high
demand for P). It has limited value on fertile, N-
rich sites (Binkley ).

Managing alder–Douglas-fir mixtures has been
investigated by Atkinson and Hamilton ₍₎, Cole
et␣ al. ₍₎, Miller and Murray ₍₎, Binkley
₍₎, and Comeau and Sachs ₍₎. Binkley ₍₎

reported that mixing red alder and Douglas-fir
(Pseudotsuga menziesii [Mirb.] Franco) has
potential for increasing Douglas-fir growth and
ecosystem productivity on N-deficient sites. Cole
et␣ al. ₍) reported that red alder-dominated
ecosystems accumulated  kg • ha- • yr- more
nitrogen than the Douglas-fir-dominated
ecosystem, and the rate of within-ecosystem
element cycling is faster in alder stands than in
Douglas-fir stands. Van Miegroet et␣ al. ₍₎

examined the effect of red alder and alder harvest
on the distribution and flux pattern of N, P, K, Ca,
and Mg, and on site fertility. They found that
symbiotic nitrogen fixation by alder led to a
significant accumulation of nitrogen, both in

Simulation of the Long-term Impacts of Alder–Douglas-fir Mixtures on the Sustainability of Site

Productivity Using the Ecosystem Management Model FORECAST

XIAOHUA WEI AND J.P. (HAMISH) KIMMINS
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above-ground biomass components and in the soil,
on the order of – kg • ha- • yr-. The increase in
available soil N also stimulated nitrification, which
in turn triggered nitrate-mediated cation leaching
loss and resulted in soil and solution acidification
in the upper part of the soil profile. Soil acidifi-
cation by red alder was also shown to reduce P
availability, which can reduce future growth of red
alder (Van Miegroet et␣ al. ).

Managing alder–Douglas-fir mixtures requires
careful manipulation of stand structure because the
two species have different ecological characteristics
and growth patterns. The more rapid height growth
of red alder results in light competition between
Douglas-fir and alder if both are planted at the
same time. Cole et␣ al. ₍₎ reported that alder can
compete with conifers for both water and light,
and can also cause physical damage to conifers.

Although information is available concerning
the short-term effects of alder–Douglas-fir mix-
tures, few field investigations have been undertaken
on the long-term effects. The long-term effects of
alder–Douglas-fir mixtures on the sustainability of
site productivity need to be investigated to design
sustainable mixedwood management strategies. In
the absence of long-term field data, simulation
models are useful for examining the long-term
effects of different management regimes. Comeau
and Sachs ₍₎ used the FORCYTE- model
(Kimmins et␣ al. ; Kimmins ) to examine
the effects of different stocking levels of alder on
the growth of Douglas-fir. They found that the
greatest yield of Douglas-fir and alder stemwood
biomass is achieved at alder densities of  stems
per hectare with a -year rotation length for alder
and an -year rotation length for Douglas-fir.
However, no simulations have been undertaken
that examine the long-term effects of different
mixtures (e.g., relatively higher initial alder
densities [ stems per hectare], but cut down
and allowed to resprout at the earlier stages)
interacting with different management regimes.

FORECAST is a stand-level ecosystem management
simulation model. It explicitly simulates the effects
of nutrient availability and competition for light
and nutrients on the growth of trees and plants.
The model uses empirical data on tree and plant
biomass accumulation over time, together with
data on key processes such as photosynthesis,
detrital decomposition, and nutrient cycling as a
basis for simulations. A detailed description of the

modelling approach used in FORECAST can be found
in Kimmins et␣ al. () and Kimmins ().

The objectives of this study were: () to identify
alder–Douglas-fir mixture options that are optimal
for four indicators: stem biomass harvested, forest
floor mass, site nitrogen capital, and the mass of
decaying wood; and () to evaluate the interactions
between alder–Douglas-fir mixtures and different
management regimes (utilization level and
rotation␣ length).

The total stem biomass harvested includes
stemwood and stembark biomass that is harvested
at the end of each rotation. Total forest floor mass
is the total mass of forest floor at the end of each
rotation. Total site nitrogen capital is the soil
nitrogen capital at the end of each rotation,
including total nitrogen in woody materials, litter,
and the mineral soil. Total mass of decaying wood
is the mass of sapwood and heartwood present on
the ground at the end of each rotation. The
simulation period is  years.

Model Calibration

FORECAST requires calibration data that describe the
following factors for each of the species in the
simulation. Data are also needed for each of at
least two (preferably three) sites that vary in
nutritional site quality:
. Trends over time in well-stocked monoculture

stands:

• biomass accumulation in different biomass
components

• tree height and stand density (in naturally
thinned stands)

• stem size frequencies
• litter decomposition (loss of mass and change

in nutrient concentrations).

. Data that define:

• shade as a function of foliage biomass
• foliage light adaptations (photosynthetic light

saturation curves)
• tissue nutrient concentrations and various

aspects of nutrient cycling (e.g., nitrogen
fixation rates, foliage leaching)

• litterfall and tissue senescence (e.g., sapwood-
to-heartwood conversion)

• non-growing season photosynthesis by ever-
greens and shade effects on height growth.
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These data are used in “setup” programs to
establish various indices of canopy function,
resource allocation, nutrient uptake demand and
internal cycling, shade-related tree and branch
mortality, and tree size frequencies. They also
provide a guide to how tree growth and various
ecological processes vary as soil nutrient
availability changes.

Data sets prepared by Kimmins et al. ₍a, b₎

were supplemented by data from Comeau and
Sachs ₍₎, with additional data from Sachs and
Trofymow ₍), Kurz ₍₎, and others (see
details in Comeau and Sachs ). Detailed
descriptions of site qualities and indices for the
Douglas-fir and alder data sets were given by
Comeau and Sachs ().

Once the setup models for FORECAST have been
calibrated and the quality of the input data eval-
uated by means of the setup output graphs, the
various indices and growth descriptions derived
from the setup programs are used in the ecosystem
management program ECOSYTM. Before making
management runs, however, it is necessary to
define the “initial state” of the simulated
ecosystem. The predictions of FORECAST, especially
for the first two or three rotations, are sensitive to
the assumptions made in preparing this initial
state. For the runs reported, we created an
ecosystem state that reflects the following history.
Two -year rotations of Douglas-fir were
simulated in the no-nutrient feedback mode, which
ensures that historical patterns and rates of
biomass production, accumulation, and turnover
are included. At the end of each rotation, the
Douglas-fir were cut and left on the ground to
simulate natural disturbance by wind. One -year
rotation was then simulated with nutrient feedback
switched on. At the end of this rotation, a stem-
only harvest was applied, removing % of
stemwood and stembark. This created an initial-
state file with a total mass of forest floor and
decomposing litter of . Mg/ha and a soil
humus level of . Mg/ha. The former value is
rather high and the latter value is low since the
calibration data failed to transfer sufficient
decomposing material to the humus box. Because
the model approximates the decomposition rate of
the oldest decomposing material to the rate given
for humus, it is not thought that this error of
representation has had a significant effect on the
simulation performance.

Simulation Results

Table  shows the four alder–Douglas-fir
management scenarios that were identified. The
best scenario was then determined by comparing
the simulation outputs of the four scenarios over a
-year period.

  Four alder–Douglas-fir mixture scenarios, with an
initial stocking level of 1200 stems per hectare of
Douglas-fir. Stem-only harvesting with removal of
85% of stemwood and stembark was applied
only to Douglas-fir at the time of harvest. Branch,
leaves, and roots were left on the site. There was
no commercial harvesting of red alder.

Scenarios Red alder density (stems per
hectare) and management

1 No red alder

2 400, with no alder control

3 400, alder cut and left on the
ground in year 12; alder resprouts
from cut stumps in year 13

4 400, alder removed in the year 30;
no alder resprouts

The temporal patterns of four output
parameters (total stem biomass harvested, total
forest floor mass, total site nitrogen capital, and
total mass of decaying wood) were used to indicate
the sustainability of site productivity. The stem
biomass harvested is a direct indicator of achieved
site productivity, while total floor biomass and site
nitrogen are indirect or potential indicators of site
productivity. Decaying wood is a source of
asymbiotic nitrogen fixation, and the N-fixed rates
in decaying wood depend on its mass (Jurgensen
et␣ al. ). However, too much decaying wood
may cause soil acidification (Van Miegroet et␣ al.
). Thus, decaying wood as an indicator of site
productivity remains questionable from a nutrient
perspective. However, we included it as an
indicator in this study because natural and
managed forests differ in decaying wood, and
because decaying wood plays an important role in
maintaining some aspects of biodiversity.

After selecting the appropriate alder–Douglas-fir
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mixture scenario (as defined by the limited
simulations), its effect on the sustainability of site
productivity when interacting with different
management regimes (utilization levels and
rotation lengths) was evaluated by comparing the
four indicators in a further series of simulations.

For all simulations, growth was modelled
assuming site index at  years of  m for
Douglas-fir and  m at  years for red alder.

Effect of Different Mixture Scenarios Four alder–
Douglas-fir scenarios (Table ) were used to
investigate the effects of different mixtures on
long-term site productivity. Values for the four
indicators for those four management scenarios
over a -year period representing three -year
rotations are illustrated in Figures , a, b, and c.
Results showed that scenario  is the best choice for
the highest levels of harvested stem biomass, total
forest floor mass, total site nitrogen capital, and
the second-highest level of decaying wood.
Scenarios  and  had the lowest values for three
of␣ these indicators, suggesting that unless alder–
Douglas-fir mixtures are managed properly,
they␣ may not perform as well as the pure Douglas-
fir option.

Compared with the monoculture Douglas-fir,
scenario  achieved a –% improvement in the
values of the four indicators summed over the
three -year rotations.

Additional simulations investigated the effect of
different alder densities (e.g.,  and  stems
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per hectare) and alder rotation lengths (, , and
 years) on the biomass of Douglas-fir. Table 
shows that the greatest amount of harvested
stemwood biomass is achieved by either higher
densities (e.g.,  trees per hectare) of alder with

  Total stem biomass harvested for three successive
80-year rotations and the four mixture scenarios.
Data expressed as % of the highest value within
the indicator data set. The absolute value of the
100% scale value was 1701 Mg/ha.

  Site N capital (a), decaying wood mass (b), and
forest floor mass (c) for the three successive 80-
year rotations and the four mixture scenarios.
Data expressed as % of the highest value within
the indicator data set. The 100% scale values for
three indicators are 1299 kg/ha, 70.3 Mg/ha,
and 448.6 Mg/ha, respectively.
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  Five alder–Douglas-fir mixture scenarios, with an initial stocking level of 1200 stems per hectare of Douglas-fir.
Stem-only harvesting with removal of 85% of stemwood and stembark was applied at the end of each 80-year
rotation. Branches, leaves, and roots were left on the site. The utilization level of red alder was the same as
Douglas-fir.

Rotation 1 Rotation 2 Rotation 3
Alder scenario (density; rotation length) Species (Mg/ha) (Mg/ha) (Mg/ha)

200 trees; 36 years; no resprouting fir 530.2 539.2 539.2

alder 49.8 51.9 51.9

total 580.0 591.1 591.1

400 trees; 12 years; resprouting fir 522.6 590.1 588.6

alder 6.9 6.7 6.7

total 529.5 596.8 595.3

400 trees; 12 years; no resprouting fir 507.1 565.6 561.6

alder 6.9 6.7 6.7

total 514.0 572.3 568.3

400 trees; 24 years; no resprouting fir 446.0 508.4 502.9

alder 44.8 44.2 45.0

total 490.8 552.6 547.9

400 trees; 36 years; no resprouting fir 312.3 183.4 148.5

alder 82.2 86.4 87.6

total 394.5 269.8 236.1

shorter rotation lengths (– years), or lower
densities (e.g.,  trees per hectare) with longer
rotation length (e.g.,  years). This was also
identified by Comeau and Sachs ₍₎. The
mixtures with densities of  stems per hectare
and -year or longer rotation lengths of alder
significantly decrease the stemwood biomass of
Douglas-fir, and are not appropriate for alder–
Douglas-fir mixedwood management.

Simulation results also showed that no alder
trees were left at the end of each -year rotation.
They died out because of competition.

Effect of Different Utilization Levels The
utilization levels investigated in this study were
whole-tree harvesting and stem-only harvesting.
Whole-tree harvesting was defined as the removal
of % of stemwood and stembark, and % of
branches and leaves. Stem-only harvesting was
defined as % removal of stemwood and
stembark. Rotation length was  years and alder–
Douglas-fir mixture scenario  was compared with

scenario  (no alder). The results (Table ) indicate
that alder–Douglas-fir mixture scenario  with
stem-only harvesting increased productivity in
subsequent rotations, while the same mixtures with
whole-tree harvesting decreased productivity in
subsequent rotations. The decline over the three
-year rotations is most rapid in scenario  with
whole-tree harvesting. Table  also shows that
scenario  with stem-only harvesting achieved
more sustainable forest floor biomass and site N
compared with whole-tree harvesting. The mass of
decaying wood in the second rotation dropped to
about half of the value in the end of the first
rotation, but there was little change between
rotations  and . The high loading of decaying
wood at the end of the first rotation is a reflection
of the “legacy” of decaying wood that was present
on the site as defined in the initial-state file. Our
conclusion is that the appropriate mixture of these
four alder–Douglas-fir management scenarios
would be scenario  with stem-only harvesting.
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  Four indicators of sustainability over three 80-year rotations with two harvesting levels (whole-tree harvesting [WTH]
and stem-only harvesting [SOH]) for alder–Douglas-fir scenarios 1 and 3. The results are expressed as a percentage
of the highest value obtained within each of the four indicators.

Stem biomass Forest Site nitrogen Decaying

Rotations Management (Douglas-fir) floor mass capital wood mass

scenario WTH SOH WTH SOH WTH SOH WTH SOH

1 3 93.8 88.6 81.8 100.0 71.7 99.2 89.9 89.9

1 83.8 79.2 75.0 93.6 69.8 95.2 100.0 100.0

2 3 80.0 100.0 66.3 96.5 66.0 100.0 43.7 36.0

1 67.5 78.7 55.5 86.0 61.3 95.1 30.3 48.0

3 3 75.6 99.7 63.0 96.1 65.1 99.1 40.0 34.6

1 60.3 78.5 48.8 85.8 56.9 94.8 26.0 47.0

Note: Scenario  has no alder.

Whole-tree harvesting did not prove to be a
sustainable management option, in spite of the
nitrogen inputs from alder. However, this
conclusion is sensitive to the definition of the
initial-state. Higher or lower initial values for
forest floor mass, site N capital, and decaying wood
in the initial state file would result in the different
values and patterns of change from those presented
in Table .

Effect of Different Rotation Lengths The effects of
different rotation lengths (, , , and  years)
were examined for scenario  with stem-only
harvesting. The simulations revealed a tradeoff
between the shortest and longest rotation lengths
(Table ). The shortest rotation produced the
highest amount of harvested stem biomass but the
lowest floor mass, site nitrogen capital, and mass of
decaying wood over the -year simulation
period. The longest rotation produced the reverse
pattern: lowest stem biomass but largest values for
the other three indicators.

Management for sustainable long-term site
productivity requires a balance between timber
production and the maintenance of site fertility.
The -year rotation length with scenario  appears
to give the best overall performance, with close to
the maximum stem biomass, good organic matter
and nitrogen conservation, and intermediate levels
of decaying wood.

The Need to Represent the Entire Plant
Community

The simulations assumed a simple alder–Douglas-
fir system. This is not realistic. Herbs and shrubs
can have a significant competitive effect on the
growth of both Douglas-fir and red alder. Tables 
and  demonstrate the importance of a more
complete description of the simulated plant
community. These  scenarios simulated the
effects of the herb fireweed and the shrub
salmonberry on the growth of both Douglas-fir
and red alder as a function of the timing of their
invasion of the site (Table ). Values of stem
biomass, foliage biomass, and top height at the end
of a -year simulation, or the maximum values
achieved by those species that are shaded out
before the end of the simulation, are presented for
each scenario in Table .

The results show that fireweed and salmonberry
can have a dramatic effect on the growth of
Douglas-fir and red alder if these herbs and shrubs
invade in year , the year before Douglas-fir
planting (scenarios , , ). However, their negative
effects are significantly reduced if they invade in
year  (scenarios , , ). This suggests that
vegetation management or control is required if
dense salmonberry or fireweed becomes established
on the site being simulated.
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  Comparison of the four indicators under four different rotation lengths, for mixedwood scenario 3 and monoculture
Douglas-fir (scenario 1) over the 240-year period

Stem biomass Forest Site nitrogen Decaying
Rotation Management (Douglas-fir) floor mass capital wood mass

length scenario (Mg/ha) (kg/ha) (Mg/ha) (Mg/ha)

40 years 3 1821 250 924 10.7

(six rotations) 1 1419 203 781 11.6

60 years 3 1763 352 1172 13.5
(four rotations) 1 1398 309 1074 21.2

80 years 3 1701 431 1287 24.5
(three rotations) 1 1395 385 1231 33.2

120 years 3 1257 513 1620 51
(two rotations) 1 1136 466 1539 49

Initial state – – 254 1341 32.6

  Scenarios used to investigate the effects of fireweed, salmonberry, and a bryophyte community on the growth of
both Douglas-fir and red alder (from Kimmins 1993)

Year of  establishment

Scenarioa Red alder Fireweed Salmonberry

1 –b – –

2 16 – –

3 16 1 –

4 16 – 1

5 16 1 1

6 16 5 5

7 16 5 –

8 16 – 5

9 1 1 1

1 0 5 1 1

1 1 10 1 1

1 2 1 – –

1 3 5 – –

1 4 10 – –

a All scenarios include a bryophyte community. Douglas-fir ( stems per hectare) was planted in year  and spaced to  stems
per hectare in year . Whenever red alder is represented,  stems per hectare were simulated. Red alder were not removed
during the spacing in year . Scenarios vary in the year of invasion of red alder, fireweed, and salmonberry. Alder establishment
in year , , and  represents invasion before Douglas-fir canopy closure. Establishment in year  represents invasion following
Douglas-fir spacing.

b A dash signifies that the species was not included in the simulation.

  Maximum values of stem biomass, foliage biomass, and top height for each of the species over a 40-year
simulation. Scenarios described in table 5.
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Douglas-fir Red alder Fireweed Salmonberry Bryophyte

Scenario SBa FBb THc SB FB TH SB FB TH SB FB TH SB FB

1 293 16.7 35.2 –d – – – – – – – – 26.4 10.5

2 295 16.9 35.2 0.7* 0.09 1.5 – – – – – – 26.3 10.5

3 100 9.8 22.0 0.1* 0.03 0.9 3.0 0.6 2.0 – – – 7.2 6.3

4 8.0 1.0 15.0 0.1* 0.03 0.9 – – – 10.0 1.5 2.8 14.2 11.2

5 0.4*e 0.1 1.6 0.1* 0.03 0.9 2.3 0.5 2.0 10.1 1.5 2.8 4.2 3.5

6 288 16.8 34.2 0.6* 0.08 1.4 1.8 0.4 2.0 3.3 0.6 2.8 12.1 7.5

7 286 16.5 34.3 0.8* 0.10 1.6 2.2 0.5 2.0 – – – 13.2 8.1

8 298 17.0 34.9 0.6* 0.08 1.4 – – – 6.0 0.9 2.8 15.1 8.8

9 2.0 0.2 11.2 49 5.80 4.8 1.9 0.4 2.0 9.0 1.5 2.8 5.9 4.8

1 0 0.4* 0.1 1.2 0.1* 0.30 0.9 2.3 0.5 2.0 10.1 1.5 2.8 4.2 3.5

1 1 0.4* 0.1 1.8 0.1* 0.30 0.9 2.3 0.5 2.0 10.1 1.5 2.8 4.2 3.5

1 2 39 4.1 21.9 96 9.10 12.2 – – – – – – 30.9 15.3

1 3 323 18.4 36.5 7.6* 0.90 9.8 – – – – – – 25.7 10.8

1 4 300 16.8 35.3 0.8* 0.10 1.7 – – – – – – 26.1 10.4

a SB = stem biomass (Mg/ha). “Stem” for bryophytes means total bryophyte biomass.
b FB = foliage biomass (Mg/ha).
c TH = top height (m).
d Species not included in simulation.
e Species eliminated by the end of the 40-year simulation are flagged with an asterisk.

Invasion of alder in year  in the absence of
minor vegetation had almost no effect on Douglas-
fir (scenario ). Alder invasion in year  at  trees
per hectare reduced Douglas-fir stem biomass by
% (scenario ), whereas alder invasion in years 
and  resulted in increases in Douglas-fir growth
of % and %, respectively (scenarios  and ).
The presence of fireweed and salmonberry from
year  reduced the growth of alder by about %
when alder invaded in year  (scenario ). Alder
was eliminated by fireweed and salmonberry when
alder invasion was delayed to years , , and 
(scenarios  to , , and ). Douglas-fir was elim-
inated by a dense community of fireweed and
salmonberry established in year  (scenario ), but
was able to achieve about % of the stemwood in
scenario  in the presence of fireweed that
established in year  (scenario ), and % in the
presence of salmonberry which established in year
 (scenario ). Fireweed, salmonberry, or a mixture

invading in year  had little effect on well-
established Douglas-fir.

Establishment and management of alder–
Douglas-fir mixtures clearly requires an under-
standing of tree-understorey relationships as well
as tree-tree relationships. This argues strongly for
an ecosystem approach to mixedwood management
rather than a community approach. Computer
models that ignore the competitive role of herbs
and shrubs in mediating establishment of, and
competition between, coniferous and deciduous
trees will therefore have a limited role in the design
of mixedwood management strategies.

The simulations presented here used a stand-level
model and an “opaque blanket” representation of
tree canopies (see Kimmins ). While this repre-
sentation works well for even-aged, monoculture
forests, it has significant limitations for the simu-
lation of mixed stands. The model can represent
herbs and shrubs and their interactions with trees.
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Individual-tree models that are spatially explicit
offer a significant advance over most existing
models and have potential application in mixed-
wood management planning and research. So far,
most of these models deal only with light
competition, although the model developers
express their intention to eventually incorporate
soil processes. The models still do not include
minor vegetation. Our team is developing FORTOON:
an individual-tree, stand-level ecosystem model
that will have all the simulation capabilities of
FORECAST. In addition, it will also represent uneven-
aged (as well as even-aged) stands, mixed stands,
the full range of silvicultural systems, and a wide
range of management practices. If this model is
successful in meeting its design objectives, it
should be a valuable tool for mixedwood research
and management. An initial version of FORTOON

should be available in late .

Conclusions

The simulations reported here show that an
appropriate alder–Douglas-fir mixture can achieve
a potential yield increase of –% compared with
monoculture Douglas-fir management. We antici-
pate that a more detailed investigation may reveal
the potential for an even greater increase.

From a nutrient perspective, the simulations
suggest that the optimum strategy for the
sustainable management of Douglas-fir ecosystems
would be a mixture of  Douglas-fir trees per
hectare and  red alder, cutting the alder in year
 and letting them resprout, stem-only harvesting,
and an -year rotation length

Understorey vegetation (e.g., fireweed and sal-
monberry) may require management to achieve the
potential benefits from alder–Douglas-fir mixtures.

Most existing computer models are unsuitable
for the design of mixedwood management options.
For this, researchers and forest managers need an
ecosystem-level model that incorporates: herbs,
shrubs, and probably bryophytes in addition to
trees; an explicit representation of individual tree
crowns; nutrient requirements, nutrient cycling,
and nutritional interactions of different species;
and, if natural regeneration options are to be
simulated, a representation of seedbeds and
seedling establishment.
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