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Abstract The ability of trees dependent on arbuscular
mycorrhizal (AM) fungi to establish in ectomycorrhizal
forests is unknown. On northern Vancouver Island,
Canada, there are sharp boundaries between mixed red
cedar (Thuja plicata)-hemlock (Tsuga heterophylla) (CH)
stands, and stands of hemlock and amabilis ﬁr (Abies
amabilis) (HA). We tested diﬀerences in AM colonization of red cedar between ectomycorrhiza-dominated
(HA) stands and stands containing red cedar (CH),
across a range of light levels. We used a soil bioassay
approach to determine whether there was suﬃcient AM
fungal inoculum in the HA tree stands to colonize red
cedar seedlings. Seeds of hemlock and red cedar were
sown in forest ﬂoor samples collected from the two types
of forests, and shade treatments ranging from <1 to
53% of full sunlight were imposed. After 6 months,
seedling survival and root and shoot biomass were
quantiﬁed, and red cedar seedlings were sampled for
AM fungal colonization. Hemlock survival and growth
did not diﬀer between soil types, suggesting there was no
substrate-associated limitation to its establishment in
either forest type. Red cedar colonization by AM fungi
was signiﬁcantly correlated with light levels in CH soils
but arbuscular mycorrhizas were absent in roots of red
cedar seedlings grown in HA soil. Red cedar survival
and relative growth rate were signiﬁcantly greater in the
CH than in HA soil; higher growth was due primarily to
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greater shoot growth in CH soils at high light levels. The
low soil inoculum potential for red cedar in ectomycorrhiza-dominated stands may account for the virtual
exclusion of red cedar seedlings from these forests.
Keywords Climate change Æ Colonization Æ Dispersal Æ
Shade Æ Tree distribution

Introduction
Interest in the potentially important role that mycorrhizal fungi play in inﬂuencing plant community membership and diversity has recently increased (Francis and
Read 1994; van der Heijden et al. 1998a,b; Hartnett and
Wilson 1999; O’Connor et al. 2002). Arbuscular
mycorrhizal (AM) fungi can alter the relative performance of plants (Kough et al. 1985; Klironomos 2003),
and can aﬀect diversity by changing dominance relations
among plant species (Hartnett and Wilson 1999; Urcelay
and Diaz 2003). Typically, species comprising the main
structural components of the vegetation in a given ecosystem are colonized by the same group of mycorrhizal
fungi. In the northern hemisphere arbuscular mycorrhizal plants tend to dominate in relatively mild climates
and in low phosphorus soils, whereas ectomycorrhizal
plants dominate in colder climates and in soils of high
organic matter and low nitrogen (Read 1991; Allen et al.
1995). In zones where the two groups overlap, the
interaction between ecto- and AM tree communities is
poorly understood. Of the little research performed on
this topic, most has occurred in tropical areas where
local patches of ectomycorrhizal trees occur within
predominantly arbuscular dominated forests (Alexander
1989; Moyersoen et al. 1998; Onguene and Kuyper
2002). Within North America, laboratory and ﬁeld
studies have shown that the absence of AM inoculum
restricts AM plant establishment in the understory of
live ponderosa pines, an ectomycorrhizal tree
species (Kovacic et al. 1984). Similarly, a lack of
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ectomycorrhizal fungi limited conifer invasion into
beaver meadows (Terwilliger and Pastor 1999). Although few in number, results from these studies suggest
ectomycorrhizal communities are mutually exclusive of
AM communities and vice versa.
With current predicted movements of plant communities in response to changing climatic conditions
(Overpeck et al. 1991; Parmesan and Yohe 2003), it is
critically important to understand the interactions between ecto- and AM communities in more northern
areas. As warmer conditions develop in more northern
areas, more southern, typically AM trees will no longer
be limited by climatic barriers. Thus, there will likely be
an increase in interactions between AM and ectomycorrhizal communities. However, both symbionts, AM
fungi and tree host, must be able to arrive and establish
in what is currently predominantly ectomycorrhizal
forests.
Northern Vancouver Island, oﬀ the west coast of
Canada, oﬀers an interesting case study of the interaction between ecto- and arbuscular mycorrhizal tree
communities. Western red cedar (Thuja plicata Donn.), a
species associated with arbuscular mycorrhizas, began
establishing approximately 3,000 years ago in a forest
dominated by ectomycorrhizal Sitka spruce [Picea
sitchensis (Bong.) Carrière], western hemlock (Tsuga
heterophylla Raf. Sarge) and amabilis ﬁr (Abies amabilis
Dougl.) (Hebda 1983). The current landscape reﬂects
this historical inﬂuence, with two distinct forest types
occupying mesic sites: the hemlock-amabilis ﬁr (HA)
and the red cedar-hemlock (CH) forests (Lewis 1982).
These forest types tend to have clear boundaries with
little or no red cedar regeneration inside HA stands
(Prescott and Weetman 1994; Weber et al. 2003), but
abundant hemlock regeneration in both stand types.
Researchers have attempted to explain the exclusion of
red cedar from HA stands based on shade tolerance
(Weber et al. 2003) and disturbance history (Prescott
and Weetman 1994). Although the processes responsible
for maintaining two distinctive forest types on
apparently similar sites are not fully understood, initial
research suggests that red cedar is excluded from HA
stands by an interaction between low light and an
incompatibility with the HA substrate (Weber et al.
2003). Measurements taken within intact CH and HA
stands showed that soil chemical or physical properties
were not substantially diﬀerent among the two stands;
mineral soils in CH stands had lower amounts of total
N, but were similar with respect to organic C, C:N,
available P, aluminium, and soil texture (De Montigny
1992; reviewed in Prescott and Weetman 1994).
However, samples of the forest ﬂoor layers [litter (L),
fermentation (F) and humus (H)] of the two diﬀerent
stands showed a diﬀerent trend where concentrations of
total and extractable N and P, and mineralized N were
lower in the CH than those in the HA (Prescott et al.
1993).
There is low species richness and abundance of understorey vascular plants in these two forest types, with

such plants in HA stands typically covering 0 to 3% of
the forest ﬂoor (Weber et al. 2003). These plants consist
mostly of ericaceous shrubs, several species of orchids
and ferns, and of these only ferns, which are a minor
component of the ﬂora, are regarded as putative hosts to
AM fungi. In neither of these forest stands do all understorey plants and trees show ﬁdelity to the same type
of mycorrhizal associations. Compatibility with multiple
types of mycorrhizal associations (e.g. among ericoid,
orchid, arbuscular or ectomycorrhizal fungi) is uncommon within a single host species (Molina et al. 1992).
Therefore, candidates of potential inoculum for any
particular host species will be restricted, but the availability of the inoculum will vary depending on the
mycorrhizal status of the surrounding vegetation. For
example, within these forests ectomycorrhizas are found
in a variety of common tree species. Consequently, when
one tree species is removed from the stand, root systems
of other tree species can act as sources of ectomycorrhizal fungal inoculum. Western red cedar, an obligately
AM species (Curran and Dunsworth 1988), is the only
AM tree species within these forests. It has been shown
to react more positively to inoculation with AM fungi
than other closely related tree species (Kough et al.
1985). Therefore, it is likely that establishment of western red cedar is severely limited where there are no
other sources of compatible AM inoculum.
This study was designed to investigate the hypothesis
that limitations in AM fungal inoculum in HA stands
may be responsible for red cedar exclusion. The absence
of critically required symbionts could account for the
poor survival and growth of red cedar seedlings. Due to
the potentially confounding eﬀects of light availability in
a forest understory, we also examined the consistency of
AM fungi-red cedar relationships across a range of light
levels. We performed a greenhouse soil bioassay using
forest ﬂoor materials collected from CH and HA sites to
address the following questions: (1) Do red cedar seedlings show diﬀerences in survival and growth between
the substrates? (2) Does substrate determine the probability that AM fungi will colonize red cedar? (3) Are
diﬀerences in colonization and red cedar performance
consistent across a range of light levels? (4) How do
these results for red cedar compare to those for hemlock,
which is known to establish in both forest types?
We used the soil bioassay approach to quantify the
inoculum potential in the two stand types. Inoculum
potential is deﬁned as the capacity of mycorrhizal fungal
propagules to form associations with roots in a particular soil and can be measured by the rate of colonization
of host roots. Counting propagules or indirect estimates
do not always correspond with mycorrhiza formation in
soil (Abbott and Robson 1991; Brundrett 1991).
Therefore, soil bioassays that measure mycorrhiza formation on red cedar seedlings grown in soil samples are
expected to provide a better estimate of inoculum potential for this species (Brundrett and Abbott 1994). The
eﬀects of inoculum potential on red cedar seedling
recruitment within the forest stands were assessed by
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measuring growth and survival of seedlings. Including
hemlock as an additional bioassayed species allowed for
diﬀerences associated with other chemical, physical or
non-AM factors between CH and HA substrates to be
detected.

Materials and methods
Forest ﬂoor samples were collected from 12 to 14 May
1999 from four areas containing both CH and HA forest
types. Intact forest ﬂoor was collected to 50 cm depth
and put into garbage bags. The soil collection sites range
in distance from approximately 5 to 15 km, and were
located within the Port McNeill forest area on northern
Vancouver Island, Canada. Once shipped to the University of British Columbia, Vancouver, the samples of
each forest type were mixed by hand, and coarse twigs,
large sticks and leaves were removed. The soil was stored
in a cool, open area until 28 May, and afterwards
samples from each site type were combined and the
composite samples for each forest type were transferred
to pots. Red cedar and stratiﬁed hemlock seeds from the
BC Tree Centre (seedlots 60218 and 06891, respectively)
were germinated on ﬁlter paper and then planted into
3.7 l pots containing either CH or HA forest ﬂoor on 29
May 1999. A total of 160 pots were placed in a greenhouse on the University of British Columbia campus
(Vancouver, British Columbia), and were left under
ambient light (approximately 54% of full sunlight).
After 6 days, pots of each substrate type were randomly
assigned to a shade treatment. Forty shade houses were
constructed with three densities of neutral shading cloth
applied in one, two or three layers to produce nine shade
treatments (3 densities ·3 numbers of layers). A tenth
treatment of ambient light was also included, and positioning of these treatments within the greenhouse was
randomly assigned. In total, there were four treatments
(2 species ·2 substrates), ten light regimes, and four
replicates of each for a total of 160 pots. The experimental design was a randomized split-plot, with each
species by substrate combination housed within a light
treatment. Light measurements were done in the greenhouse to assess actual light levels within each shade
treatment and the actual light levels were used in all
analyses. All light measurements were taken using two
calibrated Decagon sunﬂeck ceptometers, following the
protocol of Parent and Messier (1996).
Pots with high germinant mortality in the ﬁrst week
were replanted so that the minimum number of initial
seedlings was at least 5 per pot. Initial germinant numbers were recorded as those surviving on June 12.
Seedling survival per pot was recorded on November 19,
slightly less than 6 months after the initial planting. Pots
were put in a dark cold-room (temperature approx. 2C)
on 28 November 1999, and plants were harvested from
29 November to 1 March 2000. Roots and shoots of
both species were separated and dried at 74C overnight,

and weighed. Roots of 66 red cedar seedlings were used
to create dry-to-wet-weight regressions, with three separate regressions developed for diﬀerent drying times
required for diﬀerent root sizes (r2 values ranged from
0.98 to 0.997). These regressions were used to predict the
dry weight of roots sampled for mycorrhizas. Roots
from three red cedar plants were taken from each red
cedar pot to test for AM colonization. Red cedar roots
that were sampled for mycorrhizas were cleared and
stained by Dr. G. Xiao at the University of British
Columbia, and then assessed for presence of arbuscular
mycorrhizas. For each seedling the entire root length
was examined for presence of AM with a dissecting
microscope and questionable observations were conﬁrmed by use of a compound microscope. If vesicles,
arbuscles or AM hyphae were observed at any point
along the length of the root, the seedling was considered
to be mycorrhizal, thus negating any eﬀects of internal
hyphal spread within a root system.
Statistical analyses
Analyses of covariance (ANCOVA) were used to test the
eﬀects of treatments on relative growth rate and survival, with the light treatment included as the continuous
variable and the substrate and species included as class
variables. For all ANCOVA tests, the light by replicate
error term was used to test the eﬀect of light, and the
residual error term was used to test the class variables
and interaction terms. The relative growth rate (RGR)
of each individual was calculated as: RGR =ln (total
dry weight) ln (seed mass) with time consistent for all
plants (184 days). Seed masses of red cedar and hemlock
were 1.36 and 2.40 mg/seed, respectively. RGR was
averaged within each experimental unit prior to ANCOVA and permutation tests. Light levels were log
transformed in both analyses, and survival was arcsine
transformed to improve the normality of the data distributions (Neter et al. 1996).
Survival was tested with a logistic model (binomial
distribution) using PROC Genmod in SAS system 8.02
(SAS 1999). Results from this test were identical to those
from a linear model with survival rate arcsine transformed; the latter test is reported due to the simplicity of
interpretation. Both the RGR and survival analyses had
signiﬁcant interaction terms (non-parallel slopes), with
the RGR containing a three-way interaction (light ·
substrate · species) and the survival analysis containing
a two-way interaction (species · substrate) (Table 1).
Therefore, each analysis was subsequently tested for
diﬀerences between substrate types for each species to
obtain speciﬁc responses to the treatments. Permutation
tests were used to test for diﬀerences in slope and
intercept (following Kleinbaum and Kupper 1978), with
the (x,y) pair randomly assigned to either treatment.
Thus the null population consisted of the combined
observations from both treatments, and the slope and
intercept were simultaneously generated to develop the
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Table 1 Type 3 analysis of covariance (ANCOVA) results for T. plicata survival and RGR analyses
Source

df

Survival F

Survival P>F

RGR F

RGR P>F

Lighta
Substrate
Species
Species · substrate
Light · species
Light · substrate
Light · species · substrate

1
1
1
1
1
1
1

16.58
11.73
17.36
5.62
0.56
0.74
0.03

<0.0001
0.0009
<0.0001
0.0194
0.4546
0.39
0.8532

155.49
0.28
13.55
1.99
0.17
0
9.67

<0.0001
0.5982
0.0004
0.1614
0.6835
0.9476
0.0025

a

The light term was tested with the light · replicate interaction term, and the remaining terms were tested with the residual variance

null distributions of both parameters. A total of 9,999
permutations were run for each test. ANCOVA was also
done on log-transformed shoot and root masses. The
shoot analysis showed a three way interaction, and
species were subsequently tested with permutation tests
as with the RGR and survival analyses.
We performed an additional analysis to ensure that
pots with more seedlings surviving did not show lower
growth due to competitive interactions (i.e. we tested for
this experimental artefact). Residuals from a covariate
analysis regressing light versus growth for both cedar
and hemlock showed no relationship with the number of
seedlings remaining in a pot (r2<0.02).
Probability of colonization of red cedar germinants
by AM fungi was tested using a logistic regression with
light as the independent variable and each pot serving as
an observation. The logistic regression, dry weight
regressions and covariance analyses were done using
SAS system 8.02 (SAS 1999), and the permutation tests
were constructed and run using Visual Basic.

Results
Colonization of red cedar roots by AM fungi was signiﬁcantly related to light levels in the CH soil (P<0.015,
Fig. 1), with the predicted and observed values showing
a good ﬁt (81.4% concordant, 14% discordant and
4.6% tied). Colonization of red cedar in CH soil was

Fig. 1 Proportion of Thuja
plicata seedlings colonized by
arbuscular mycorrhizal fungi in
substrates from T. plicatadominated (CH) stands as
modeled by logistic regression
(P<0.015)

observed at irradiances greater than 10% of full
sunlight. In contrast, only one red cedar germinant in
the HA soil treatment became colonized; therefore
irradiance and colonization were not correlated.
Survival of hemlock was positively correlated with
light levels for both substrate treatments (P<0.001;
Table 1), but did not diﬀer signiﬁcantly between substrates. Likewise, red cedar survival was correlated with
irradiance, but was signiﬁcantly greater in the CH than
in the HA soil (21% diﬀerence in intercept, P<0.05).
Slopes did not diﬀer between substrates (Fig. 2). The
diﬀerence in intercept with no signiﬁcant diﬀerence in
slope indicates that survival was higher on average in the
CH at all light levels.
Relative growth rates of hemlock did not diﬀer signiﬁcantly between substrate treatments; however, the
RGR of red cedar was signiﬁcantly higher in the CH
than the HA soil (P<0.05, Fig. 3). The diﬀerence in the
intercept was not statistically signiﬁcant (P=0.056). The
greater slope and similar intercept indicate that red cedar RGR was similar between HA and CH substrates at
low light, but that as the amount of light increased, red
cedar grew more quickly in CH soil.
To better understand the diﬀerence in RGR between
the species within each substrate, we examined the
masses of roots and shoots separately. Growth of hemlock roots and shoots was not inﬂuenced by substrate.
Redcedar showed a signiﬁcant diﬀerence in shoot
growth between substrates (Fig. 4), with a lower inter-
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Fig. 2 T. plicata survival in
substrates from T. plicatadominated (CH; black circles,
dashed lines) and T.
heterophylla-dominated (HA;
open circles, solid lines)
ecosystems. Analysis was
performed on arcsine
transformed units. Note:
overlapping points show only
open circles

Fig. 3 T. plicata RGR in
substrates from T. plicatadominated (CH; black circles,
dashed lines) and T.
heterophylla-dominated (HA;
open circles, solid lines) (HA;
open circles, solid lines)
ecosystems. RGR is given for
the length of the experiment
(approximately 6 months). The
dotted line at 10% sunlight
indicates the light level at which
arbuscular mycorrhizal fungi
began colonizing T. plicata in
the CH

Fig. 4 T. plicata shoot growth
(log transformed) in substrates
from T. plicata-dominated (CH;
black circles, dashed lines) and
T. heterophylla-dominated
(HA; open circles, solid lines)
(HA; open circles, solid lines)
ecosystems. The dotted line at
10% sunlight indicates the light
level at which arbuscular
mycorrhizal fungi began
colonizing T. plicata in the CH

cept (P<0.05) and steeper slope (P<0.001) in the CH
treatment. Thus at very low light levels, red cedar shoots
grew more slowly in the CH than HA, but this diﬀerence
disappeared at light levels commonly found within the
forest (2.4% full light). At higher light levels, red cedar
shoots grew more quickly in the CH than the HA. For
example, at 10 and 40% full sunlight, shoots of seedlings
grown in the CH had predicted masses of 1.3· and 1.9·
that of seedlings grown in HA substrate. Red cedar

roots showed no signiﬁcant diﬀerence between substrate
treatments.
Overall, none of the seedling characteristics of hemlock was signiﬁcantly aﬀected by soil type. In contrast,
red cedar had lower survival in HA soils. At low light,
red cedar shoots grew less in CH soils than HA soils, but
this was countered by an increasingly higher growth rate
with more light. Total RGR reﬂected similar patterns as
red cedar shoots, but these were somewhat weaker be-
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cause red cedar root growth was not aﬀected by substrate type. The higher growth potential and survival of
red cedar in CH soil was accompanied by AM fungal
colonization.

Discussion
The relationship between increasing AM fungal
colonization and growth with increasing light has been
shown in plants such as onion (Hayman 1974), sudan
grass (Ferguson and Menge 1982), tomatoes and maize
(Daft and El-Giahmi 1978), and some tropical forest
trees (Gehring 2003). We expected that with increasing
light, red cedar seedling biomass and AM fungal colonization would increase. Red cedar seedlings grown in
the CH substrate followed this prediction. When grown
in the HA substrate, biomass, but not colonization, of
red cedar seedlings increased with irradiance. This
suggests either that there was a very low abundance of
AM fungal propagules in the HA soil, or that colonization by existing AM propagules was inhibited. In
either scenario, AM inoculum potential was low in the
HA substrate. Inference of greenhouse results to ﬁeld
conditions should be performed with caution, as AM
fungi assayed in this study will be a constrained pool of
those species found in intact forests because species
present via intact hyphal networks will be omitted.
However, given the lack of apparent AM host species
in the HA, greenhouse results may well reﬂect ﬁeld
conditions. The upper threshold of light treatments was
well above the level experienced naturally in the forest
(average light levels in intact forest range from 3.5 to
3.7%, and on forest edges from 32 to 37%, Weber
et al. 2003); this, combined with the relatively large size
of the redcedar seedlings in the high light treatments
(Fig. 3), precludes the possibility that carbon limitation
to the seedlings caused low colonization of arbuscular
mycorrhiza in the HA.
Hemlock showed no diﬀerences in growth between
the two substrates suggesting there were no other inﬂuential chemical or physical factors aﬀecting growth or
survival of seedlings. Red cedar showed greater growth,
survival and AM colonization in the CH despite the
generally lower levels of nitrogen found in this forest
type (Prescott et al. 1993). In a similar pot assay of forest
ﬂoor samples collected from the two stands, cedar
seedlings had higher biomass in substrates collected
from HA than CH stands (Prescott et al. 1993); however, no attempts were made to control for possible
spore contamination of the samples and no assessment
was made of mycorrhizal colonization of seedling roots.
Without knowing the mycorrhizal status of these seedlings, comparing seedling growth may be misleading. In
our study, given that AM colonization occurred in
conjunction with higher red cedar growth and survival,
we propose that colonization by AM fungi in part
determines the success of red cedar seedlings in these
forest stands.

Forest community composition implications
On the landscape scale, patches of CH stands containing
AM tree communities are surrounded by ectomycorrhiza-dominated HA forests. Although plant species that
form other types of mycorrhizal associations are present
in HA stands, these plants are very sparse (Weber et al.
2003) and consist mainly of ericaceous shrubs, which do
not host AM fungi. Red cedar and the other common
tree species (hemlock and amabilis ﬁr) are mutually
exclusive with respect to their mycorrhizal fungal symbionts. Consequently, invading red cedar would not be
able to connect into an existing mycorrhizal hyphal
network or be colonized by fungal propagules of
mycorrhizas of the other tree species. In this situation,
connections to existing vegetation of the AM type or
adequate dispersal of AM propagules become imperative for red cedar to regenerate.
In our experiment, growth and survival of red cedar
seedlings was substrate-dependent and coincided with
AM colonization. These diﬀerences were signiﬁcant,
with survival diﬀering by 21% between soil types and
growth of red cedar seedling shoots almost doubling
when in CH substrates under light levels typical of those
found at a forest edge. Spatial variation in AM fungi
may give rise to spatial variation in seedling establishment and survival (Lovelock et al. 2003). Propagules of
AM fungi are thought to include spores, dead root
fragments, and networks of hyphae in soil but, relative
to ectomycorrhizal fungi, propagules disperse over
shorter distances. There are several reasons for this.
First, the spores of AM fungi are much larger than
spores of ectomycorrhizal fungi (100 lm or larger versus
10 lm, respectively) (Fitter 1992). Second, most AM
fungal propagules disperse through passive movement
within the soil (Brundrett and Abbott 1994, but see
Allen and Macmahon 1988; Allen et al. 1992; Gehring
et al. 2002) and AM do not have anastomosing hyphae,
which are also much ﬁner and smaller in extent than
ectomycorrhizal mycelia (Miller and Allen 1992; Read
1992). Thus, robust mycelial connections covering a
large area are not likely. Given limited dispersal by AM
fungi, the clear boundaries between HA and CH stands
and the lack of red cedar seedling success in HA stands
may well reﬂect the pattern of AM fungi availability to
red cedar seedlings. Indeed, our results suggest that red
cedar appears to be limited by AM fungal availability,
which in turn may be limited by appropriate hosts, such
as red cedar. This constitutes a ‘chicken and egg’ problem that may limit considerably the spread of both red
cedar and AM fungi. Alternatively, AM inoculum may
be present in HA stands, but is inhibited by other factors
in the soil. Untested in our study, we cannot rule this out
as a possible explanation to explain poor red cedar
recruitment in HA stands.
Assuming dispersal is insuﬃcient for AM tree species,
connecting to a hyphal network of AM fungi or other
types of AM inoculum may be critical for red cedar
seedling establishment. The only common understory
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herb available as a possible AM fungi source in HA
stands is deer fern (Blechnum spicant). However, the
arbuscular status of pteridophytes is unclear and
mycorrhizal dependency varies among pteridophyte taxa
and regions (Cooper 1976; Gemma et al. 1992; Berch
and Kendrick 1982; Zhi-wei 2000). The ability of ferns
to act as vectors for AM fungi of seed plants is unknown
and merits further study. In addition, there is increasing
evidence that AM fungi are not host generalists (Helgason et al. 2002; Husband et al. 2002; Sanders 2002;
Vandenkoornhuyse et al. 2003); hence, even if deer fern
do host AM fungi, these AM fungi species may be
incompatible with red cedar.
Unlike red cedar, hemlock seedlings grew equally well
in either substrate. We did not measure inoculum potential of ectomycorrhizal fungi; however, it is evident
that hemlock seedlings experienced no or equal inhibiting factors in the two diﬀerent soil types, and/or any soil
organisms necessary for seedling growth, such as ectomycorrhizal fungi, were equally accessible in both soil
types. Dispersal of ectomycorrhiza propagules includes
root fragments, hyphae and spores that are discharged
into the air for wind dispersal (Molina et al. 1992).
Additionally, due to hyphal anastomosis, ectomycorrhizal fungi form a net of mycelium stretching meters
across a forest ﬂoor (Bergemann and Miller 2002;
Kretzer et al. 2004). Many ectomycorrhizal fungi are
multi-host compatible (Horton and Bruns 1998), and
understorey vegetation can provide inoculum in periods
where tree hosts are absent (Horton et al. 1999; Hagerman et al. 2001). The presence of hemlock trees in both
stands suggests that hemlock seedlings become colonized
either by joining existing hyphal networks in these
stands, from long-lived soil inoculum, or from spores
dispersed over long distances. Ectomycorrhizal species
were present on the landscape prior to red cedar,
implying that a priority eﬀect also may have occurred;
the ectomycorrhizal status of the pre-existing vegetation
may have facilitated the current ectomycorrhizal species.
This would clearly give ectomycorrhizal tree species an
advantage over non-ectomycorrhizal plant species in
terms of inoculum availability.
Mycorrhizas can be an important factor in determining the trajectory of succession within forests
(Trappe 1989). Feedbacks between plant and soil communities have been cited as an underlying process
shaping plant communities (Perry et al. 1989). Disruption of these feedbacks, as a result of severe disturbances
such as clearcutting, may explain why changes in one
community mirror changes of another. Once the composition of a community changes through the removal
of essential organisms, the associated community may
be diﬃcult to restore. For example, Amaranthus and
Perry (1987) and Borchers and Perry (1987) working in
forests of the Paciﬁc Northwest, reported that a lack of
inoculum was an important factor in determining success of seedling regeneration [but see Jones et al. (2003)
for a re-analysis of data from studies of this kind]. Indeed, many introduced Pinus species were unable to

establish until the trees were inoculated with compatible
ectomycorrhizal fungi (Reynolds et al. 2003). The disruption of both ectomycorrhizal and AM communities
by large disturbances may facilitate changes in the
aboveground community, and this deserves further
study.
Given projected climate predictions, northward shifts
in species ranges are expected (Overpeck et al. 1991;
Parmesan and Yohe 2003). Historically, forests of
northern climates have been dominated by ectomycorrhizal host species and AM plant communities have been
found in temperate forests and grasslands (Moser 1967 in
Allen et al. 1995). As southern plant communities move
northward, landscape patterns may shift from being
more or less mono-dominant ectomycorrhizal forests to a
mosaic of arbuscular and ectomycorrhizal tree communities. Our study suggests that this transition is not simply a matter of plant establishment irrespective of their
associated mycorrhiza. Arbuscular mycorrhizal fungi
may be severely dispersal limited, and the spread of AMdependent tree species may be limited by the dispersal of
the fungi. Indeed, in ectomycorrhizal landscapes dispersal limitation in AM fungi may be equally or more
important than dispersal limitation in their hosts.
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