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Abstract: 
 
Interior Douglas-fir is an obligate ectomycorrhizal (ECM) tree species with broad host 
receptivity.  We expect that Douglas-fir seedlings are colonized with native EM by linking into a 
common mycorrhizal network (CMN) with neighboring trees.  Poor regeneration of planted 
Douglas-fir seedlings on clearcuts in the Interior Douglas-fir (IDF) and Interior Cedar Hemlock 
(ICH) zones may be partly due to poor early EM and CMN formation.  Variable retention 
silviculture systems may effectively retain EM fungal diversity and CMN functionality.   

In Study 1, three field studies were established to address the role of CMN in Douglas-fir 
establishment, EM status, and carbon transfer.  In the one that is almost completed, six variable 
retention sites were selected where Douglas-fir seedlings were planted at 0.5, 1, 2.5, and 5m away 
from residual Douglas-fir trees.  Douglas-fir seedling were planted either with links into the CMN 
of residual trees, or in isolation from the trees.  This was accomplished by surrounding Douglas-
fir seedlings with four different mesh bag treatments (0.5 µm, 35 µm, 250 µm, no mesh bag).  
Preliminary results show that CMNs mildly increased survival of outplanted seedlings.  Seedling 
growth, foliar N, and photosynthesis significantly increased at 2.5 m away from residual trees.  
These results indicate that CMN effects may be ecologically significant for establishing seedlings 
especially during harsh dry growing seasons.  In addition, competition likely overwhelms any 
facilitation effects at very close planting distances to residual trees. 
 In Study 2, ECM communities of Douglas-fir and paper birch were characterized in 5, 26, 
65, and 100-year-old stands using ECM root tip morphology and ITS region DNA sequences. 
Stands disturbed by wildfire (all age classes) and clearcutting (two youngest age classes) were 
studied in the Interior Cedar-Hemlock forests of British Columbia. ECM community species 
richness on Douglas-fir was over three times higher in 65- and 100-year-old stands than in 5-
year-old stands; 26-year-old stands were intermediate. In the youngest stands, the ECM 
community of paper birch had ~70% higher species richness than Douglas-fir. Roots of sprouting 
paper birch stumps may support myccorrhizae or inoculum that persist through disturbance. 
Overall ECM diversity increased substantially from 5 to 26-year-old stands, but did not change 
much with further increases in stand age. ECM community composition and structure continued 
to change from 26 to 65-year-old stands, including increases in Russula and Piloderma relative 
abundances. Similar ECM communities occurred on 65 and 100-year-old stands.  Available P 
was correlated with abundance of two dominant taxa, but available N and P, mineralizable N, and 
organic P were not related to ECM diversity or community structure. Host-specific ECM fungi 
were more dominant in the youngest stands, and host-generalists were more common on paper 
birch than Douglas-fir at younger ages. There were minor differences between clearcuts and 
wildfire origin sites.   
 We also found that in-situ phosphatase activity increased with stand age, reaching a 
maximum at stem exclusion (60-70 years).  However, the distribution of phosphatase intensity in 
older sites was similar that of the stem exclusion sites.  Areas of in-situ phosphatase activity also 
became larger and more intense as stands reach stem exclusion.  There was a substantial increase 
in areas of less intense activity at stem exclusion, while older sites show a more even distribution 
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in the intensity of phosphatase activity. The pattern of intense phosphatase activity at stem 
exclusion coincide with intense self-thinning, particularly of paper birch. 
 In Study 3, we tested the influence of elevation and watering regime on the abundance and 
species composition of EM fungal inoculum. Ectomycorrhizal inoculum was sampled at low 
(350-750m asl) and high (1300-1400m asl) elevations, two ends of a gradient along which soil 
moisture was hypothesized to play a particularly important role in structuring both plant and 
mycorrhizal fungal communities. We planted non-mycorrhizal Douglas-fir (Pseudotsuga 
menziesii var. glauca) seedlings into these soils and watered them at various rates to obtain 
gravimetric soil moisture conditions ranging from <10 to 30%. Seedlings grown in soil collected 
from low elevations had lower richness of EM morphotypes and had colonization levels that were 
less than half of those grown in soil collected from high elevations. These responses coincided 
with changes in soil characteristics. We also observed an inverse relationship between EM 
colonization and soil moisture. Contrary to our prediction, elevation and watering regime had no 
effect on EM community composition when measured by abundance. Our findings suggest that 
pioneer EM fungi, such as would be expected on seedlings establishing after disturbance, occupy 
a broad range of soil moisture conditions. 
 
Introduction: 
 
Poor establishment of interior Douglas-fir is common on dry sites in the Interior Douglas-fir 
(IDF) biogeoclimatic zone (Heineman et al. 2003).  Seedling mortality has been attributed to 
numerous factors, including summer frost, drought, poor mycorrhizal formation, cattle damage, 
and competition from pinegrass.  We hypothesize that rapid linkage of non-mycorrhizal nursery 
seedlings into an existing common mycorrhizal network (CMN, fungal network linking trees of 
the same or different species) with residual trees facilitates rapid water and nutrient uptake, and 
therefore seedling establishment. Seedlings may also benefit from direct carbon (C), nutrient, and 
water transfer through the CMN from the larger, established trees (Simard and Durall 2004).   
 Early studies of birch in young plantations supported a dichotomy of “early-stage” and 
“late-stage” ECM fungi (Fleming, 1984; Mason et al., 1983; Deacon & Donaldson, 1983; 
Fleming, 1983; Fox, 1983).  However, such a classification scheme does not reflect the 
complexity of forest stand succession.  More recent studies have examined ECM fungal 
succession on conifer hosts in settings more relevant to forest management in North America 
(Kranabetter et al., 2005; Smith et al., 2002; Visser, 1995).  These studies suggest that ECM 
diversity largely recovers by the time of canopy closure, but community composition continues to 
change thereafter.  There are also consistencies among these studies in successional patterns for 
some fungi (e.g. Russula, Cortinarius).   Two of these recent studies examined only ECM 
sporocarps, which are not always representative of the ECM community on root tips (Peter et al., 
2001; Durall et al., 1999; Gardes & Bruns, 1996). 
 Host specificity of ECM fungi is important in the succession of mixed-ECM host forests.  
Generalist fungal taxa comprise substantial proportions of the ECM community in mixed 
coniferous/broadleaf forests (Kennedy et al., 2003; Molina et al., 1992).  Where dominant tree 
species in a forest are infected by a high proportion of generalist fungi, there exists good potential 
for CMNs to connect trees underground (Simard et al., 2002).  These CMNs may moderate 
interspecific competitive interactions (Simard et al., 1997a).  Connections to parent trees are 
considered important for the spread of some ECM fungi (Hagerman et al., 1999b; Fleming, 
1984), and it is likely that one host species can contribute to the ECM establishment of another in 
mixed stands (Simard et al., 1997c; Jones et al., 1997).   

Given the increased recognition of the importance of plant-fungal interactions, factors 
affecting mycorrhizas should be considered as possible determinants of the distribution of plant 
species. For example, evidence indicates that plants are responsive to decreases and/or 
compositional changes in ectomycorrhizal (EM) inoculum (Onguene and Kuyper 1998; Dickie 
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and Reich, 2005; Dickie et al. 2005). Due to the interdependent nature of the two symbionts 
(Smith and Read 1997), EM fungal responses to environmental changes along elevational 
gradients may mediate changes in above ground patterns of vegetation. 

The southern interior plateau and valleys of British Columbia, Canada, offers an ideal 
location to survey EM communities along elevational gradients. Located on the leeward side of 
the Cascade and Coastal mountain ranges, this area is relatively dry, and availability of moisture 
is an important limiting resource, particularly within valleys. Variation in soil moisture has been 
shown to induce changes in the species composition of EM fungal communities (Shi et al. 2002) 
and EM fungi differ in their ability to tolerate drought conditions (Parke et al. 1983; Boyle and 
Hellenbrand 1991). Thus, we hypothesize that, along an elevational gradient, variation in soil 
moisture drives a turnover of EM fungal species. If this occurs, it is conceivable that the 
ecological amplitude of a host species along an elevational gradient is dependent on the beta 
diversity of EM fungi. In other words, the compositional change of functionally diverse EM 
fungal communities may actually define the distribution of a host along an environmental 
gradient. 
 
Methods: 
 
Study 1:  
Advanced Regeneration Experiment 
A large variable retention cut (Black Pines) approximately 50 km North of Kamloops in the 
Interior Douglas-fir (IDF) was selected for this study.  The Black Pines variable retention cut 
includes various sizes (0.2 to 3 m in height) of advanced regeneration Douglas-fir.  Typical site 
preparation and planting was conducted on the site in fall of 2003, thus making this study more 
relevant for forest practitioners.   

In June 2003, Douglas-fir seedlings (receiver) were grown at the UBC greenhouses then 
placed in cold storage (2°C) in November, 2003 at the Surrey Nursery (B.C. Ministry of Forest).  
In May 2004, approximately 2000 Douglas-fir seed and 80 seedlings were outplanted at 0.5m 
from an advanced regeneration Douglas-fir (donors) with or without mesh barriers (i.e., mesh bag 
treatment).  All healthy looking advanced regeneration Douglas fir on site were identified and 
numbered with flagging tape.  Ten randomly selected advanced regeneration (donor) were 
selected for each treatment combination (n=10).  Each experimental unit consisted of a group of 
trees (one advanced regeneration Douglas-fir and one Douglas-fir seed or seedling).   

Since C, nutrients, and water will be able to move through multiple pathways, four levels 
of mesh bag treatments (or CMN treatments) were established: 

i) A) Soil-only pathway.  The soil-only pathway consists of a 0.5µm mesh (Plastok® 
Associates Ltd.) bag filled with undisturbed soil.  The form of the mesh bags will 
resemble the mesh cylinders used by Johnson et al. (2001) except for a closed bottom 
made out of mesh.  Mesh was sown (Alpha Tent & Awning Ltd.) into bags (17cm 
diameter, 32cm deep) where seems were filled with a non-toxic silicone 
adhesive/sealant 732 (Dow Corning ®).  The soil-filled mesh bags were then 
carefully placed back into the ground.  Douglas-fir seed and seedlings were planted 
in the middle of the mesh bag after installing the last mesh bag.  This mesh bag will 
enable measurement of C transfer via soil pathways only.   

ii) B) Soil and CMN (hyphae-only) pathway.  The same procedure was performed except 
that a 35µm mesh (Plastok® Associates Ltd.) bag was used.  This second mesh bag 
will enable measurement of C transfer via the soil + hyphae-CMN pathway.   

iii) C) Soil and CMN (hyphae and rhizomorph) pathway.  The same procedure was 
performed except that a 250µm mesh (Plastok® Associates Ltd.) bag was used.  This 
third mesh bag will enable measurement of C transfer via the soil + hyphae + 
rhizomorph-CMN pathway.   
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iv) D) All pathways.  No mesh bag was used and seedlings and seed were planted 0.5m 
away from advanced regeneration Douglas-fir donors.   

 
The effect of the CMN alone will be estimated by subtraction:  
 

C – A = CMN pathway    eqn 1 
 
Centered on each replicate donor advanced regeneration Douglas-fir is a 3m diameter circular 
trench dug to a depth of 0.4m to minimize CMN formation with other advanced regeneration, 
planted Douglas-fir, and surrounding EM plants.  Plants found in or near the experimental plots 
were sprayed with RoundUp®.  Relatively large woody plants found in or near experimental 
plots will be clipped once per growing season.  This plot preparation will minimize transfer of C 
isotopes to other vegetation and isolate the CMN effect between a single donor plant and receiver 
plant.   
Experimental Design 
A 4 × 2 factorial set of treatments replicated 10 times was laid out as a complete randomized 
design (80 experimental units).  The treatments consist of four nylon mesh bags (0.5µm, 35µm, 
250µm, and no mesh) and two establishment procedures (planted seedlings and sowed seed).  In 
June 2006, donor Douglas-fir will be pulse-labeled with 13CO2 gas (between 7:00 and 16:00 on 
sunny days) to enable quantification of one-directional C transfer.  The abundance of 13C will be 
quantified by biomass estimates and isotope ratio mass spectrometry after a 7 day chase period.   
Measurements 
Survival and growth of donor and receiver plants were assessed in 2004 and 2005.  Vegetation 
surveys were conducted and plant species and abundance lists were compiled.  In addition we 
measured photosynthesis, transpiration, stomatal conductance, instantaneous water-use-efficiency 
(WUE), and chlorophyll fluorescence at three different occasions during the 2005 growing 
season.  EM status and second year wood 13C natural abundance will be determined in 2006 on a 
subset of seedlings.   
 
The Distance Experiment 
Study site and experimental design 
The field study was carried out at six variable retention sites located northwest of Kamloops in 
the IDF zone.  In 2004, we planted Douglas-fir at different distances away from residual trees 
either with links into the CMN of trees, or in isolation from the trees.  To distinguish CMN 
effects and transfer through different pathways, and in relation to distance away from trees, we 
planted Douglas-fir into four mesh bag treatments (0.5 µm, 35 µm, 250 µm, no bag) and at four 
distances away from trees (0.5 m, 1 m, 2.5 m, 5 m).   
This study was laid out as a split-plot with factorial arrangement of treatments in a RCBD, with 4 
mesh bag treatments (main-plot treatment) and 4 distances (sub-plot treatment), replicated 6 times 
on separate sites (blocks).  In 2005, we assessed the influence of the CMN and distance away 
from mature tree on seedling performance, physiology, and ectomycorrhizal status and we will 
use natural abundance of stable C isotopes to estimate one-directional C transfer from mature 
trees (i.e., donor) and planted seedlings (i.e., receiver). 
Measurements 
Survival and growth of donor and receiver plants were assessed in 2004.  In addition we 
measured soil nutrient status (C, N, P) and water content at various distances away from the adult 
Douglas-fir trees inside and outside the mesh bags.  We also attempted to quantify hydraulic 
redistribution, measure soil water potential at various depths and seedling xylem water potentials 
in 2005.  In August of 2005 we destructively sampled the seedlings and measured biomass, foliar 
nutrient content, and wood 13C natural abundance levels.  In the fall 2005, EM root tips were 
morphologically described and then subsamples were set aside for species identification using 
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updated molecular analyses of rDNA.  We are also attempting to conduct microsatellite marker 
analyses to assess if the same individual (genet) EM fungi (Rhizopogon vinicolor in this case) is 
connecting mature trees and seedlings via a CMN.   
 
The Soil Disturbance Experiment 
The three Long-Term Soil Productivity (LTSP) sites (Graeme Hope’s (B.C. Ministry of Forest, 
Kamloops Region) Black Pines, Dairy, and O’Connor LTSPs) located in the IDFdk near 
Kamloops were used for this study.  In June 2004, we established the soil disturbance treatments 
by excavating (Stobbe Excavating, Kamloops, BC, Canada) and trenching three plots per site 
with three different levels of organic matter removal (~3cm of mineral soil + forest floor 
removed, forest floor removed, and nothing removed).  We then established the same mesh size 
treatment as above at 0.5m from transplanted naturally regenerated Douglas-fir seedlings (3 to 5 
years old) that were growing on gravel road sides.  A total of 216 UBC-grown seedlings were 
planted inside the mesh bags and watered.   
Experimental design 
A 4 × 2 × 3 factorial set of treatments was laid out as a split-plot design with three replicate sites 
and 3 subsamples (216 experimental units in total).  The three factors are mesh size, labeling 
scheme, and organic matter removal.  The four nylon mesh  sizes are 0.5µm, 35µm, 250µm, and 
no mesh; the two different labeling schemes are 14C-natural regeneration Douglas-fir with 13C-
Douglas-fir seedling and 13C-natural regeneration Douglas-fir with 14C-Douglas-fir seedling.  The 
treatments consist of four nylon mesh (Plastok® Associates Ltd.) barriers (0.5µm, 35µm, 250µm, 
and no mesh), two labeling schemes (14C-natural regeneration Douglas-fir with 13C-Douglas-fir 
seedling; 13C-natural regeneration Douglas-fir with 14C-Douglas-fir seedling), and the three 
different organic matter removal treatments are forest floor and ~3cm of mineral soil removed, 
forest floor removed, and nothing removed.  In June 2006, donor and receiver Douglas-fir 
seedling will be pulse-labeled with 13C and 14C (between 7:00 and 15:00 on sunny days) to enable 
quantification of bi-directional and net C transfer.  The abundance of 13C and 14C remaining in 
plants will be quantified by biomass estimates, isotope ratio mass spectrometry, and liquid 
scintillation, respectively. 
Measurements 
Same measurements as in the Advanced Regeneration Experiment but in addition we will 
conduct vegetation surveys, sample soil for bulk density, C, N, P and soil water potential, and 
quantify net carbon transfer between seedlings.   
 
Study 2:  
The study sites were located in the Thompson Moist Warm (ICHmw3), Shuswap Moist Warm 
(ICHmw2), and Thompson Moist Cool (ICHmk2) Interior Cedar-Hemlock variants of southern 
interior British Columbia (Lloyd et al., 1990).  Single cohort stands were selected to represent a 
chronosequence following stand-replacing fire and clearcutting. Four stand age classes were 
chosen to represent important stages (Oliver & Larson, 1996) of mixed seral stand development: 
4 to 6 years-old (stand initiation stage, where Douglas-fir naturally seeds in or is planted, and 
paper birch naturally seeds in or sprouts from existing root stocks), 21 to 30 years-old (stem 
exclusion stage), 60 to 70 years-old (stand re-initiation stage, where birch starts to die out of the 
stand, creating canopy gaps) , and 90 to 103-years-old (stand re-initiation stage, where Douglas-
fir is dominant over remaining paper birch).  For brevity, these age classes will be referred to as 
5-, 26-, 65-, and 100-year-old stands, respectively. For the two youngest age-classes, stands of 
both clearcut and wildfire origin were selected. Stands of clearcut origin in the two oldest age-
classes were not available in the study area.
 Four replicate sites were selected for each of the six stand (age-class/initiation-
origin) types. Site selection was based on the following criteria: 1) Douglas-fir and paper birch 
comprised at least 75% of the total canopy cover of ECM host tree species in a 40 m by 40 m area 
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(except in 5-year-old stands, where other conifers had been planted in mixture with Douglas-fir), 
2) moisture regime was submesic to mesic and site series was zonal (Lloyd et al., 1990), and 3) 
distance to other replicate stands was at least one kilometre.   
 Soils were sampled for ECM twice in 2004: late May to early June (spring) and late 
September to early October (fall). For each sampling period at each site, eight separate pairs, 
including one Douglas-fir tree and one paper birch each, were randomly selected inside the plot. 
One soil sample was taken from within a 0.5 m-wide transect between the two trees in each pair 
(one sample x eight locations x 2 sampling seasons = 16 samples taken per site).  At each 
sampling location, forest floor and mineral soils were removed in a 9 cm X 9 cm area using a 
machete and trowel (soils were too stony to use corers). The LFH layers were placed together in a 
plastic bag.  Mineral soil was removed to 20 cm depth from the bottom of the forest floor and 
bagged separately. Due to difficulty obtaining sufficient roots from soil samples in 5-yr.-old 
burned sites, 3 Douglas-fir seedlings were instead excavated at each of these sites with soil from a 
30 cm radius around their boles and to ~30 cm deep.  Seedlings were also taken, in addition to 
core-type soil samples, in 5-yr.-old clearcuts. 
 From each soil sample, 100 ECM root tips were randomly selected (25 tips of each host 
per each of forest floor and mineral soil), with the first priority being to sample equal numbers of 
tips of each host per soil sample, and the second being to sample an equal number of tips from 
each soil layer (mineral soil and forest floor).  Two hundred ECM root tips were sampled from 
Douglas-fir seedlings.  Detailed morphological and anatomical examinations of these ECM tips 
were made according to (Goodman et al., 1996) and (Agerer, 1987).   
 RFLP of the fungal ITS region was used to check on within-soil sample sorting accuracy 
of 15 randomly selected morphotypes, according to methods in (Sakakibara et al., 2002).  
Representatives of unique morphotypes for each core had fungal ITS DNA amplified with 
primers NSI1 and NLC2 (Martin & Rygiewics, 2005) or ITS1 and ITS4B (Gardes & Bruns, 
1996), then were sequenced in both directions.  Sequences were BLAST searched through NCBI 
(www.ncbi.nih.gov) and UNITE (http://unite.zbi.ee) (Kõljalg et al., 2005) databases, and well-
aligned sequences with 98% or greater similarity were considered species matches (Cline et al., 
2005).  Sample sequences unmatched to database sequences were matched with each other by 
using several multiple alignments of samples by different genera and analyzing sequence 
similarities.  Relative abundances were calculated as the total number of root tips occupied by 
each taxon at a site by the total ECM tips examined from that site, respective of host(s).  The 
frequency of each taxon was defined as the number of soil samples in which it occurred at a site. 
Plexiglas root windows at 16 of the chronosequence sites were established.  Each window has a 
30 X 30 cm trap door, allowing access to the mycorrhizae and their hyphae for in situ assays of 
enzyme activity and nutrient uptake. Fungal phosphatases, which are enzymes that break down 
various forms of soil organic matter to release P, are being assayed using a soil-imprinting 
method (Grierson and Comerford 2000), where nitrocellulose membranes are applied directly to 
ectomycorrhizas and their hyphae exposed on the soil face. After 15 minutes contact with the soil, 
the membranes are transported on ice to the lab, where they are placed in a ‘developing bath’ 
containing a chromogenic substrate for the enzyme. Enzymes bound to the membranes retain 
their activities, so coloured patches develop on the membranes where there are located.  In order 
to generate a standard curve for quantifying enzyme activity, a second membrane, with known 
amounts of the enzyme, are developed at the same time as the root imprint. After colour 
development, the membranes are scanned into a computer.  The location of activities are matched 
digitally to the locations of mycorrhizas on digital photos taken of the soil face.  We will compare 
activity of the enzymes an index of the ability of ECM fungi in the stands to access organic P.  
Additional Plexiglas root windows were installed and existing windows repaired summer 2004.  
Final field tests of an in-situ phosphatase assay using filter paper impregnated with a colorimetric 
substrate were conducted summer 2005, and in-situ phosphatase activity imprints were collected 
fall 2005.  A program written in Perl in 2004 was used to analyze the imprints. 
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Study 3: 
In October, 2003, soils were sampled in the southern interior plateau of British Columbia, 

Canada.  There is a strong elevational gradient in precipitation ranging from 300 mm at lower 
elevations (300-800 m asl) to greater than 1000 mm at subalpine (1200-1400 m asl) elevations. 
We collected soil from two elevation classes (350-750 or 1300-1400 m asl) at three locations. We 
sieved the soil through a 2.5 cm2 mesh in the field to remove woody debris and stones and 
afterwards refrigerated the soil at 4oC in plastic tubs. To determine nutrient status of soils 
collected from each of the elevation classes, one subsample of mixed soil from each of the six 
sites was analyzed (Soilcon Laboratories Ltd., Richmond, British Columbia) for pH, EC, % 
organic matter measured by loss on ignition, total organic C, NH4

+, NO3
-, NO2

-, total N, available 
P, estimated C/N, ammonium acetate extractable Ca, K, and Mg, and Na.  

Non-mycorrhizal interior Douglas-fir seedlings were grown at the University of British 
Columbia, Vancouver, greenhouse from stratified, sterilized seeds (seedlot #48520, collected at 
850-950 m asl) obtained from the BC Ministry of Forest Tree Seed Center (Surrey, British 
Columbia, Canada).  The field soil was removed from cold storage and mixed with perlite (3:1 
v:v). Watering level (to 10%, 20%, and 30% gravimetric soil moisture) and elevational class were 
laid out as a factorial experiment with a completely randomized design. The weight of a pot 
required to maintain the designated soil moisture levels was based upon the dry weight of soil in 
each pot. During the 8 months of the experiment we regularly weighed pots and added enough 
water to bring the pot weight up to the appropriate weight for the watering treatment imposed.  

Five response variables were measured or calculated for each seedling alive at the end of 
the experiment: EM morphotype richness (# of morphotypes), percentage of root tips that were 
mycorrhizal, root and shoot dry weight, and root:shoot ratio. Each seedling was a sampling unit, 
thus data were aggregated to obtain a mean for each elevational class x site replicate x watering 
level treatment.  We used general linear models in JMP IN 5.1 (Sall et al. 2005) to test the effects 
of elevational class, watering treatment, and their interaction on all response variables. We treated 
soil moisture as a continuous variable and elevation as a class variable due to the inherent 
differences among the soil types (i.e. water holding capacity) and the presence of uneven 
mortality among treatments (resulting in an unbalanced factorial experiment with missing values). 
We used a Spearman rank to test for significant correlations between response variables and 
where appropriate, a Tukey-Kramer test to compare among multiple means. To test the effect of 
elevation and watering treatments on the EM fungal community we used a canonical 
correspondence analysis in CANOCO 4 (ter Braak and Smilaurer 1998). The significance of the 
ordination was determined by a Monte Carlo permutation test (999 permutations). 
 
Results: 
 
Study 1:  
 
Advanced Regeneration experiment 
Survival 
Survival of seedlings (originating from sowed seed in the field) followed a decreasing trend with 
CMN restriction (Table 1) suggesting a possitive CMN effect on Douglas-fir establishment.   
Table 1.  Average survival of Douglas-fir seedling established from sowed seed in the field.  
Standard deviations are highlighted in brackets. 
CMN treatment Survival (%)  
No CMN 26 (±0.4) 
CMN-hyphal 33 (±0.5) 
CMN-rhizomorph 45 (±0.4) 
CMN 39 (±0.5) 
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Distance experiment
Survival and growth 
After the two growing seasons, survival of seedlings tended to be reduced when CMNs were 
excluded (not statistically significant) but was not affected by distance away from trees (fig. 1A).  
Seedling height was reduced at 0.5 m distance from residual trees (Fig. 1B). 
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Fig. 1.  Average survival (A) and height increment (B) of Douglas-fir seedlings grown at 
different distances away from mature residual Douglas-fir trees in different size mesh bags, after 
two growing season. Error bars indicate one standard error of the mean. 
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Physiology 
Stem water potential of seedlings was unaffected by CMNs or distance (Fig. 2A).  However, net 
photosynthetic rate was lowest at 0.5 m distance (Fig. 2B). 
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Fig. 5.  Second year  twig xylem water potential (A) (August 4th 2005) and photosynthesis (B) 
(mid-July 2005) of Douglas-fir seedlings grown at different distances and in different size mesh 
bags. Error bars indicate one standard error of the mean. 
 
No clear evidence of a CMN effect has yet been quantified.  However seedling growth and 
photosynthesis was negatively affected by proximity to mature trees.  Despite these preliminary 
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results many other response variables such as biomass, foliar nutrients, and C transfer remain to 
be measured.  We are also determining whether distance to residual trees affects the richness and 
diversity of ectomycorrhizas on planted seedlings. 
 
Common mycorrhizal status 
We observed a total of 46 and 50 distinct ectomycorrhizal morphotypes on outplanted seedlings 
and mature trees, respectively.  Nearly 85% of the morphotypes were shared between seedlings 
and trees suggesting a high potential for a CMN.  We currently completing a limited amount of 
molecular analyses to help us identify species and resolve morphological groupings.   
 

   

   
Rv    Tb    Rr 
 

     
Wr    Ab    Sl 
Figure 4.  Photographs of common and shared ectomycorrhiza found on mature Douglas-fir trees 
and nearby outplanted Douglas-fir seedlings.  Rv: Rhizopogon vinicolor, Tb: Tuber sp., Rr: 
Rhizopogon rudus, Wr: Wilcoxina rehmii, Ab: Amphinema byssoides, Sl: Suillus lakei.   
 
Hydraulic redistribution 
In this experiment we enabled Amanda Schoonmaker to conduct a hydraulic redistribution study 
on three of the six sites.  She has completed all the field and laboratory work and has successfully 
completed her B.Sc.F thesis entitled “Roots, pathways, and proximity: their influence in the 
utilization and occurrence of hydraulically redistributed water in the IDF zone.”  The following is 
a summary of her thesis:  Deuterated water was applied to quantify proportions of hydraulically 
redistributed water transferred to surrounding plants from a mature Douglas-fir tree.  Root density 
surrounding seedlings was assessed.  Seedling ψw(plant) was measured on two occasions throughout 
the irrigation period.  Measures of ψw(soil) and soil moisture were also conducted.  Tree root 
density did not appear to influence the amount of hydraulically redistributed water taken up by 
seedlings while proximity to the mature tree was an important factor.  Douglas-fir seedlings 
obtained as much as 6% of their water from the nearby tree.   
Generally, enrichment of Douglas-fir seedlings around mature trees increased with decreasing 
distance to the tree (Fig 3).  At two weeks, Douglas-fir seedlings at 0.5 and 1.0 m distances 
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around mature trees took up irrigated water, presumably via HR from the nearby tree.  Both these 
seedlings were still utilizing this water for three weeks, although in lower proportions (Fig 3).  
Interestingly, the seedling at 2.5 m also took up water after three weeks (Fig 3). 
 
Twig ψw(plant) of seedlings was not affected either by distance to mature tree or mesh-bag factor.  
The most important factor altering ψw(plant) was weather conditions, specifically summer 
precipitation events.  Soil moisture was also strongly influenced by precipitation events and 
showed no trend with distance from the hydraulically redistributing source tree.  The only clear 
factor influencing patterns of hydraulic redistribution is proximity to the tree source; fine-scale 
differences in soil moisture may also play a significant role as well.   
 
Soil Disturbance experiment 
We do not have any preliminary results to present at this time.  Much of the first and second year 
data has been collected but remains to be analyzed.   
 
Pilot greenhouse bioassays 
In December 2005, we submitted a manuscript manuscript entitled “Methods to control 
ectomycorrhizal colonization: effectiveness of chemical and physical barriers” to New 
Phytologist but it was rejected based on the topic of research and was recommended to a more 
appropriate journal.  In January 2006, we then submitted the manuscript to Mycorrhiza an 
international peer-reviewed journal.  This manuscript will also serve as François Teste’s first 
chapter in his Ph.D. thesis.   
 
Study 2:  
 
 Molecular analysis revealed 105 ECM species from ~550 sequences analyzed.  
Additional RFLP analyses (80 samples) detected no inaccuracies in within-soil morphotype 
sorting.  On average, 476 Douglas-fir and 462 paper birch ECM root tips were identified per site 
with sufficient morphological and DNA support to be included in analyses.  This was based on 
the following rough averages for sample characteristics per site: 6 soil samples containing 50 root 
tips each of Douglas-fir and paper birch, 2 soil samples containing 100 root tips of only Douglas-
fir, and 2 soil samples containing only 100 paper birch tips; several samples collected had few or 
no root tips and were not used.  Samples for which amplification or sequencing did not give 
interpretable results were omitted from analyses unless sequences showed their morphotypes to 
be reliable in providing species-level distinctions.   
 Rhizopogon vinicolor and R. vesiculosus, fungi specific to Douglas-fir, were lumped as 
one taxon (R. vinicolor-type) because they were morphologically undistinguishable and far too 
frequent to do DNA analyses on every sample.  These two species were recently only separated 
from a species complex by molecular methods (Kretzer et al., 2003).  There were also two cryptic 
species in the Piloderma fallax-like morphotype as determined by DNA sequence analysis, but 
their high frequency also did not permit sequence analysis of many samples.  Hence, these two 
species were lumped as Piloderma spp. in the analyses.   
Mean ECM colonisation was at least 97% for all stand types.  Statistical significance refers to an 
α-level of 0.05 for all tests.  Mean ECM diversity (Shannon-Weaver index) was significantly 
lower on Douglas-fir in 5-yr.-old stands than all older stand types, but there was no stand type 
effect for paper birch (Fig. 5).  Split-plot ANOVA (stand type as main effect and host species as 
subplot) showed a significant stand type by host species interaction.  The effect on the combined 
(both hosts) ECM community, which is not equal to the diversities of each host added together 
because of shared ECM species, showed a pattern similar to the Douglas-fir community, but with 
less extreme differences.  No differences were detected between initiation types of 26-yr.-old 
stands.  Taxon-sample unit curves of the combined ECM community indicate that under-
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sampling was more of an issue in 5-yr.-old stands, and thus age differences may be 
underestimated (Fig. 6). 
 Some ECM fungi showed no effect of stand type on their relative abundances, while 
others showed pronounced effects.  Cenococcum geophilum was the most frequently detected 
ECM fungus, and its relative abundance was unaffected by stand type but was significantly 
higher on paper birch than Douglas-fir (17% vs. 4.4%; Fig. 7a).  R. vinicolor type was common in 
all stand types, but had much higher relative abundance in 5-yr.-old stands (Fig 7b).  Lactarius 
pubescens, a fungus specific to birch, had a high relative abundance in the youngest age class 
(mean 27%), but was absent in older stands with the exception of one occurrence.  Russula (15 
species found) and Piloderma (2 cryptic species found) both showed a pattern of increasing 
relative abundance with increasing stand age (Fig. 8a-b).  Two sites in the 26-yr.-old wildfire 
stand type were in the ICHmk2 while all other sites were in the ICHmw, which was a significant 
factor in models predicting their abundances (i.e. their abundances were lower in the ICHmk).  
No differences in relative abundances were detected between clearcut and burned 26-yr.-old 
stands. 
 Structure of the combined ECM community, as a whole, was different between 5- and 
26-yr.-old stands, as evidenced by Nonmetric Multidimensional Scaling (NMS) ordination 
analysis of frequency data (Fig 9).  The ordination also grouped 65- and 100-yr.-old stands 
together, and as fairly distinct from both 5- and 26-yr.-old stands.  The relative abundance of 
shared ECM species was much higher in older stands, particularly in the Douglas-fir community, 
and paper birch had a significantly higher proportion of these species than Douglas-fir overall; the 
host species effect, however, showed no significant differences in Bonferroni comparisons (Fig. 
10).  No significant stand type by host species effect was found for this variable. 
Shannon-Weaver diversity of ECM communities was slightly, but not significantly, higher on 
Douglas-fir seedlings from wildfire-origin stands than from clearcut stands (Fig. 11).  The most 
noticeable difference was that Rhizopogon vinicolor-type was more dominant in clearcut sites, 
while R. rudus was more dominant in burned sites (Fig. 12).  Not enough paper birch roots were 
found adhering to soil taken with Douglas-fir seedlings to facilitate statistical comparisons, but 
those found were occupied by the same ECM species that dominated paper birch roots in 5-yr.-
old clearcuts (Cenococcum geophilum, Lactarius pubescens, and Leccinum scabrum), as well as 
other species found in those stands infrequently. 
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Figure 6  Taxa-sampling unit curves for stand types 
(filled circles, 5-yr.-old clearcuts; open circles (26-
yr.-old burned; filled triagles, 26-yr.-old clearcuts; 
open triangles, 65-yr.-old burned; squares, 100-yr.-
old burned sites).   Curves made by resampling each 
number of soil samples 500 times for each stand 
type. 

Figure 5  Mean Shannon-Weaver diversity by stand 
type; Douglas-fir community (black bars), paper 
birch (light grey bars), and combined community 
(dark grey bars); cc (clearcut), b (burned).  Bars are 
one standard error of mean (n = 4).  Means sharing 
the same letter within a bar colour are not 
significantly different (Bonferroni comparisons, α= 
0.05).  “*” indicates significant difference between 
hosts for that stand type (split-plot ANOVA).   
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Figure 7  Mean relative abundance for two ECM fungi. (a) figure interpretation same as for Fig. 5, 
but no effect of stand type found (split-plot ANOVA).  (b) respective of Douglas-fir ECM community 
only; means with same letter are not significant by Bonferroni comparisons (one-way ANOVA).  
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Figure 8  Maximum likelihood models, selected by AIC (Burnham & Anderson, 2002) for taxon 
relative abundance.  Models were generated using the negative binomial distribution, with data of 
per-soil sample abundances that included extra samples.  Abundance predictions (curves) were 
relativized by average root tips per core, and are shown for the ICHmw3 only.  Points are actual 
relative abundances at a site level based on standardized numbers of tips per site.  

Axis 1; R2 = 0.23; r (stand age) = − 0.31

-1.0 -0.5 0.0 0.5 1.0 1.5

A
xi

s 
3;

 R
2 
= 

0.
46

; r
 (s

ta
nd

 a
ge

) =
 0

.8
8

-1.0

-0.5

0.0

0.5

1.0

1.5

 
Figure 9  NMS ordination of sites by frequency of ECM species (filled circles, 5-yr.-old clearcuts; 
open circles (26-yr.-old burned; filled triagles, 26-yr.-old clearcuts; open triangles, 65-yr.-old burned; 
squares, 100-yr.-old burned sites).  R2 represents proportion of variance in Relative Sorensen 
distances, based on ECM communities, among sites that is explained by distances on ordination axes.  
r values are Pearson’s correlation coefficients between stand age and NMS axis scores. 
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Figure 10  Mean percentage (n = 4) of ECM root tips colonised by fungi observed on both hosts.  
Black bars = Douglas-fir community; light grey bars = paper birch community; dark grey bars = 
combined community (expressed as average values of Douglas-fir and paper birch communities).  
Combined community means with the same letters are not significant by Bonferroni mean 
comparison (α = 0.05).  No significant stand type x host species interaction found (split-plot ANOVA).  
Host species effect was significant, but not in multiple comparisons. 
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Figure 12  Mean relative abundance (n = 4) of 
Rhizopogon spp. on Douglas-fir seedlings from 5-yr.-
old stands (black bars, burned stands; grey bars, 
clearcut stands).  Not tested. 
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Figure 11  Mean diversity (n = 4) of ECM 
communities on Douglas-fir seedlings from burned 
and clearcut 5-yr.-old sites.  No sig. difference (two-
sample t-test). 

 
 
 

For the root-window study, preliminary analysis indicates that in-situ phosphatase 
activity increases with stand age reaching a maximum at stem exclusion (60-70 years)  (Fig. 13).  
However, the distribution of phosphatase intensity in older sites is similar that of the stem 
exclusion sites.  Areas of in-situ phosphatase activity also become larger and more intense as 
stands reach stem exclusion (Fig. 14).  There is a substantial increase in areas of less intense 
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activity at stem exclusion, while older sites show a more even distribution in the intensity of 
phosphatase activity.  

A method for sampling the fungal community associated with in-situ phosphatase activity 
was developed in summer 2006 which involved taking small soil samples directly from areas of 
in-situ phosphatase activity in the organic and mineral layers of a window immediately after in-
situ phosphatase activity had been determined with the in-situ assay.  Additional samples were 
also taken from the organic and mineral layers where the assay did not detect phosphatase activity 
in order to compare the composition of the fungal community associated with active phosphatase 
production against the community not actively producing phosphatase.  Fungal DNA was 
extracted from these samples in winter 2006, and molecular analysis of this DNA by DGGE and 
sequencing is in progress. 
 

Intensity Distribution of Total In-situ Phosphatase Activity 
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Figure 13: Total Activity by Age Class.  Numbered colors indicate intensity of 
activity (lowest = 10, highest = 35).  Total activity increases until stem exclusion.  
However, the distribution of phosphatase intensity of older sites is similar 
distribution of the stem exclusion sites. 
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Size Distribution of In-situ Phosphatase Activity Areas 
by Age Class
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Figure 14: Size of phosphatase active areas by age class.  Numbered colors 
indicate active area size (50 = smallest, 650 = largest).  The largest areas of 
activity were seen at stem exclusion along with an increase in smaller areas of 
activity.  Older sites showed a more even size distribution of phosphatase 
activity. 

 
 
Study 3: 
 
For Study 3, the overall percentage of root tips colonized was low, but was significantly 
influenced by elevation (df=1; F=8.06; P=0.015).  Seedlings grown in soil collected from low 
elevations had colonization levels that were less than half of those grown in soil collected from 
high elevations. In addition, there was a negative relationship between percentage of roots 
colonized and soil moisture (df=1; F=4.82; P=0.048). Percentage of roots colonized was 
positively correlated with root:shoot ratios (r2=0.56; P=0.025).  
 In total, seven morphotypes were found on the roots of the seedlings. Only the identity of 
Wilcoxina mikolae was confirmed by sequencing. Wilcoxina-type mycorrhizas were the most 
abundant mycorrhizas on seedlings grown in both classes of soils. Rhizopogon, Amphinema and 
Piloderma –type morphotypes were found only on seedlings grown in soils from high elevations; 
MRA-type mycorrhizas were found only on low-elevation seedlings. The number of EM 
morphotypes per seedling was higher when seedlings were grown in high-elevation than low-
elevation soils (df=1; F=8.76; P=0.012). EM morphotype richness was positively correlated to 
percentage of tips colonized (r2=0.94; P<0.0001) and root:shoot ratios (r2=0.59; P=0.017). There 
was no effect of elevation (P=0.276) or watering levels on overall EM community composition 
when weighted by abundance (detected by canonical correspondence analysis; P=0.501). 
However, when richness was used to measure community composition, elevation was a source of 
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community differentiation among EM fungi (P=0.0430). None of the interaction terms were 
significant to explain variation in EM richness (P= 0.539) or percent colonization (P=0.878).  
 Levels of extractable nutrients, particularly calcium, potassium, magnesium and sodium 
ranged from 40-60% higher in soils collected from low than high elevations. Similarly, 
nitrate/nitrite concentrations were 97% higher in soils collected from low than high elevations 
and there was also 42% more available phosphorous in these soils. Soil pH values were also 
higher in low than high elevation soils. In contrast, % loss on ignition, % total C and C/N were all 
higher in soils collected from high elevations.     
 Both roots (df=1; F=6.59; P=0.025) and shoots (df=1; F=7.31; P=0.019) increased in 
biomass with increasing amount of soil moisture, but were unaffected by elevation. Seedlings 
grown in soils collected from low elevations had significantly (df=1; F=14.29; P=0.003) lower 
root:shoot ratios than those grown in soils from high elevation. This response covaries with EM 
colonization and richness: those seedlings with high colonization had significantly higher 
root:shoot ratios and EM richness levels than those seedlings with lower amounts of colonization. 
None of the interaction terms were significant to explain variation in root/shoot biomass 
(P=0.741, 0.231) or root:shoot ratios (P=0.206).  
 
Discussion 
 
Results from the first study are too preliminary for a developed discussion.  For the second study, 
the data supported our first hypothesis that ECM species richness, diversity and evenness increase 
with stand age.  The greatest increase in richness occurred from the 5- to 26-year-old age class, a 
period corresponding with tree canopy closure, and increasing only slightly thereafter, agreeing 
with the results of Visser et al. (1995) and Kranabetter et al. (2005).  At canopy closure, tree 
growth rates are rapid and leaf area maximal (Simard et al., 2004), with correspondingly high 
potential for carbon allocation to roots and mycobionts.  ECM species richness and diversity 
tended to increase at a lower rate from 26- to 65-years, and then level off in older age classes.  
However, ECM community structure changed noticeably from 26- to 65-yr.-old stands.  
(Goodman & Trofymow, 1998) found that Douglas-fir ECM communities were very similar 
between mature (~90 yr.-old) and old-growth Douglas-fir forests, so it may be likely that its ECM 
community largely recovers by the stand reinitiation stage.  However, that study was performed 
in a different biogeoclimatic zone, so care must be taken in generalization. 
 The ECM community of paper birch was richer and more even than that of Douglas-fir in 
young stands, and increased little with stand age.  Paper birch roots may remain intact and healthy 
following cutting or burning of shoots, providing a large carbon source and ECM legacy for 
stump sprouts, as well as large ECM inoculum potential for seedlings germinating nearby.  By 
contrast, Douglas-fir does not sprout from old stumps, and seedlings are often not replanted until 
a few years after logging, requiring inoculation of seedlings from other plants, hyphae or spores.  
We hypothesize, in light of previous evidence from earlier research (Hagerman et al., 1999a), that 
retention of active roots in the soil after clearcutting is a factor that allows birch to retain a more 
diverse community. 
 Our second hypothesis, that ECM communities differ between clearcut and burned 
forests, was rejected in this study.  ECM community diversity was similar among 5-year-old 
stands regardless of whether they originated after fire or clearcutting.  This result suggests that 
fungal inoculum recovered rapidly on these sites, even though the fires were intense (based on 
forest floor observations and extent of disturbance) and would have likely reduced inoculum of 
many ECM fungal species (Lazaruk et al., 2005; Bruns et al., 2002; Grogan et al., 2000; Taylor 
& Bruns, 1999).  The main community difference between burned and clearcut 5-yr.-old stands 
may have been due to varying tolerances of the two different Rhizopogon taxa to dessication 
(Baar et al., 1999), priority effects in colonisation timing (Kjoller & Bruns, 2003), or because 
forest floor layers were mostly absent in the 5-yr.-old burned stands but present in the clearcuts.  
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Although ECM richness and diversity tended to be lower in 26-year-old burned than clearcut 
stands, this may have resulted from of half the burned sites occurring in the ICHmk rather than 
the ICHmw subzone, where ECM communities were generally more diverse.  
The third hypothesis regarding “early-, late- and multi-stage” fungi, which was based largely on 
the earlier chronosequence studies discussed, was largely supported by the results.  However, 
using distinctive stages of mixed stand development as a context for characterizing successional 
patterns of ECM fungi is perhaps more useful than trying to fit fungi into their own successional 
categories.  Sites in the stand initiation stage (5-yr.-old stands) had distinctive ECM community 
composition and structure and low ECM diversity.  Stem exclusion stage sites (26-yr.-old) had 
higher ECM diversity, but had community structure intermediate between 5-yr.-old sites and 
older sites.  For instance, Rhizopogon vinicolor-type was much less dominant and Lactarius 
pubescens was almost absent in these stands, while Russula and Piloderma became significant 
components of the community.  However, other fungi, like Suillus lakei, Hebeloma spp., and 
Cortinarius spp. formed a larger contingent of 26-yr.-old stands that was largely supplanted by 
greater dominance of Russula and Piloderma in older stands.  Sites in the stand reinitiation stage 
(65- and 100-yr.-old) were similar to each other in ECM diversity and community composition 
and structure, but were distinct from the other stages.  
 A most surprising finding of this study was that the proportion of shared fungi increased, 
rather than decreased, with increasing stand age.  Some researchers believe that longer-lived tree 
species associate with host generalist fungi more when they are young because it is important for 
them to achieve maximal colonisation by fungi already present in the existing mycorrhizal 
networks of seral tree species (Horton et al., 2005; Kropp & Trappe, 1982).  This did not appear 
to be the case in this system.  The proportions of shared ECM fungi found in 5-yr.-old stands here 
was much lower than those found by (Simard et al., 1997b; Jones et al., 1997) on Douglas-fir and 
paper birch.  One major underlying difference was that the shared taxa Thelephora, E-strain, and 
MRA fungi were found in very low relative abundance here in comparison to those studies, while 
abundance of Rhizopogon vinicolor-type was roughly twice as high in the 5-yr.-old stands in this 
study as it was on the ~1-2 year-old Douglas-fir seedlings examined in those earlier studies.  
Lactarius pubescens and Leccinum scabrum, other host-specific fungi, showed similar patterns 
with age on paper birch to R. vinicolor-type.  However, shared fungi were certainly not a 
negligible proportion of the community at any age, and birch accumulated shared ECM species 
earlier in the chronosequence than did Douglas-fir.  This suggests that paper birch is indeed 
important in shaping ECM communities on Douglas-fir, and overall potential of CMNs is high, 
and may also facilitate direct translocation of nutrients from senescent paper birch roots to 
Douglas-fir as birch dies out of stands. 

 For Study 3, We expected to observe distinct EM communities in soils collected 
at the two environmental extremes with respect to the niche breadth of Douglas-fir. Soils from the 
two elevations are a product of different abiotic and biotic processes, and if EM fungal 
communities are niche-structured, we would predict a compositional change of fungal 
communities with environmental change. Previous research has shown that gradients in 
belowground variables such as mineral nutrients and soil textures are associated with different 
EM communities (Gehring et al. 1998; Lilleskov et al. 2002; Moser et al. 2005). Ectomycorrhizal 
fungal communities are observed to change over small spatial scales due the patchy distribution 
of fungal genets and thus, species turnover often occurs within the rooting zone of a mature tree 
(Jonsson et al. 2000; Peter et al. 2001; Tedersoo et al. 2003; Lilleskov et al. 2004). In our study, 
EM richness was higher in soils collected from high elevations indicating that fungal 
communities differed according to elevation. However, when the abundance of the identified 
morphotypes was considered, there was no differentiation in EM fungal communities. This is 
most likely due to the assay approach used and the life history traits in EM fungi.  Depending on 
the type of assay, different components of the EM community will be sampled, though none of 
them are able to capture the entire EM community (Avis and Charvat 2005). Those EM fungi that 
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rely on an intact network of mycelium for survival would be absent when the soil is removed 
from its fungal matrix. Taylor and Bruns (1999) reported little overlap between assayed and intact 
EM communities although both methods probed the same soil. Jones et al. (1997) demonstrated 
similarities in EM composition between assayed and intact soil, however these soils were located 
on disturbed sites.  

Two conclusions can be drawn regarding the similar EM community composition when 
morphotype identity was weighted for abundance among soils varying in moisture and elevational 
class. The assayed EM fungi are tolerant to a range of soil conditions, and they are common, 
spatially widespread species. The corollary to this is that these EM fungi must be distributed in a 
way independent of mycelial networks, most likely through resistant soil propagules or spores. 
EM fungi that rely on dispersal by resistant propagules, as opposed to mycelial connections, have 
been classified as early stage fungi, or r-selected species (Last et al. 1987). These EM fungi 
would suffer less from interspecific competition, thus not evolving strong competitive ability, i.e. 
niche partitioning would be absent. Late stage fungi, or K–selected species, would use their 
resources more efficiently with the shortage of resources found in late seral systems and therefore 
be expected to finely divide resources. Consequently, in high disturbance situations and in the 
absence of K-selected competitors, such as what occurs when intact soil is removed to assay EM 
communities, we would expect r-selected EM fungi to tolerate disturbance and occupy a range of 
environmental conditions within the soil.  This is consistent with results of our soil bioassay. r-
selected fungi, such as Wilcoxina-type mycorrhizas, were abundant and found across all watering 
treatments.  

Both EM colonization and richness increased with elevation pointing to a possible 
common underlying cause. The increase in both variables with elevation can likely be attributed 
to differences in soil and host characteristics between the two elevations. Low elevation soils 
were more nutrient rich relative to soils at higher elevations and had lower amount of organic 
matter as reflected in measurements of % LOI, % total C and C/N ratios. Decreased mycorrhizal 
colonization has been reported in other studies that increased fertilization levels (Tresder 2004) 
and EM root tip growth has also been observed to be more prolific in substrates with high 
amounts of organic matter (Harvey et al. 1976; Page-Dumroese et al. 1990). The same trend in 
soil characteristics along an elevational gradient was reported by Tsuyuzaki et al. (2005) in a 
survey of the distribution of mycorrhizal types on Mount Koma, Japan. Furthermore, consistent 
with our results, EM colonization was positively correlated with elevation. Differences in host 
characteristics between the two elevational classes may have also been a factor. With increased 
elevation there was a shift from predominantly arbuscular to EM vegetation. Consequently, the 
pool of mycorrhizal propagules available to the Douglas-fir seedlings was most likely more 
abundant and richer in soils collected from high elevations.  

If variation in soil moisture underlies changes in EM colonization with elevation, we 
predicted that varying the watering regime would have an interactive effect with elevation. That 
is, with decreasing soil moisture, EM colonization of seedlings growing in soils collected at high 
elevations would become more similar to the levels of those growing in soils collected at low 
elevation. Colonization levels increased with elevation, however, contrary to expectation they 
decreased with soil moisture, effectively decoupling variation in soil moisture with elevation. An 
inverse relationship between EM colonization and soil moisture has been previously reported in 
soils having similar ranges of moisture values to ours (Gehring and Whitham 1994).  
 
Conclusions and Management Implications 
 
Study 1: 

This study will be used to help design variable retention silviculture systems conducive to 
natural and artificial regeneration of Douglas-fir.   
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Study 2: 
 The young clearcut sites supported less diverse ECM communities than older stands, as it 
is consistent with many studies that have compared conifer ECM in young clearcuts with mature 
forests (Durall et al., 2006; Hagerman et al., 2001; Byrd et al., 2000; Hagerman et al., 1999a; 
Durall et al., 1999; Kranabetter & Wylie, 1998).  Reduced ECM diversity in young stands will 
undoubtedly translate to reduced ECM inoculum availability on a landscape level if too large a 
proportion of young forest exists.  Diversity will likely be further reduced in young stands if 
paper birch trees are removed, and retention of their stumps after logging may be essential to 
taking advantage of an already lessened diversity of ECM inoculum sources that survive the 
initial disturbance.  There is also circumstantial evidence here to the effect that replanting 
conifers as soon as possible after disturbance may result in their ECM communities being more 
diverse. 
 Despite that ECM diversity largely recovered between 5- and 26-yr.-old age classes, 
ECM community structure continued to change between 26- and 65-yr.-old stands.  Given the 
range of ages studied, it appears that the ECM community largely recovers to that of a mature 
forest community by the  65-yr.-old age class.  This is consistent with the few studies of ECM 
succession undertaken thus far.  However, this putative recovery time should be taken with 
caution until studies of ECM succession with regards to ECM communities existing as hyphae 
have been undertaken and a better understanding of ECM fungal population genetics is achieved. 
 
Study 3: 
 

The response of Douglas-fir seedlings to alterations in soil moisture was more 
pronounced than that elicited by soils collected from two elevations, representing putatively 
distinct plant and mycorrhizal communities. Although soil moisture was assumed to vary with 
elevation and be important in structuring plant communities, for mycorrhizal communities, as 
reflected in measurements of EM colonization patterns and community richness, it appears to be 
subordinate to the role of aboveground vegetative characteristics and substrate quality. In this 
assay, only the common, disturbance-tolerant mycorrhizal community was captured and this 
community occupied a broad range of soil moisture conditions. We would expect differences in 
community composition along elevational gradients to be even greater when fungi requiring 
mycelial connections are included. 
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	Five response variables were measured or calculated for each seedling alive at the end of the experiment: EM morphotype richness (# of morphotypes), percentage of root tips that were mycorrhizal, root and shoot dry weight, and root:shoot ratio. Each seedling was a sampling unit, thus data were aggregated to obtain a mean for each elevational class x site replicate x watering level treatment.  We used general linear models in JMP IN 5.1 (Sall et al. 2005) to test the effects of elevational class, watering treatment, and their interaction on all response variables. We treated soil moisture as a continuous variable and elevation as a class variable due to the inherent differences among the soil types (i.e. water holding capacity) and the presence of uneven mortality among treatments (resulting in an unbalanced factorial experiment with missing values). We used a Spearman rank to test for significant correlations between response variables and where appropriate, a Tukey-Kramer test to compare among multiple means. To test the effect of elevation and watering treatments on the EM fungal community we used a canonical correspondence analysis in CANOCO 4 (ter Braak and Smilaurer 1998). The significance of the ordination was determined by a Monte Carlo permutation test (999 permutations).

