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Abstract: Living retention trees are being used in managed forests to promote a variety of values, including the main-
tenance of biological diversity. Federal forest plans for the northwestern USA include guidelines that require the reten-
tion of a minimum of 15% basal area in harvest units, with the goal of facilitating the development of late-seral stand
structure, which is an important habitat element for old-growth forest-dependent species. However, effective levels and
patterns of green-tree retention are unknown. We present results of a treatment consisting of 15% basal area, evenly
dispersed retention (15%D). We quantified changes in the ectomycorrhiza (EM) community after the 15%D treatment,
both near and away from retention trees. Pretreatment samples were obtained between 1 and 24 months before tree
harvest. Post-treatment samples were collected within 14–25 months of harvest. In areas 8–25 m from retention trees,
there was a 50% decline in the number of EM types per soil core from before to after treatment. Soil cores taken
>5 m from retention trees exhibited a shift in EM community structure. EM-type richness was positively correlated
with fine-root-tip density. We demonstrate the potential for retention trees to act as refugia for recolonization of newly
established seedlings by ectomycorrhizal fungi.

Résumé : La rétention d’arbres vivants est utilisée dans les forêts aménagées pour promouvoir une variété de valeurs,
incluant le maintien de la biodiversité. Les plans d’aménagement des forêts fédérales dans le nord-ouest des États-Unis
contiennent des directives qui suggèrent de conserver au moins 15 % de la surface terrière dans les unités de récolte
avec pour objectif de favoriser le développement de la structure du peuplement climacique, qui constitue un aspect im-
portant de l’habitat pour les espèces qui dépendent des forêts anciennes. Cependant, on connaît ni la proportion, ni la
répartition des arbres à conserver qui permettraient d’atteindre cet objectif. Dans cet article, nous présentons les résul-
tats d’un traitement où la rétention de 15 % de la surface terrière a été également dispersée (15 %D). Nous avons
quantifié les changements dans la communauté d’ectomycorhizes après le traitement 15 %D, à proximité et loin des ar-
bres conservés. Des échantillons ont été prélevés entre un et 24 mois avant la récolte et à l’intérieur de 14 à 25 mois
après la récolte. Dans la zone située de huit à 25 m des arbres conservés, il y avait une diminution de 50 % du
nombre de types d’ectomycorhizes par carotte de sol après le traitement. Les carottes de sol prélevées à plus de cinq
mètres des arbres conservés montraient un changement dans la structure de la communauté d’ectomycorhizes. La ri-
chesse des types d’ectomycorhizes était pratiquement corrélée avec la densité d’apex de racines fines. Nos résultats dé-
montrent que les arbres conservés peuvent servir de refuge.

[Traduit par la Rédaction] Luoma et al. 2573

Introduction

Foresters and land managers today are expected to man-
age forests and ecosystems for a variety of values, including
the maintenance or restoration of biological diversity. Man-
agement for uneven-aged stands is a silvicultural alternative
to clear-cutting that retains biodiversity at the stand and
landscape levels (Franklin 1988). This method is used to re-
generate spatially heterogeneous stands with mixed ages,
species, and size classes of trees, and requires the retention
of green (living) trees in the harvested units (Rose and Muir
1997).

Green-tree retention may enhance seedling nutrition and
survival through maintenance of mycorrhizal inoculum on
site. Several studies in northern temperate forests have ex-
amined the effects of silvicultural practices on the ectomy-
corrhizal fungus (EMF) community (see the review by Jones
et al. 2003). Most studies have focused on the effects of dis-
turbance on residual fungus inoculum and on the diversity of
ectomycorrhiza (EM) types on seedlings planted in situ or in
a greenhouse for use in experiments (Pilz and Perry 1984;
Harvey et al. 1997). Some studies also examined EM diver-
sity on seedlings planted near forest edges or aggregates of
retained living trees (Kranabetter and Friesen 2002;

Can. J. For. Res. 36: 2561–2573 (2006) doi:10.1139/X06-143 © 2006 NRC Canada

2561

Received 27 December 2005. Accepted 30 May 2006. Published on the NRC Research Press Web site at http://cjfr.nrc.ca on
13 October 2006.

D.L. Luoma,1 C.A. Stockdale,2 and J.L. Eberhart. Department of Forest Science, Oregon State University, Corvallis, OR 97331,
USA.
R. Molina. USDA Forest Service, Pacific Northwest Research Station, Forestry Sciences Laboratory, 3200 Jefferson Way,
Corvallis, OR 97331, USA.

1Corresponding author (e-mail: luomad@fsl.orst.edu).
2Present address: Alberta Sustainable Resource Development, 9920 108th Street, Edmonton, AB T6H 3S5, Canada.



Outerbridge and Trofymow 2004; Cline et al. 2005). A uni-
versal finding emerges from this work: the EMF community,
as seen on root tips, changes significantly in disturbed sites
compared with undisturbed nearby forests. These changes
might be due as much to environmental and biotic factors as
to loss of host trees (Jones et al. 2003).

Substantial research suggests that both the diversity and
inoculation potential of EMF decline within 2 years of har-
vest (Parke et al. 1984; Harvey et al. 1997; Kranabetter et al.
1999). Because of the importance of mycorrhizal fungi in
belowground food webs, alteration of the mycorrhizal com-
munity can affect early stages of plant succession (Gange
and Brown 2002). Seen in this light, green-tree-retention
harvesting may protect EMF diversity and maintain an eco-
logical legacy from the preharvested stand that can be car-
ried forward to the newly developing forest.

While the trophic resource for which EMF compete is car-
bon from individual root tips, the spatial resource for which
they compete is the root tip itself (Smith and Read 1997).
The community structure of EMF may vary with distance
from the bole of host trees. Different species were observed
to fruit at different distances from trees, and below ground,
the EMF community varied similarly (Mason et al. 1987).

To provide habitat for the old-growth forest-dependent
northern spotted owl, under the Northwest Forest Plan, a
guideline was created that requires the retention of a mini-
mum of 15% basal area in harvest units to facilitate the de-
velopment of uneven-aged stands (USDA Forest Service and
USDI Bureau of Land Management 1994a, 1994b). Al-
though it is widely believed that retention harvests confer
many ecological benefits on forest ecosystems, effective lev-
els and retention patterns are unknown, and according to
Franklin et al. (1999) there was little scientific basis for
choosing this particular level (15% basal area) of retention
for the Northwest Forest Plan.

Our study of ectomycorrhizae is a part of an integrated re-
search program that examines the effects of various levels
and patterns of green-tree retention on a variety of ecologi-
cal and social values: the Demonstration of Ecosystem Man-
agement Options (DEMO) experiment (Aubry et al. 1999).
The experimental design, with five treatments and a control,
was replicated at six sites, two in Oregon and four in Wash-
ington. Treatments included 75% basal area retention with
group selection, 40% basal area aggregated and dispersed re-

tention, and 15% basal area aggregated and dispersed reten-
tion. DEMO harvests began in the spring of 1997 and were
completed in 1998. For additional details on the overall ex-
periment see Aubry et al. (1999) and Halpern et al. (2005).

The 15% basal area dispersed green-tree retention DEMO
treatment allows examination of one silvicultural component
of the Northwest Forest Plan. Given concerns regarding the
loss of EMF diversity and inoculum potential in clearcuts,
we perceived a need to document the effects of 15% basal
area, evenly dispersed (hereinafter referred to as 15%D)
green-tree-retention harvest on EMF diversity at the spatial
scale of individual trees. We hypothesized that there would
be an overall decline in EMF diversity within the harvested
stands, and that the retention trees would serve as refugia,
maintaining a higher level of EMF diversity near them than
would be found in treeless areas between them. Furthermore,
based on the pipe model theory (Shinozaki et al. 1964) we
hypothesized that greater photosynthetic potential (measured
by cross-sectional sapwood area) in a tree correlates with
denser roots, and supports higher levels of EMF diversity,
owing to an increased number of fine roots available for col-
onization. Our objectives were to quantify changes in EM-
type richness after the 15%D treatment, both near and away
from retention trees; determine relationships among cross-
sectional sapwood area of retention trees, root density, and
EM-type richness; and test for effects of retention-tree
photosynthetic potential, root density, and distance from the
tree on EMF community structure.

Materials and methods

Description of study sites
Three DEMO study sites (blocks) were used: Hamilton

Buttes (Gifford-Pinchot National Forest, Washington), Dog
Prairie, and Watson Falls (Umpqua National Forest, Ore-
gon). Block and stand characteristics are presented in Ta-
bles 1 and 2. Hamilton Buttes had no previous history of
timber harvesting, Dog Prairie was previously thinned in
1986, and Watson Falls was salvage-logged between 1970
and 1978. All blocks were strongly dominated by Douglas-
fir (Pseudotsuga menziesii (Mirb.) Franco). Tsuga, Abies,
and Pinus species were also present. For more complete site
descriptions see Aubry et al. (1999) and Halpern et al.
(2005). Fifteen percent of dominant- and codominant-tree
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Hamilton Buttes Dog Prairie Watson Falls

Elevation (m) 975–1280 1460–1710 945–1310
Slope (%) 40–53 34–62 4–7
Aspect E-SE SW Flat
Precipitation (mm)a 1860 1683 1443
Stand age (years) 70–80 165 110–130
Forest zoneb Tsuga heterophylla Abies concolor Tsuga heterophylla
Overstory cover (%)c 72–82 68–78 51–70
Latitude and longitude 46.37°N, 121.59°W 43.20°N, 122.20°W 43.27°N, 122.34°W

Note: Where ranges are presented, minimum and maximum values represent treatment-unit means (modified from
Halpern et al. 2005).

aEstimated mean annual precipitation, derived from DAYMET (Thornton et al. 1997), a set of 1 km GIS raster
coverages that were generated from meteorological records (1980–1997) and digital elevation data.

bDefined by potential climax tree species (Franklin and Dyrness 1973).
cEstimated using a moosehorn densiometer.

Table 1. Descriptive characteristics of the three study blocks.



basal area was retained in an evenly dispersed pattern in the
treated stands. The treatment was applied in summer 1997 at
Hamilton Buttes and summer 1998 at Dog Prairie and Wat-
son Falls. Hamilton Buttes and Dog Prairie were yarded by
helicopter and slash was left ungathered on site. Watson
Falls was ground-yarded, with slash piled and burned. A
control treatment unit was included in each block. All units
were approximately 13 ha (slope-corrected) in size.

Field methods
Pretreatment sampling of EM was done in spring 1995 at

Watson Falls, spring 1997 at Hamilton Buttes, and spring
1998 at Dog Prairie. Six 5.5 cm diameter by 15 cm deep soil
cores (0.36 L) were extracted from both the 15%D and con-
trol experimental units at each site. For each soil core, the
O1 layer (fresh litter) was removed, leaving the rest of the L
layer atop the 15 cm deep core. The F and H layers were lit-
tle developed, totaling less than 1 cm in depth. One soil core
was taken from each end of three strip plots that had been
established to assess EM mushroom production (Fig. 1).
These locations will hereinafter be referred to as permanent
sampling points. The mushroom strip plots were systemati-
cally placed to provide distributed samples within each
experimental unit (for details see Luoma et al. 2004). Six
post-treatment soil cores were taken from the permanent
sampling points (at a distance of 5–10 cm from the pretreat-
ment soil-core holes) in both the control and 15%D treat-
ment units. These were taken in June 1999 (Hamilton
Buttes) and October 1999 (Dog Prairie and Watson Falls).

To address objectives related to individual trees, further
post-treatment sampling involved subdividing the 15%D
treatment unit at each site into nine equal-sized subplots
(Fig. 1). In each subplot, three Douglas-fir trees were ran-
domly selected and increment-bored once at breast height on
the uphill side of the tree. A proxy measurement of
photosynthetic productivity was obtained by calculating the
cross-sectional sapwood area of each tree selected, using the
methods of Waring et al. (1982).

It was found that trees at Hamilton Buttes had a lower
mean sapwood area than trees at the other two sites. To per-
mit better cross-site comparisons, trees at Hamilton Buttes
with a sapwood area smaller than 400 cm2 were excluded
from the study, and trees at the other two sites with a sap-
wood area above 1400 cm2 were excluded. At each site, the
remaining range of sapwood areas was then divided into

nine equal segments, and one tree was chosen from within
each sapwood-area-range segment so that a single tree repre-
sented each subplot within each site. The nine selected trees
at each site were then increment-bored a second time (120°
around the tree from the first borehole). Sapwood area for
each selected tree was then obtained as the mean of the two
measurements calculated from the increment bores. These
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Block
Retention
treatmenta

No. of
trees/ha

Basal area
(m2/ha)

Quadratic mean
DBH (cm)

Stand-density
index

Hamilton Buttes 100% 1119 58.2 25.7 1143
15%D, pre 757 55.7 30.6 1021
15%D, post 176 12.0 29.5 224

Dog Prairie 100% 295 89.6 62.2 1241
15%D, pre 385 79.7 51.3 1191
15%D, post 85 20.1 54.8 293

Watson Falls 100% 310 43.7 42.3 704
15%D, pre 382 51.6 41.5 840
15%D, post 87 8.4 35.1 147

aThe 15%D treatment consisted of 15% basal area, evenly dispersed retention; “pre” denotes pretreatment and
“post” denotes post-treatment.

Table 2. Forest-structure characteristics of each experimental unit.

permanent sampling
points

open-area cores

host-tree samples

13 ha Treatment unit

Tree
bole

Detail of host-tree sampling

1.5 0.51.0

Dripline
edge

Fig. 1. Schematic diagram of the sampling design for soil-core
extraction within Demonstration of Ecosystem Management Op-
tions (DEMO) experimental units. Permanent points were sam-
pled in the control and the treatment consisting of 15% basal
area, evenly dispersed retention (15%D); open-area cores and
host-tree cores were taken from the 15%D treatment only.



trees are termed “host” trees for the EMF aspects of this
study (Table 3).

We used crown width as a surrogate for root spread
(Smith 1964). A transect, centered on each host tree, was es-
tablished either across the slope or, in the case of Watson
Falls, east–west (0% slope), and soil cores were taken at 0.5,
1.0, and 1.5 times the distance from the host-tree crown
edge (dripline) to the center of the bole of the tree. Mean
crown radius at each site is presented in Table 3. These soil
cores are hereinafter referred to as 0.5 dripline, 1.0 dripline,
and 1.5 dripline cores (Fig. 1). A further nine soil cores were
taken at each site, one core from within each subplot. From
the host tree in each subplot, a random compass bearing was
followed and an “open-area” soil core was taken in the open-
ing that was the largest and farthest removed from any reten-
tion trees (Fig. 1). The distance of the open-area soil core
from the nearest tree ranged from 8.3 to 14.7 m at Hamilton
Buttes, from 10.2 to 15.0 m at Dog Prairie, and from 12.1 to
25.0 m at Watson Falls (also see Table 3).

In summary, there was a total of six permanent sampling
points (sampled before and after treatment) for both the con-
trol and 15%D treatments at each site. In addition, for the
15%D treatment, there were 3 sites × 9 subplots per site ×
1 tree per subplot × 3 soil cores per tree + 1 open-area soil
core per subplot, for a total of 108 soil cores (27 independ-
ent samples with 4 subsamples each).

Laboratory methods
Soil cores were refrigerated in the field and stored at

–20 °C immediately after return from the field. When soil
cores were thawed they were examined within 48 h. Previ-
ous comparisons between refrigerated and frozen soil cores
showed no effect on EM-type morphology when the cores
were processed within this time frame (J. Eberhart, unpub-
lished data). Soil cores were washed with an elutriator and
screened with a 1 mm mesh sieve to remove soil particles
and retain the fine roots. The contents of the sieve were
spread evenly, with enough water to cover them, in the bot-
tom of a 38 cm × 17 cm × 2 cm tray that was divided into 36
compartments by an inserted Plexiglas® partition. Roots were
first examined with a stereomicroscope at 15–30× magnifi-
cation and subsequently at 400–1000× magnification, with a
compound microscope as necessary to confirm morphotype
identity. All EM types found in each compartment were re-
corded, providing an index of abundance for each type that
ranged from 1 to 36 (Eberhart et al. 1996). The abundance
index was calculated as the percentage of the total number
of compartments (soil-core subsamples) occupied by that
type in each core (Table 4). Each EM type encountered was

classified according to morphological characteristics similar
to those described in Ingleby et al. (1990) and Goodman et
al. (1996). Morphological characteristics included colour,
texture, presence/absence of rhizomorphs and emanating
hyphae, presence/absence of clamp connections, and mantle
pattern. Morphotype identities were determined by compari-
son with the database maintained by Eberhart et al. (1996).
EM types did not represent taxonomic species, with the ex-
ception of those that we could match to published descrip-
tions (e.g., Eberhart and Luoma 1996; Goodman 1996;
Harniman and Durall 1996a, 1996b; Eberhart and Luoma
1997, 2000) or identify using molecular techniques. Some of
the commonest types (Table 4) were identified molecularly
by use of restriction fragment length polymorphism (RFLP)
or sequence matching of the ITS region of nuclear rDNA
(Gardes and Bruns 1993; Horton and Bruns 2001). Refer-
ence material for RFLP matching consisted of sporocarps
collected at the sites. Voucher collections are maintained in
the laboratory of the senior author and were deposited with
the Oregon State University herbarium (OSC).

For each soil core from the permanent sampling points,
two EM root tips of each morphotype group were each
placed in separate 1.5 mL Eppendorf tubes with 300 µL
CTAB and stored at 5 °C until the DNA could be extracted.
DNA was extracted using the cetyltrimethylammonium bro-
mide (CTAB) extraction method without the β-merca-
ptoethanol (Gardes and Bruns 1993). Extracts that did not
amplify using this method were cleaned using the GENE
Clean III kit from Q-Biogene. Extracted DNA samples were
stored in 50 µL Tris–EDTA buffer (1 mmol/L Tris–HCl,
0.1 mol/L EDTA) at –20 °F (–29 °C) until they were used in
a polymerase chain reaction. For sequencing, DNA samples
were sent to the Central Services Laboratory at Oregon State
University and sequenced using an ABI 3100 capillary
sequence machine. DNA sequences were edited using
Sequence Editor and entered into the National Center for
Biotechnology Information BLAST program to search for
matches in the GenBank database. Sequence dissimilarities
>2% were considered different species (Horton and Bruns
2001). EM types from the individual-tree soil cores were
identified molecularly as necessary to integrate the morpho-
types into the existing EM morphotype database developed
from the permanent sampling point soil cores.

Root density was determined as the number of living fine-
root tips in a standardized subsample of the soil core. In
every sixth compartment of the tray, i.e., 6 of the 36 com-
partments, all living fine-root tips were counted. Fine-root
tips were counted as living if the cortex was clearly turgid
along some portion of its length. Roots of western hemlock
(Tsuga heterophylla (Raf.) Sarg.) were excluded from analy-
sis at Hamilton Buttes, where this species was encountered
as a minor understory component of the stand. No attempt
was made to exclude roots of Abies or Pinus occurring in the
samples, as these genera were rarely present near the se-
lected P. menziesii.

Data analysis

EM-type richness
To test for significant changes in local (i.e., sampling

point) EM-type richness associated with the 15%D treat-
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Block
Sapwood area
(cm2)a

Crown
radius (m)

Open-area
distance (m)b

Hamilton Buttes 651 (61) 2.8 (0.3) 9.8 (0.7)
Dog Prairie 966 (83) 3.4 (0.3) 12.1 (0.6)
Watson Falls 965 (95) 3.5 (0.4) 16.6 (1.2)

Note: Values are given as the mean with the standard error in parentheses.
aCross-sectional sapwood area 1.35 m above mean ground level.
bMean distance from open-area soil cores to the nearest tree.

Table 3. Characteristics of host trees in the 15%D treatment, by
block.



ment, each of the 12 permanent sampling points (6 each in
the control and 15%D treatment) in each block were used. In
addition, to tie any such changes spatially to retention trees,
data from inside-dripline and open-area soil cores were used.
For the control plots, an ANOVA model was run with the
DEMO site entered as a blocking factor (n = 3) and a treat-
ment variable with two levels (before or after) entered as a
fixed-effects factor. For the 15%D treatment, an ANOVA
model was run with the DEMO site (n = 3) entered as a
blocking factor, and a three-level “condition” variable. The
three levels for the condition were “pretreatment” (six pre-
treatment cores from the permanent sampling points at each
site), “post-treatment with host tree” (to provide a balanced
analysis, we used six randomly chosen 0.5 dripline cores
from each site), and “post-treatment, open-area” (six
randomly chosen open-area cores from each site). A term for
the interaction between site and condition was entered in the
model. When an overall difference was found, three-way
comparisons for differences in EM-type richness by condi-
tion were run using Tukey’s test for post-hoc comparisons.
Means for the number of EM types per soil core by
condition are reported using the estimated marginal means
from the final ANOVA model. The statistical tests described
above were run using the General Linear Model module,
General Factorial procedure in SPSS® software (SPSS Inc.
Advanced Statistics version 7.0, SPSS Inc., Chicago,1996).
In the case of the 15%D treatment, post-treatment analysis
of the permanent sampling point soil cores was not included
because the permanent sampling points were not stratified
with regard to relative dripline location and thus would not
have served to address the objectives of this study.

EM-type-accumulation curves were constructed using the
Species–Area Curve Module of PC-ORD version 4.28
(McCune and Mefford 1999), which performs 500 randomi-
zations of the sampling units. These were done separately
for pre-treatment and post-treatment conditions in the treated
units, and using only the six permanent sampling points in
each unit. Estimates of the expected number of EM types for
each grouping were provided by first-order and second-order

jackknife estimates (Palmer 1990, 1991) using PC-ORD ver-
sion 4.28.

Relationships among photosynthetic potential , root
densi ty, and EM-type richness

To determine the effects of tree photosynthetic potential
on under-crown root density, a multiple regression model
was constructed. Root density (the dependent variable) was
log-transformed for normality. The independent variables in
the model were host-tree sapwood area and a blocking factor
for site. For this test, only inside-dripline soil cores (1.0 and
0.5 dripline distance classes) were used, as they were con-
sidered to be directly under the influence of the host tree.
Since initial results showed that the two distance classes did
not differ, the pooled data were used such that for each host
tree, two root-density samples were obtained.

To determine the effects of photosynthetic potential on
EM-type richness, another multiple-regression model was
constructed. This model was constructed identically to that
used to test for the relationship between photosynthetic po-
tential and root density. For this test, inside-dripline soil
cores (1.0 and 0.5 dripline distance classes) were pooled.
EM-type richness was the dependent variable and required
no transformations.

Two separate nested-ANOVA models (Montgomery 1997)
were used to test the effect of distance from host tree on root
density and EM-type richness using all soil cores (n = 108).
These models were run with the factor subplot nested within
the blocking factor (site), and distance entered as a fixed-
effects class variable. Means and standard errors for root
density and EM-type richness by distance class and site are
reported from the output of these models.

The correlation between EM-type richness (dependent
variable) and root density (independent variable, covariate)
was tested with a nested-ANCOVA design, with subplot
nested within site, as above, and a site × root density interac-
tion term. All the above statistical tests were run using the
General Linear Model module General Factorial procedure
with command-line syntax modifications for nesting block
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Constancy (%)a Abundance (%)b

Morphotype ID methodc
Inside dripline
(n = 54)

Outside dripline
(n = 54)

Inside dripline
(n = 54)

Outside dripline
(n = 54)

Cenococcum geophilum PD 100 93 58 46
Lactarius rubrilacteus PD, RFLP 69 41 28 12
Rhizopogon villosulusd (group) PD, RFLP, sequence 46 31 7 6
Russula spp., primarily R. xerampalina Sequence 37 31 18 17
Genea harknessii Sequence 26 30 10 11
Truncocolumella citrina PD, RFLP 28 19 6 6
Piloderma sp. Sequence 35 11 13 4
Phialophora finlandia Sequence 22 17 5 8
Unidentified “2C” 24 13 10 8
Amphinema byssoides-like PD 20 17 4 5

aPercentage of soil cores with the type present.
bMean percentage of subsamples within soil cores with the type present.
cPD, published description; RFLP, restriction fragment length polymorphism.
dIncludes Rhizopogon vesiculosus and Rhizopogon vinicolor.

Table 4. Mean constancy and abundance of the 10 commonest EM types found in the 15%D treatment in the Demonstration of Eco-
system Management Options (DEMO) study, stratified by inside- and outside-dripline soil cores.



factors in SPSS® software (SPSS Inc. Advanced Statistics
version 7.0, SPSS Inc., Chicago, 1996).

Analysis of community structure
EM-type-accumulation curves were constructed using the

Species–Area Curve Module of PC-ORD version 4.28
(McCune and Mefford 1999), which performs 500 randomi-
zations of the sample units. These were constructed for the
pretreatment and post-treatment samples by site, and for
post-treatment samples divided into an “inside-dripline”
class (a combination of the 0.5 dripline and 1.0 dripline dis-
tance classes) and an “outside-dripline” class (a combination
of the 1.5 dripline and open-area cores).

To determine differences in EMF community structure,
five multiresponse permutation procedure tests were done,
four blocked (MRBP) and one unblocked (MRPP), using
PC-ORD version 4.28 and employing the Euclidean distance
measure (McCune and Mefford 1999). In the MRBP and
MRPP tests we used the A statistic as a measure of effect
size. The A statistic is dependent on within-group homoge-
neity and has a maximum value of 1. A values < 0 indicate
that homogeneity within groups is less than that expected by
chance alone. An A value of 0 indicates that within-group
variation equals that expected by chance alone. An A value >
0 indicates that homogeneity within groups is greater than
that expected by chance alone, hence group differences may
be significant (McCune and Grace 2002). Owing to the high
level of β diversity among soil cores, group differences in the
MRBP and MRPP tests were considered significant at α ≤
0.01 (Mielke 1991). For all tests on group differences, the
sample dissimilarity space was determined using an abun-
dance matrix of 108 soil cores × 115 EM morphotypes.

Test 1 (MRBP) examined differences in the EMF commu-
nity according to distance from the host tree, using subplot
as the blocking factor. The test was run using four soil-core
distances (0.5, 1.0, and 1.5 dripline cores and open-area
cores) as a single variable with four classes. Test 2 (MRBP)
compared the EMF community between the inside-dripline
and outside-dripline soil core location classes. Test 3
(MRBP) determined the effect of host-tree photosynthetic
potential on the EMF community. Host-tree photosynthetic
potential, measured as sapwood area, was recoded into a cat-
egorical variable with three levels: low, medium, and high.
The range for each variable at each site was partitioned so
that an equal number of samples fell into each category (n =
12 at each site), which is a prerequisite for the MRBP test.
Test 4 (MRBP) determined the effect of root density on the

EMF community. Root density was recoded into a
categorical variable with three levels: low, medium, and
high. Variable partitioning was done as for test 3. Test 5
(MRPP) examined differences in EMF community structure
across blocks with site as the categorical variable.

Rank-abundance curves for the inside- and outside-
dripline samples were constructed using Biodiversity Pro®

software (McAleece et al. 1995). The resultant curves were
visually compared with various species-abundance models
presented by Magurran (1988) to infer the species-
distribution models observed in the study.

Results

EM-type richness
In total, 115 EM types were recorded from 108 soil cores

obtained from the 15%D treatment samples as part of the
post-treatment retention-tree-centered study. Eighty-eight
percent of these EM types were observed in the inside-
dripline soil cores, while only 60% were observed in the
outside-dripline cores. Non-EM root tips were virtually ab-
sent (<0.05%).

Three-way Tukey’s comparisons of the mean number of
EM types per soil core showed that open-area cores had
fewer EM types than either pretreatment cores or post-
treatment, host-tree cores (F[2,49] = 25.24, p < 0.0005)
(Table 5). Also, there was no difference in mean EM-type
richness between control pre- and post-treatment and host-tree
cores. The means reported in Table 5 are the estimated mar-
ginal means from the final ANOVA model, which takes into
account the differences in EM-type richness due to the block
(site) factor. Post-treatment 15%D permanent sampling plot
cores are not included in the analysis because they are not
part of the retention-tree-centered study (i.e., they were not
located with respect to a “host-tree” dripline distance class).

Distance from the host tree had a highly significant effect
on mean EM-type richness per soil core (F[3,78] = 24.75, p <
0.0005; Fig. 2), while the tree-nested-within-site effect was
not significant (p > 0.1). The 95% confidence intervals for
EM-type richness overlapped between the open-area and 1.5
dripline classes, and between the 1.0 and 0.5 dripline classes
(Fig. 2). This allowed them to be pooled into “outside-
dripline” and “inside-dripline” soil-core classes, respectively.
Outside-dripline soil cores average 32% fewer total EM
types than inside-dripline soil cores (Table 6). Hamilton
Buttes had the highest total EM-type richness of the three
sites (using first-order and second-order jackknife estimates)
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100% treatment 15%D treatment

Before treatment
Permanent sampling points (n = 36) 8.9 (1.0)a 9.7 (0.7)a
After treatment
Permanent sampling points (n = 36) 8.6 (1.2)a na
Inside dripline (n = 18) na 8.7 (0.6)a
Open area (n = 18) na 4.5 (0.6)b

Note: Values are given as the mean with the standard error in parentheses. Values that are not followed by
the same letter are significantly different at p ≤ 0.0001 (na, not applicable, in the case of the 15%D treatment
because the permanent sampling points were not stratified with regard to relative dripline location).

Table 5. Number of ectomycorrhizal (EM) types per soil core, comparing the 100% and 15%D
retention treatments, before and after treatment, and by dripline position.



but trends in EM-type accumulation by relative dripline po-
sition class were similar across blocks (Table 6 and Fig. 3).

EM-type richness and root density
The sapwood area of the host tree had no detectable effect

on either EM-type richness or root density (F[1,23] = 0.97,
p = 0.3, and F[1,23] = 1.9, p = 0.2, respectively). Root density
declined at the edge of the dripline (F[3,78] = 2.6, p = 0.06;
Fig. 4). The Hamilton Buttes block had higher root density
than the other blocks (F[2,24] = 4.38, p = 0.02).

There was a strong positive correlation between EM-type
richness and square-root root density (p < 0.0001), with no
effect due to tree-within-site variance (p = 0.9). However,
the relationship between root density and EM-type richness
varied by site (p = 0.04). Hamilton Buttes and Dog Prairie
both showed strong a positive correlation between root den-
sity and EM-type richness, whereas the weak positive corre-
lation at Watson Falls was not significant (Fig. 5).

EM constancy and abundance
Cenococcum geophilum Fr. was the most commonly ob-

served EMF, both in terms of the proportion of soil cores in
which it was present (constancy) and in its frequency within
soil cores (abundance). Lactarius rubrilacteus Hesler and
Smith was the second most common EMF observed with re-

spect to constancy and abundance. There was slight varia-
tion among the rankings of the other dominant morphotypes
between the tree dripline classes (Table 6).

Visual inspection of the rank-abundance curves, by con-
stancy and abundance (Fig. 6), suggests a log-normal distri-
bution (Magurran 1988). One morphotype is dominant in all
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Inside dripline Outside dripline

Site Observed no. Estimated range Observed no. Estimated range

Hamilton Buttes 64 (n = 18) 105–134 36 (n = 18) 61–79
Dog Prairie 46 (n = 18) 65–72 30 (n = 18) 45–54
Watson Falls 44 (n = 18) 65–80 22 (n = 18) 31–35
Total 101 (n = 54) 136–145 69 (n = 54) 103–129

Note: Estimated ranges of total EM types represent results obtained from the first- and second-order jack-
knife estimators, respectively, using PC-ORD version 4.28.

Table 6. Total observed numbers and estimated ranges of EM types, by dripline position, found
in the 15%D treatment across three sites of the DEMO experiment.
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cases (C. geophilum), with five to seven subdominant types.
This is followed by a lengthy tail of a relatively even distri-
bution of types, with a smaller number of very rare types,
roughly equivalent to the number of dominant types. The
outside-dripline cores exhibit a shorter tail than the inside-
dripline cores. The dominant EM type within individual soil
cores varied, but it was usually one of the high-constancy
morphotypes.

Multiresponse permutation procedures detected significant
differences in EM-type community structure among sites
(A statistic = 0.045, p ≤ 0.001) by inside- or outside-dripline
class (A statistic = 0.029, p ≤ 0.001) (e.g., Tables 4 and 6,
Figs. 3 and 6) and by subplot (A statistic = 0.068, p ≤ 0.001).
Differences among the original four dripline-position classes
were less strong, likely as a result of homogeneities of the
inside- or outside-dripline soil cores, as noted above (A sta-
tistic = 0.046, p = 0.042) (e.g., Figs. 2 and 4). There was no
significant difference due to the sapwood area of the host
tree (A statistic = 0.017, p = 0.262) or root density (A statis-
tic = 0.030, p = 0.109) after differences due to site were ac-
counted for. For tests revealing significant group differences,
it must be cautioned that within-group homogeneity was low.

Discussion

EM-type richness
At the outside-dripline sampling points, we detected a

32% decline in total EM-type richness and 54% fewer EM
types per soil core after the 15%D treatment. These results
are similar to those of Hagerman et al. (1999), who detected
an approximately 36% decline in EM-type richness per soil

core between points 40 m inside the forest and those >2 m
into an adjacent clearcut, 2 years after harvest. That differ-
ence increased to about 72% fewer EM types per soil core
3 years after harvest. In a retention harvest, Kranabetter
(1999) detected 38% fewer EM morphotypes, 6 years after
harvest, on birch seedlings growing outside the rooting zone
of refuge trees than on seedlings growing within the rooting
zone of birch trees. Cline et al. (2005) recorded 21% fewer
EMF taxa on seedlings planted >16 m from retention trees
than on seedlings planted <6 m from retention trees 4–
8 years after harvest.

The similarity of results among studies that looked at dif-
ferent aspects of EM response to disturbance (residual EM
from green-tree retention versus EM observed on “bait”
seedlings) provides a generalized model of the effects of tree
harvest on EMF community structure. Our sampling also re-
vealed that the losses of EMF diversity are greatest in areas
farthest removed from retention trees, where more than 50%
of the pretreatment EM types were absent from post-
treatment open-area soil cores.

Influence of sapwood area on fine-root density and
EM-type richness

Although we detected no relationship between photo-
synthetic potential and root density in samples from any of
the three host-tree dripline-distance classes, several studies
have shown that root density can be related to aboveground
productivity. Ares and Peinemann (1992) found that higher
root density was associated with low site productivity and
individual-tree height growth in conifer plantations in
Argentina. They suggested that trees maintain a large fine-
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root system at the expense of aboveground growth. These
findings were supported by Vogt et al. (1983), who found
that aboveground productivity of stands was inversely corre-
lated with root biomass. Since the relationship between total
root biomass and productivity has been established (Vogt et
al. 1987), our results may reflect a relationship between sap-
wood area and total root-tip number rather than root density
under individual trees.

Influence of distance from retention tree on root
density and EMF diversity

The structural root system of Douglas-fir is concentrated

within the dripline of the tree (McMinn 1963; Kuiper and
Coutts 1992), and Bruns (1995) has discussed several pro-
cesses affecting EMF diversity that could be influenced by
root density. Harvey et al. (1980) examined the effect of dis-
tance from a forest edge into a clearcut on EMF diversity
and root density. Two years after harvest they found that the
mean number of EM tips per unit volume of soil declined
sharply at a distance of 1.5 m into a clearcut and declined to
zero 7.6 m into the clearcut. That study was conducted in
Douglas-fir–larch forests in Montana, which generally have
smaller diameter trees than forests in the western Cascade
Range.

Our results (decline of EM 4–5 m from the tree bole)
agree with the results of Parsons et al. (1994), who found
that the number of “active” EM tips declined significantly
within 3–6 m from the boles of trees (Pinus contorta Dougl.
ex Loud.) in experimentally designed canopy gaps. They do
not provide crown size, but the dripline radius of P. contorta
could be expected to be in the 2–3 m range (Burns and
Honkala 1990; Herman et al. 1996). In a study of edge
effects on Douglas-fir seedlings planted in a clearcut,
Outerbridge and Trofymow (2004) found that EM coloniza-
tion and EM-type richness often declined at distances >5 m
from the intact stand edge. However, direct comparisons with
our study are difficult to make because those authors con-
trasted distance-from-edge classes (5, 15, 25, and 45 m) that
would have been virtually always in our “outside crown”
distance class. Kranabetter (1999) found that birch seedlings
within the dripline of retention trees in a variable-retention
harvest had significantly higher EM-type richness than seed-
lings outside the rooting system of the retention trees.

Ferrier and Alexander (1985) found that living fine roots
persisted for at least 9 months after excision from their par-
ent tree. Parsons et al. (1994) suggested that intraspecific
root grafting may be responsible for keeping fine roots alive
in soil well removed from retention trees. Such root grafting
is also likely to have contributed to the observed root densi-
ties and EM-type richness away from green trees in our
study.

Generally, EM-type richness per unit area declines with
distance from retention trees in accordance with the decline
in root density. We found a strong positive correlation be-
tween EM-type richness and root density in two out of three
partially harvested stands. However, our analysis suggested
that density declined faster than EM-type richness in relation
to distance. This may be due to the use of different tree-
harvesting techniques on the experimental blocks. The
ground-yarding used during tree harvest at Watson Falls
caused soil disturbance and compaction, with a resulting re-
duction in root density at the 1× dripline distance, thereby
changing the richness–distance relationship. The other two
blocks were helicopter-logged, thereby minimizing soil dis-
turbance and maintaining the richness–density relationship
(Fig. 5).

EMF community structure
Similar to findings from other studies of EMF diversity in

temperate coniferous forests, C. geophilum was the most
common EM type we found, being present in nearly every
sample from the 15%D treatment (Table 4). Hagerman et al.
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Fig. 6. Rank curves for EM types, showing 101 morphotypes
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type present. See Materials and methods for more details.



(1999) found that C. geophilum accounted for 20% of EMF
root tips in clearcuts 2 years after harvest. Kranabetter and
Wylie (1998) found that C. geophilum accounted for 19% of
EM root tips on naturally regenerated western hemlock
seedlings in harvested forest gaps. Goodman and Trofymow
(1998) found that C. geophilum accounted for 24% of EM
root tips on Douglas-fir in undisturbed old-growth and ma-
ture forests on Vancouver Island, and was most common in
soil surface layers.

In contrast to C. geophilum, Rhizopogon vinicolor’s abun-
dance is likely underestimated because it forms clusters (tu-
berculate mycorrhizae) of several to more than 100 root tips
within a single tubercle. In our scheme of measuring abun-
dance, each tubercle is classified as a single observation.
Identities of other common EM types remained unknown
and some morphotypes may represent multiple species, al-
though many EM morphotypes (especially those with a thick
mantle) produce a single repeatable genetic pattern when
RFLP analysis is used (Mah et al. 2001). However, in the
DEMO study, such similar EM types often represented spe-
cies within the same genus (Kolaczkowski 2005). Sakakibara
et al. (2002) concluded that combining morphotyping with
molecular methods was an efficient way to assess EMF di-
versity.

Our rank-abundance curves are similar to the approxi-
mate log-normal distributions seen in other studies of EMF
communities in temperate coniferous forest habitats (Hor-
ton and Bruns 1998; Kranabetter et al. 1999; Taylor and
Finley 2003; Cline et al. 2005). In particular, comparison of
our rank-abundance curves (Fig. 6) with those in Goodman
and Trofymow (1998) shows that our inside-dripline cores
have the long tail exhibited by their data from soil cores
obtained in natural Douglas-fir old-growth and second-
growth stands. In contrast, our outside-dripline cores ex-
hibit a truncation in the distribution of the rare EM types.
Sugihara (1980) considered the log-normal distribution to
be one of the most common observed in community ecol-
ogy, and to be strongly associated with complex, mature
communities. The log-normal distribution implies that
many different gradients act simultaneously to structure the
community (Sugihara 1980).

The structural complexity suggests that EMF communities
are not simply full of redundant species, but that species are
responding differentially to various habitat factors.
Ashkannejhad and Horton (2006) also reached the conclu-
sion that EMF species are not broadly functionally redun-
dant, based on findings that suilloid fungi were the dominant
colonizers of P. contorta seedlings established in sand dunes,
which lacked networks of mycelia, and that spores of
Rhizopogon spp. were more resistant to desiccation than those of
Suillus spp.

There is considerable difficulty in analyzing the commu-
nity structure of soil organisms, owing to their cryptic habit
and high levels of β diversity. The findings presented here re-
inforce our view that EMF community structure, as revealed
by current techniques, provides only an index to the struc-
tural complexity in any given area (Luoma et al. 1996; see
also Lilleskov et al. 2004). However, these limited views are
nonetheless effective for the detection of treatment and
spatiotemporal effects (Taylor and Finley 2003; Luoma et al.
2004; Cline et al. 2005; Izzo et al. 2005).

Conclusions and management implications
Silvicultural methods that are designed to maintain

biodiversity are relatively new in forestry. Through green-
tree retention, EMF diversity is maintained at higher levels
than in clearcuts, and we expect that retained trees will pro-
vide some legacy of EMF during the development of the
next stand. Maintenance of EMF diversity is important for
ecosystem health and resilience (Amaranthus et al. 1990,
1996; Perry et al. 1990; Amaranthus 1997), and Bruns
(1995) noted that high levels of EMF diversity may contrib-
ute to ecosystem efficiency (i.e., through resource partition-
ing). For instance, retention of a diversity of EMF in
common mycelial networks may facilitate seedling uptake of
N and P differentially under varying conditions (Nara 2006).
Further use and development of this type of knowledge are
essential when management objectives include facilitating
the conversion of even-aged stands into structures that are
more old-growth-like.

Luoma et al. (2004) found that the 15%D treatment signif-
icantly reduced EMF sporocarp production during the first
3 years following cutting and that the reduction was gener-
ally greater than expected relative to the proportion of basal
area removed. We have shown that retention of green trees
was effective in retaining a legacy of EMF on roots even
though sporocarp production was minimal. Our retention
trees were spaced about 20–35 m apart, depending on the
block (Table 3), and mortality from windthrow was about
4% during the first 3 years following harvest (C. Halpren,
unpublished data). Generally, wind damage has not limited
successful implementation of green-tree-retention silvicul-
ture (Moore et al. 2003), and a combination of aggregated
and dispersed retention may further mitigate this concern.

This study spanned a considerable geographic range —
from the Umpqua River watershed of southern Oregon to the
vicinity of Mount Adams in the central Washington Cascade
Range. The similarity of dominant- and codominant-EM-
type responses that we observed across study sites leads us
to conclude that our results are broadly applicable in
Pseudotsuga-dominated forests of the region.

Acknowledgments

This paper presents results from work undertaken by
Christopher Stockdale in partial fulfillment of the require-
ments for a Master of Science degree in forest science. The
extensive field sampling for this project was greatly facili-
tated by the help of personnel from the Northwest Service
Academy. Richard Waring provided invaluable advice con-
cerning relationships between aboveground productivity and
belowground diversity. Manuela Huso provided statistical re-
view. We particularly thank the two anonymous reviewers
and an associate editor for their efforts in improving the
manuscript. This is a product of the DEMO study, a joint ef-
fort of the USDA Forest Service Region 6 and the Pacific
Northwest Research Station. Research partners include the
University of Washington, Oregon State University, the Uni-
versity of Oregon, Gifford Pinchot and Umpqua National
Forests, and the Washington State Department of Natural
Resources. Funding was provided under cooperative agree-
ments PNW-93-0445, PNW-97-9024-2-CA, 01-CA-
11261993-093-PNW, and 01-CA-11261952-232-PNW.

© 2006 NRC Canada

2570 Can. J. For. Res. Vol. 36, 2006



References

Amaranthus, M.P. 1997. The importance and conservation of
ectomycorrhizal fungal diversity in forest ecosystems: lessons
from Europe and the Pacific Northwestern United States. USDA
For. Serv. Gen. Tech. Rep. PNW-GTR-431.

Amaranthus, M.P., Trappe, J.M., and Molina, R.J. 1990. Long-term
forest productivity and the living soil. In Maintaining the long-
term productivity of Pacific Northwest forest ecosystems. Edited
by D.A. Perry, R. Meurisse, B. Thomas, R. Miller, J. Boyle, J.
Means, C.R. Perry, and R.F. Powers. Timber Press, Portland,
Ore. pp. 36–52.

Amaranthus, M.P., Page-Dumroese, D., Harvey, A., Cázares, E.,
and Bednar, L.F. 1996. Soil compaction and organic matter af-
fect conifer seedling nonmycorrhizal and ectomycorrhizal root
tip abundance and diversity. USDA For. Serv. Res. Pap. PNW-
RP-494.

Ares, A., and Peinemann, N. 1992. Fine-root distribution of conif-
erous plantations in relation to site in southern Buenos Aires,
Argentina. Can. J. For. Res. 22: 1575–1582.

Ashkannejhad, S., and Horton, T.R. 2006. Ectomycorrhizal ecol-
ogy under primary succession on coastal sand dunes: interac-
tions involving Pinus contorta, suilloid fungi and deer. New
Phytol. 169: 345–354.

Aubry, K.B., Amaranthus, M.P., Halpern, C.B., White, J.D.,
Woodard, B.L, Peterson, P.E., Lagoudakis, C.A., and Horton,
A.J. 1999. Evaluating the effects of varying levels and patterns
of green-tree retention: experimental design of the DEMO study.
Northwest Sci. (Special Issue), 73: 12–26.

Bruns, T. 1995. Thoughts on the processes that maintain local spe-
cies diversity of ectomycorrhizal fungi. In The significance and
regulation of soil biodiversity. Edited by H.P. Collins, G.P. Rob-
ertson, and M.J. Klug. Kluwer Academic Publishers, Amster-
dam, The Netherlands. pp. 63–73.

Burns, R.M., and Honkala, B.H. 1990. Silvics of North America:
1. Conifers; 2. Hardwoods. USDA Agric. Handb. 654.

Cline, E.T., Ammirati, J.F., and Edmonds, R.L. 2005. Does prox-
imity to mature trees influence ectomycorrhizal fungus commu-
nities of Douglas-fir seedlings? New Phytol. 166: 993–1009.

Eberhart, J.L., and Luoma, D.L. 1996. Truncocolumella citrina +
Pseudotsuga menziesii. In A manual of concise descriptions of
North American ectomycorrhizae. Edited by D.M. Goodman,
D.M. Durrall, J.A. Trofymow, and S.M. Berch. Mycologue Pub-
lications, Sidney, B.C., the British Columbia Ministry of For-
ests, Victoria, B.C., and the Canadian Forestry Service.
pp. CDE9.1–4.

Eberhart, J.L., and Luoma, D.L. 1997. Lactarius rubrilacteus +
Pseudotsuga menziesii. In A manual of concise descriptions of
North American ectomycorrhizae. Edited by D.M. Goodman,
D.M. Durrall, J.A. Trofymow, and S.M. Berch. Mycologue Pub-
lications, Sidney, B.C., the British Columbia Ministry of For-
ests, Victoria, B.C., and the Canadian Forestry Service.
pp. CDE15.1–4.

Eberhart, J.L., and Luoma, D.L. 2000. Russula densifolia +
Pseudotsuga menziesii. In A manual of concise descriptions of
North American ectomycorrhizae. Edited by D.M. Goodman,
D.M. Durall, J.A. Trofymow, and S.M. Berch. Mycologue Publi-
cations, Sidney, B.C., the British Columbia Ministry of Forests,
Victoria, B.C., and the Canadian Forestry Service.
pp. CDE27.1–4.

Eberhart, J.L., Luoma, D.L., and Amaranthus, M.P. 1996. Response
of ectomycorrhizal fungi to forest management treatments — a
new method for quantifying morphotypes. In Mycorrhizas in in-
tegrated systems: from genes to plant development. Edited by C.

Azcon-Aquilar and J.M. Barea. Office for Official Publications
of the European Communities, Luxembourg. pp. 96–99.

Ferrier, R.C., and Alexander, I.J. 1985. Persistence under field con-
ditions of excised fine roots and mycorrhizas of spruce. In Eco-
logical interactions in soil: plants, microbes and animals. Edited
by A.H. Fitter, D. Atkinson, D.A. Read, and M.B. Usher.
Blackwell Scientific Publications, Palo Alto, Calif. pp. 175–179.

Franklin, J. 1988. Structural and functional diversity in temperate
forests. In Biodiversity. Edited by E.O. Wilson and F.M. Peter.
National Academy Press, Washington, D.C. pp. 166–175.

Franklin, J.F., and Dyrness, C.T. 1973. Natural vegetation of Ore-
gon and Washington. USDA For. Serv. Gen. Tech. Rep. PNW–8.

Franklin, J.F., Norris, L.A., Berg, D.R., and Smith, G.R. 1999. The
history of DEMO: an experiment in regeneration harvest of
northwestern forest ecosystems. Northwest Sci. (Special Issue),
73: 3–11.

Gange, A.C., and Brown, V.K. 2002. Soil food web components af-
fect plant community structure during early succession. Ecol.
Res. 17: 217–227.

Gardes M., and Bruns, T.D. 1993. ITS primers with enhanced
specificity for basidiomycetes — application to the identifica-
tion of mycorrhizae and rusts. Mol. Ecol. 2: 113–118.

Goodman, D.M. 1996. Rhizopogon vinicolor-like + Pseudotsuga
menziesii. In A manual of concise descriptions of North Ameri-
can ectomycorrhizae. Edited by D.M. Goodman, D.M. Durall,
J.A. Trofymow, and S.M. Berch. Mycologue Publications, Sid-
ney, B.C., the British Columbia Ministry of Forests, Victoria,
B.C., and the Canadian Forestry Service. pp. CDE7.1–4.

Goodman, D.M., and Trofymow, J.A. 1998. Comparison of com-
munities of ectomycorrhizal fungi in old-growth and mature
stands of Douglas-for at two sites on southern Vancouver Island.
Can. J. For. Res. 28: 574–581.

Goodman, D.M., Durall, D.M., and Trofymow, J.A. (Editors).
1996. A manual of concise descriptions of North American
ectomycorrhizae. Mycologue Publications, Sidney, B.C., the
British Columbia Ministry of Forests, Victoria, B.C., and the
Canadian Forestry Service.

Hagerman, S.M., Jones, M.D., Bradfield, G.E., Gillespie, M., and
Durall, D.M. 1999. Effects of clearcut logging on the diversity
and persistence of ectomycorrhizae at a subalpine forest. Can. J.
For. Res. 29: 124–134.

Halpern, C.B., McKenzie, D., Evans, S.A., and Maguire, D.A.
2005. Initial responses of forest understories to varying levels
and patterns of green-tree retention. Ecol. Appl. 15: 175–195.

Harniman, S.M.K., and Durall, D.M. 1996a. Amphinema
byssoides-like + Picea engelmannii. In A manual of concise de-
scriptions of North American ectomycorrhizae. Edited by D.M.
Goodman, D.M. Durall, J.A. Trofymow, and S.M. Berch.
Mycologue Publications, Sidney, B.C., the British Columbia
Ministry of Forests, Victoria, B.C., and the Canadian Forestry
Service. pp. CDE6.1–4.

Harniman, S.M.K., and Durall, D.M. 1996b. Cenococcum
geophilum + Picea engelmanii. In A manual of concise descrip-
tions of North American ectomycorrhizae. Edited by D.M.
Goodman, D.M. Durall, J.A. Trofymow, and S.M. Berch.
Mycologue Publications, Sidney, B.C., the British Columbia
Ministry of Forests, Victoria, B.C., and the Canadian Forestry
Service. pp. CDE1.1–4.

Harvey, A.E., Jurgensen, M.F., and Larsen, M.J. 1980. Clearcut
harvesting and ectomycorrhizae: survival of activity on residual
roots and influence on a bordering stand in western Montana.
Can. J. For. Res. 10: 300–303.

Harvey, A.E., Page-Dumroese, D.S., Jurgensen, M.F., Graham,
R.T., and Tonn, D.R. 1997. Site preparation alters soil distribu-

© 2006 NRC Canada

Luoma et al. 2571



tion of roots and ectomycorrhizae on outplanted western white
pine and Douglas-fir. Plant Soil, 188: 107–117.

Herman, D.E., Stange, C.M., and Quam, V.C. 1996. North Dakota
tree handbook. North Dakota State Soil Conservation Commit-
tee, Bismarck, N.D.

Horton, T.R., and Bruns, T.D. 1998. Multiple-host fungi are the
most frequent and abundant ectomycorrhizal types in a mixed
stand of Douglas-fir (Pseudotsuga menziesii) and bishop pine
(Pinus muricata). New Phytol. 139: 331–339.

Horton T.R., and Bruns, T.D. 2001. The molecular revolution in
ectomycorrhizal ecology: peeking into the black-box. Mol. Ecol.
10: 1855–1871.

Ingleby, K., Mason, P.A., Last, F.T., and Fleming, L.V. 1990. Iden-
tification of ectomycorrhizas. Res. Pub. No. 5. Institute of Ter-
restrial Ecology, Bush Estate, Penicuik, Midlothian, Scotland.

Izzo, A., Agbowo, J., and Bruns, T.D. 2005. Detection of plot-level
changes in ectomycorrhizal communities across years in an old-
growth mixed-conifer forest. New Phytol. 166: 619–630.

Jones, M.D., Durall, D.M., and Cairney, J.W.G. 2003.
Ectomycorrhizal fungal communities in young forest stands re-
generating after clearcut logging. New Phytol. 157: 399–422.

Kolaczkowski, O. 2005. Effects of spatially dispersed green-tree
retention on ectomycorrhiza diversity. M.Sc. thesis, Oregon
State University, Corvallis, Ore.

Kranabetter, J.M. 1999. The effect of refuge trees on a paper birch
ectomycorrhiza community. Can. J. Bot. 77: 1523–1528.

Kranabetter, J.M., and Friesen, J. 2002. Ectomycorrhizal commu-
nity structure on western hemlock (Tsuga heterophylla) seed-
lings transplanted from forests into openings. Can. J. Bot. 80:
861–868.

Kranabetter, J.M., and Wylie, T. 1998. Ectomycorrhizal community
structure across forest openings on naturally regenerated west-
ern hemlock seedlings. Can. J. Bot. 76: 189–196.

Kranabetter, J.M., Hayden, S., and Wright, E.F. 1999. A compari-
son of ectomycorrhiza communities from three conifer species
planted on forest gap edges. Can. J. Bot. 77: 1193–1198.

Kuiper, L.C., and Coutts, M.P. 1992. Spatial disposition and exten-
sion of the structural root system of Douglas-fir. For. Ecol. Man-
age. 47: 111–125.

Lilleskov, E.A., Bruns, T.D., Horton, T.R., Taylor, D.L., and Gro-
gan, P. 2004. Detection of forest stand-level spatial structure in
ectomycorrhizal fungal communities. FEMS Microb. Ecol. 49:
319–332

Luoma, D.L., Eberhart, J.L., and Amaranthus, M.P. 1996. Re-
sponse of ectomycorrhizal fungi to forest management treat-
ments: implications for long-term ecosystem productivity.
USDA For. Serv. Gen. Tech. Rep. PNW-GTR-371. pp. 23–26.

Luoma, D.L., Eberhart, J.L., Molina, R., and Amaranthus, M.P.
2004. Response of ectomycorrhizal fungus sporocarp production
to varying levels and patterns of green-tree retention. For. Ecol.
Manage. 202: 337–354.

Magurran, A.E. 1988. Ecological diversity and its measurement.
Princeton University Press, Princeton, N.J.

Mah, K., Tackaberry, L.E., Egger, K.N., and Massicotte, H.B.
2001. The impacts of broadcast burning after clearcutting on the
diversity of ectomycorrhizal fungi associated with hybrid spruce
seedlings in central British Columbia. Can. J. For. Res. 31: 224–
235.

Mason, P.A., Last, F.T., Wilson, J., Deacon, J.W., Fleming, L.V.,
and Fox, F.M. 1987. Fruiting and succession of ectomycorrhizal
fungi. In Fungal Infection of Plants. Edited by G.F. Pegg and
P.G. Ayres. Symp. Br. Mycol. Soc. Ser. 13: 253–268.

McAleece, N., Lambshead, P.J.D., Paterson, G.L.J., and Gage, J.D.
1995. BioDiversity Pro, Beta 2 software. Natural History Mu-

seum and the Scottish Association for Marine Science,
Edinburgh, Scotland.

McCune, B., and Grace, J.B. 2002. Analysis of ecological commu-
nities. MjM Software, Gleneden Beach, Ore.

McCune, B., and Mefford, M.J. 1999. PC-ORD, multivariate anal-
ysis of ecological data version 4.02. MjM Software, Gleneden
Beach, Ore.

McMinn, R. 1963. Characteristics of Douglas-fir root systems.
Can. J. Bot. 41: 105–122.

Mielke, P.W., Jr. 1991. The application of multivaritate permutation
methods based on distance functions in the earth sciences.
Earth-Sci. Rev. 31: 55–71.

Montgomery, D.C. 1997. Design and analysis of experiments. 4th
ed. John Wiley & Sons, New York.

Moore, J.R., Mitchell, S.J., Maguire, D.A., and Quine, C.P. 2003.
Wind damage in alternative silvicultural systems: review and
synthesis of previous studies. In Proceedings of the International
Conference: Wind Effects on Trees. Edited by B. Ruck, C.
Kottmeier, C. Mattheck, C. Quine, and G. Wilhelm. Institute for
Hydromechanics, University of Karlsruhe, Karlsruhe, Germany.
pp. 191–198.

Nara, K. 2006. Ectomycorrhizal networks and seedling establish-
ment during early primary succession. New Phytol. 169: 169–178

Outerbridge, R.A., and Trofymow, J.A. 2004. Diversity of
ectomycorrhizae on experimentally planted Douglas-fir seed-
lings in variable retention forestry sites on southern Vancouver
Island. Can. J. Bot. 82: 1671–1681.

Palmer, M.W. 1990. The estimation of species richness by extrapo-
lation. Ecology, 71: 1195–1198.

Palmer, M.W. 1991. Estimating species richness: the second-order
jackknife reconsidered. Ecology, 72: 1512–1513.

Parke, J.L., Linderman, R.G., and Trappe, J.M. 1984. Inoculum po-
tential of ectomycorrhizal fungi in forest soil from southwest
Oregon and northern California. For. Sci. 30: 300–304.

Parsons, W.F.J., Miller, S.L., and Knight, D.H. 1994. Root-gap dy-
namics in a lodgepole pine forest: ectomycorrhizal and
nonmycorrhizal fine root activity after experimental gap forma-
tion. Can. J. For. Res. 24: 1531–1538.

Perry, D.A., Borchers, J.G., Borchers, S.L., Amaranthus, M.P.
1990. Species migrations and ecosystem stability during climate
change: the belowground connection. Conserv. Biol. 4: 266–
274.

Pilz, D.P., and Perry, D.A. 1984. Impact of clearcutting and slash
burning on ectomycorrhizal associations of Douglas-fir seed-
lings. Can. J. For. Res. 14: 94–100.

Rose, C.R., and Muir, P.S. 1997. Green-tree retention: conse-
quences for timber production in forests of the western Cas-
cades, Oregon. Ecol. Appl. 7: 209–217.

Sakakibara, S.M., Jones, M.D., Gillespie, M., Hagerman, S.M.,
Forrest, M.E., Simard, S.W., and Durall, D.M. 2002. A compari-
son of ectomycorrhiza identification based on morphotyping and
PCR-RFLP analysis. Mycol. Res. 106: 868–878.

Shinozaki, K., Yoda, K., Hozumi, K., and Kiro, T. 1964. A quanti-
tative analysis of plant form — the pipe model theory, I. Basic
analysis. Jpn. J. Ecol. 14: 97–105.

Smith, J.H.G. 1964. Root spread can be estimated from crown
width of Douglas-fir, lodgepole line, and other British Columbia
tree species. For. Chron. 40: 456–473.

Smith, S.E., and Read, D.J. 1997. Mycorrhizal symbiosis. 2nd ed.
Academic Press, London, UK.

Sugihara, G. 1980. Minimal community structure: an explanation
of species abundance patterns. Am. Nat. 116: 770–787.

Taylor, A.F.S., and Finley, R.D. 2003. Effects of liming and ash ap-
plication on belowground ectomycorrhizal community structure

© 2006 NRC Canada

2572 Can. J. For. Res. Vol. 36, 2006



in two Norway spruce forests. Water Air Soil Pollut.: Focus, 3:
63–76.

USDA Forest Service and USDI Bureau of Land Management.
1994a. Final supplemental environmental impact statement on
management of habitat for late-successional and old-growth for-
est related species within the range of the spotted owl. Vol. 1.
US Department of Agriculture Forest Serviceand US Depart-
ment of the Interior Bureau of Land Management, Washington,
D.C.

USDA Forest Service and USDI Bureau of Land Management.
1994b. Record of decision for amendments to Forest Service
and Bureau of Land Management planning documents within
the range of the northern spotted owl. US Department of Agri-

culture Forest Service and US Department of the Interior Bureau
of Land Management, Washington, D.C.

Vogt, K.A., Moore, E.E., Vogt, D.J., Redlin, M.J., and Edmonds,
R.L. 1983. Conifer fine root and mycorrhizal biomass within the
forest floors of Douglas-fir stands of different ages and site
productivities. Can J. For. Res. 13: 429–437.

Vogt, K.A., Vogt, D.J., Moore, E.E., Fatuga, B.A., Redlin, M.R.,
and Edmonds, R.L. 1987. Conifer and angiosperm fine-root bio-
mass in relation to stand age and site productivity in Douglas-fir
forests. J. Ecol. 75: 857–870.

Waring, R.H., Schroeder, P.E., and Oren, R. 1982. Application of
the pipe model theory to predict canopy leaf area. Can. J. For.
Res. 12: 556–560.

© 2006 NRC Canada

Luoma et al. 2573


