
Introduction

There are a number of incentives to
retain broadleaf tree species, such as
paper birch (Betula papyrifera
Marsh.), following logging in the
Interior Cedar–Hemlock biogeocli-
matic zone. For example, the roots
of paper birch are intimately associ-
ated with numerous species of ecto-
mycorrhizal fungi. The retention in
plantations of paper birch may,
therefore, contribute to below-
ground biodiversity by hosting a
variety of mycorrhizal fungi. Fur-
thermore, the retention of paper
birch in young mixed plantations
appears to reduce the incidence of
Armillaria ostoyae among Douglas-
fir (Pseudotsuga menziesii (Mirb.)
Franco) (Morrison et al. ;
Simard ) and improve both the
nitrogen and pH status of soils.
Finally, the presence of paper birch
increases the diversity of tree species
and contributes to the structural
diversity of a stand (Simard and
Vyse ) (Figure ).

Ectomycorrhizae are the nutrient-
and water-absorbing organs of most
woody plants and, as such, mycor-
rhization of planted seedlings is
thought to be critical for adequate
growth and survival. However, ecto-
mycorrhizal fungi do not persist in

the absence of a plant host and
therefore the quantity and diversity
of fungal inoculum often decreases
after logging. Ectomycorrhizal
species, such as paper birch, may act
as reservoirs (refuge plants) for ecto-
mycorrhizal fungi on a site, thereby
maintaining a diversity of fungi that
may eventually associate with
planted conifers.

Interior Cedar–Hemlock forests
are often considered rich in tree
species; however, as with most tem-
perate forests, the diversity of plants
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is small compared to the enormous
diversity of soil organisms. For
example, there are an estimated
 species of fungi capable of
forming ectomycorrhizae. Douglas-
fir alone can associate with an esti-
mated  species of ectomycor-
rhizal fungi, and there can be as
many as  different species in a
typical Douglas-fir stand. Among
the many species of ectomycorrhizal
fungi, considerable differences exist
with respect to their physiology and
ecology. Ectomycorrhizal fungi differ
in their ability to take up various
forms and types of nutrients, in
their tolerance to water stress and
temperature extremes, and in their
resistance to pathogens. Therefore, it
is hypothesized that seedlings associ-
ated with a diverse array of ectomy-
corrhizal fungi will have an
increased capability to fully exploit
the heterogeneous soil through
which the roots are growing.

The objectives of this study were
to investigate the effects of planting
mixtures of paper birch and
Douglas-fir at various densities and
proportions on the diversity of ecto-
mycorrhizal fungi. This study was
carried out at three different sites
over three years (–) in the
Interior Cedar–Hemlock biogeocli-
matic zone () of the southern
Interior of British Columbia. Two of
the three sites, Adams Lake and
Malakwa Lake, are located in the
mw variant, whereas the site at
Hidden Lake is located in the
mw variant. All sites were har-
vested prior to  and planted
with Douglas-fir. In the fall of ,
the sites were de-stumped to reduce
the inoculum load of A. ostoyae and,
as a result, the previously planted
seedlings were also removed.

Methods

In June , + containerized
paper birch and Douglas-fir were
planted in single-species and mixed

plots at various densities and pro-
portions: Ep/Fd, Ep/Fd,
Ep/Fd, Ep/Fd,
Ep/Fd, Ep/Fd, and
Ep/Fd (numbers represent
stems per hectare of paper birch
[Ep] and Douglas-fir [Fd]). A
Ep/Fd mixed plot is shown
in Figure . At each of the three
sites, one replicate plot of each
treatment was established (seven
treatments times three replicates =
 plots). All plots were located
between  and  metres from the
adjacent forest.

At , , and  months following
planting, the roots were sampled
and examined for mycorrhizal for-
mation at  magnification. Ecto-
mycorrhizal roots were categorized
into morphological groups based on
distinct macroscopic (Figure ) and
microscopic features. Simpson’s
diversity index was calculated to
describe the ectomycorrhizal com-
munity associated with the seedlings
at the various treatments. Diversity
indices, such as Simpson’s, incorpo-
rate the two components of diver-
sity: richness (the number of species
in a defined sampling unit) and
evenness (the proportional abun-
dance of these species). High even-
ness is equated with high diversity.

Results

Ectomycorrhizal Community
The mycorrhizal community associ-
ated with Douglas-fir was character-
ized by the presence of few domi-
nant mycorrhizae (Figure ). The
dominant mycorrhizae included
Thelephora-like, E-strain I and II,
Cenococcum-like, Mycelium radicis
atrovirens (), and Rhizopogon-
like morphotypes. Twenty-eight
months following planting, five of
the six dominant types of ectomy-
corrhizae encountered were common
to both Douglas-fir and paper birch.
Of the dominant types encountered,
only Rhizopogon was restricted to
one host (Douglas-fir). Overall, %
of mycorrhizal paper birch roots
were colonized by fungi that were
also associated with Douglas-fir.
Fifty-six percent of mycorrhizal
Douglas-fir roots were formed by
fungi that also colonized paper
birch.

The number of ectomycorrhizal
morphotypes associated with paper
birch increased over the three years
of study. In , nine types were
identified, whereas  types were
identified in  and  types in
 (Figure ). A similar increase in
the number of fungal associates was



  Mixed plot at Adams Lake
one year after planting.

  Thelephora-like mycorrhizae
on paper birch.



identified for the Douglas-fir
seedlings. Nine types were encoun-
tered in ,  types in , and
 types in .

Ectomycorrhizal Diversity
Interplanting Douglas-fir with paper
birch resulted in an increase in the
evenness component of the diversity

of ectomycorrhizae associated with
Douglas-fir seedlings (Figure ), but
it did not affect the number of my-
corrhizal types per seedling. The
diversity of ectomycorrhizae associ-
ated with birch remained high in
both single-species and mixed plots.
Planting density did not affect either
component of diversity.

Interpretation 

Ectomycorrhizal Diversity
Sixteen and  months after plant-
ing, interplanting Douglas-fir with
paper birch increased the evenness
of ectomycorrhizal types on
Douglas-fir compared with planting
Douglas-fir in pure stands. This
“mixture effect” resulted from an
increase in the abundance of sub-
dominant mycorrhizae such as the
Cenococcum-like and  morpho-
types on Douglas-fir. In contrast,
Douglas-fir seedlings grown in pure
stands were colonized predomi-
nantly by one ectomycorrhizal type,
such as the Thelephora-like or Rhi-
zopogon-like morphotypes. Seedlings
associated with a diverse array of
ectomycorrhizal fungi are thought to
benefit from the range of functions
that the different fungi perform.
Therefore, planting in mixtures can
be regarded as contributing both to
seedling success and biodiversity.

There are a number of factors
that may have resulted in the
increased evenness of ectomycor-
rhizal fungi associated with Douglas-
fir seedlings. First, ectomycorrhizal
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  The proportions of the six dominant mycorrhizal types on roots of planted
Douglas-fir sampled in 1992, 1993, and 1994.
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  The number of mycorrhizal
types encountered on the roots 
of Douglas-fir and paper birch,
4 (1992), 16 (1993), and 28
(1994) months after planting.
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  Evenness per seedling for the mycorrhizal communities of paper birch and
Douglas-fir planted in mixed (dark bars) or single-species (stippled bars)
plots for 4 (1992), 16 (1993), and 28 (1994) months. Evenness was
higher for Douglas-fir when grown in mixture with paper birch than when
grown alone in 1993 (P = 0.07) and 1994 (P = 0.09).



fungi vary in their level of host
specificity. It is possible that certain
fungi that are commonly restricted
to one host (e.g., paper birch)
become capable of colonizing a sec-
ond host (e.g., Douglas-fir) when
the mycelium is already established
with its primary host. An additional
or alternative factor contributing to
an increase in evenness for Douglas-
fir may be due to chemical and/or
biological changes in the soil caused
by paper birch. Paper birch im-
proves the nitrogen and pH status
of soils, and hosts a unique micro-
flora, including numerous species of
bacteria. Many such rhizosphere
bacteria have recently been identi-
fied as “mycorrhization helper bacte-
ria,” which can promote ectomycor-
rhizal colonization (Garbaye ).
Some bacteria may also play an
important role in the uptake of cer-
tain nutrients. For example, certain
strains of Bacillus sp. associated with
tuberculate ectomycorrhizae can fix
nitrogen, thereby influencing nitro-
gen dynamics in the soil (Li et al.
).

Shared Ectomycorrhizal Fungi and
Nutrient Transfer 
The finding that paper birch and
Douglas-fir share ectomycorrhizal
fungi indicates that they can be
linked by a common mycelium, and
that carbon, nutrients, or water
could transfer between the two
species. In a separate field study car-
ried out at Adams Lake, Simard et
al. () showed that % of fixed
carbon was transferred between
paper birch and Douglas-fir through
their mycorrhizal linkages. There
was a % net carbon gain by
Douglas-fir, which was increased
with shading. It is speculated that
interspecific hyphal linkages and
nutrient transfer can reduce compe-
tition between these two species in
the field. Reduced competition may
allow the persistence of Douglas-fir
in otherwise inhospitable environ-

ments, thereby increasing plant
species diversity. Other studies have
shown that biodiversity contributes
to productivity and resilience of
ecosystems (Tilman et al. ).

Ecology of “Pioneer” Fungi
Succession occurs in ectomycorrhizal
fungal communities much the same
as it does in plant communities.
“Early-stage” or “pioneer” ectomy-
corrhizal fungi are characterized by
rapid dispersal and the ability to col-
onize from spores or fragments of
mycelium. As such, these fungi are
commonly observed associated with
naturally regenerating or planted
seedlings in newly disturbed areas.
Examples of early-stage fungi include
all of the dominant fungi encoun-
tered in this study: Thelephora-like,
Cenococcum-like, , Rhizopogon-
like, and E-strain morphotypes. It is
interesting to note the presence of
Thelephora-like and  mycorrhi-
zae (common greenhouse contam-
inants) associated with planted
seedlings. Our study showed that
Thelephora and  inoculated
seedlings after they were outplanted,
not in the greenhouse, suggesting
that large, effective sources of inocu-
lum for these fungi exist in clearcuts.

In contrast to early-stage mycor-
rhizal fungi, “late-stage” fungi are
characterized by their inability to
colonize from spores and a require-
ment for an intact mycelial connec-
tion with a live host for colonization.
Therefore, in the absence of refuge
plants, the inoculum available to
seedlings will be restricted to early-
stage fungi capable of colonizing
from spores or fragments of
mycelia. Examples of late-stage fungi
include Lactarius and Russula, which
occurred infrequently (–% of
mycorrhizal roots) over the three
years of this study. Despite their
infrequent occurrence, there was
apparently a viable source of inocu-
lum for Lactarius and Russula pre-
sent in the clearcuts. It is possible

that other broadleaves present on
site, such as trembling aspen or
black cottonwood, were colonized by
these fungi and that the extending
mycelium provided a viable inocu-
lum source for the planted seedlings.
Interestingly, under greenhouse con-
ditions, these fungi did form ecto-
mycorrhizae with seedlings; this
indicates that, in some cases, colo-
nization can occur from isolated
fragments of inoculum.

Conclusions and
Management Implications

. This study shows that interplant-
ing Douglas-fir with paper birch
will increase below-ground biodi-
versity by increasing the evenness
component of ectomycorrhizal
diversity.

. The observation that five of the
six dominant types of ectomycor-
rhizae were common to both
Douglas-fir and paper birch indi-
cates the potential for carbon
transfer between the two species
via a common mycelium. A
shared mycorrhizal mycelium is
speculated to reduce competition
between the two species, encour-
age co-existence, and, therefore,
favour plant species diversity.

. The retention of broadleaves,
such as paper birch, will help to
achieve the biodiversity objectives
outlined in the Forest Practices
Code by increasing tree species
diversity, structural diversity, and
the diversity below-ground.

Text by Shannon Hagerman
Soil Biology Consultant

 Bond Road

Winfield, B.C.  
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