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Abstract 
 
This overall objective of this project is to investigate the role of ectomycorrhizae (ECM) and common 
mycorrhizal networks (CMNs) in facilitating Douglas-fir regeneration in the interior of British Columbia.  
It is comprised of three studies being conducted by four graduate students of Dr. Suzanne Simard, Dr. 
Melanie Jones, and Dr. Dan Durall. In the first study, PhD student François Teste is conducting a series of 
experiments in the IDF zone (1) to examine the influence of advance regeneration size on Douglas-fir 
seed and seedling regeneration, and (2) to examine the influence of green tree distance on Douglas-fir 
seedling performance, and (3) to determine whether importance of the CMN to Douglas-fir establishment 
increases with site disturbance. In Francois’ first experiment, Douglas-fir was planted and seeded near 
established Douglas-fir advance regeneration of different sizes, and in his second experiment, at different 
proximities to pole-sized trees. In the third experiment, a range of organic matter removal treatments were 
applied in the border areas of the Long Term Site Productivity study sites near Kamloops (Berch 2000), 
and advance regeneration were transplanted to these treatments to serve as EM inoculum sources to 
seedlings being planted in 2005.  In the second study, PhD student Leanne Philip completed a draft of her 
PhD thesis. The objectives of her project were: (1) to determine the importance of CMN pathways to 
carbon transfer between Douglas-fir and paper birch, and (2) to determine whether the magnitude and 
direction of carbon transfer changes with tree phenology. Her study helps address the importance of 
CMNs to Douglas-fir under competitive stress from paper birch in wetter Douglas-fir ecosystems.  In the 
third study, two Masters students, Brendan Twieg and Denise Brooks, are examining the influences of 
paper birch refuge trees on the ECM of Douglas-fir in stands of different ages.  The study is integrated 
with Studies 1 and 2 through quantification of the potential for paper birch and Douglas-fir to share ECM 
(identified at the morphological and molecular levels), and therefore from a CMN.  Brendan and Denise’s 
studies will determine (1) how long it takes for the ECM fungal community found in mixed forests to re-
establish on clearcuts (addressing ecosystem recovery and whether CMN formation potential increases 
with time), and (2) whether the Douglas-fir ECM fungi on clearcuts are better adapted to those sites than 
are forest fungi.     
 
Introduction 
 
Interior Douglas-fir regeneration is very difficult on water- or competition-stressed sites, or on sites 
degraded by compaction or forest floor removal (Heineman et al. 2003). We have some evidence that 
poor survival is associated with inadequate ECM fungal inoculation, poor root-soil contact, and 
subsequently poor water uptake, during the critical seedling establishment phase in the field (Berch et al. 
1999; Simard et al. 2003). This poor inoculation arises partly from the fact that nursery-grown Douglas-
fir are typically non-mycorrhizal (NM) with a coarse root system when lifted from the nursery and 
planted in the field (Berch et al. 1999). This problem could be overcome if seedlings are rapidly 
inoculated with an appropriate combination of site-adapted fungi when they are planted in the field. 

We know that seedlings planted in clearcuts do become colonized by ECM fungi, but that the fungi 
are different from those in adjacent forests (Hagerman et al. 1999; Jones et al. 2003).  Our research shows 
that we can encourage the seedling ECM fungal community to be more similar to the forest community if 
we plant seedlings close to mature trees or refuge plants (Simard et al. 1997c; Kranabetter 1999). This 
implies that some ECM fungi disappear from clearcuts because appropriate inoculum is not available for 
them.  We do not know, however, whether or how clearcut fungi differ physiologically from forest fungi.  
If the two groups differ in their production of nutrient-mobilizing enzymes, it is likely that rapid 
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inoculation with a more diverse and robust forest-like ECM community may increase seedling access to a 
wider source of soil water and nutrients during establishment, increasing seedling survival potential.  

Our previous research showed that certain refuge plants (e.g., bearberry) or green trees (e.g., paper 
birch, trembling aspen or other Douglas-fir) retained during clearcut logging harbour similar ECM to 
Douglas-fir and therefore can act as inoculum sources of these fungi (Hagerman et al. 2001). Douglas-fir 
seedlings planted near refuge plants or other trees have become colonized by the shared ECM (Jones et al. 
1997; Simard et al. 1997b,c), making it almost certain that adjacent root systems are connected in a CMN 
by shared ECM mycelia. The period of time when seedlings are linked into a larger forest network may 
be critical to their establishment success if the network provides necessary benefits for survival for even a 
short but critical period of time during the establishment.  

The benefit seedlings may gain from linking into a forest CMN include more rapid access to a wider 
source of water or nutrients, direct transfer of carbon, nutrients or water from neighbouring trees, or even 
protection from fine-root pathogens (Simard et al. 2002).  Our earlier research has shown that Douglas-fir 
seedlings can gain carbon via below-ground transfer from adjacent birch (Simard et al. 1997a,d,e). We 
have found that this transfer occurs in mid-summer, is higher if Douglas-fir is shaded, and that it is 
facilitated by ECM (Simard et al. 1997a). Other studies have found that nutrients and water can also 
transfer among trees linked in a CMN (Arnebrant et al. 1993; Querejeta et al. 2003). We have also found 
that Douglas-fir seedlings accessing ECM hyphae attached to roots of mature trees have higher 
photosynthetic rates and foliar nutrient concentrations than seedlings with isolated root systems (Simard 
et al. 1997c).  Enhanced seedling physiology can lead not only to greater survival under environmentally 
stressful conditions, but also greater competitive ability with other forest plants (e.g., pinegrass) (Simard 
et al. 2003).  In this project we are conducting three integrated studies to investigate the role of early 
mycorrhization and CMNs in facilitating Douglas-fir regeneration in southern interior British Columbia.  
The project not only addresses important Douglas-fir management issues in interior British Columbia, it 
also fills scientific gaps in our understanding of CMN effects on forest community dynamics. 
 
Methods 
 

The over-arching question that is being address in this study is “Are ectomycorrhizal communities, 
CMNs and carbon transfer important for facilitating regeneration (establishment, growth and competitive 
ability) of Douglas-fir under growing conditions limited by water and competition in the drier IDF and 
ICH subzones?”  To answer this question, we have broken this question into six smaller researchable 
questions that we are addressing in three integrated studies.    

1. How important is linking with the CMN of retained trees to the success of Douglas-fir 
regeneration? (Study 1) 

2. Does the size or proximity of retained trees, or the type and degree of soil disturbance, influence 
this dependency? (Study 1) 

3. Do ECM fungi mediate belowground carbon transfer between Douglas-fir and other trees directly 
or indirectly (Study 1 and 2), and does the extent and direction of transfer change with phenology 
of the trees involved? (Study 2) 

4. What are the morphological and molecular characteristics of the fungi that form the CMN linking 
trees together? (Study 1, 2 and 3) 

5. How long does it takes the ECM fungal community and CMN in Douglas-fir forests to recover 
following clearcut logging, and is this recovery influenced by retained trees, such as other 
Douglas-fir, paper birch, or understorey plants? (Study 3) 

6. Are fungi colonizing Douglas-fir seedlings in a CMN with mature trees functionally different 
from other ECM fungi (such as those prevalent on clearcuts)? (Study 3). 

 
The overall objectives, experimental design, and basic methods used in 2004-05 for each component 
study are briefly described as follows. 
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Study 1: The role of common mycelial networks in facilitating artificial and natural regeneration of 
Douglas-fir (François Teste’s PhD research under the supervision of Dr. Suzanne Simard, Dr. Dan Durall, 
Dr. Melanie Jones, and Dr. Shannon Berch).   

Specific Objectives: (1) to examine the influence of advance regeneration size on Douglas-fir seed and 
seedling regeneration, and (2) to examine the influence of green tree distance on Douglas-fir seedling 
performance, and (3) to determine whether importance of the CMN to Douglas-fir establishment increases 
with site disturbance.   

To meet objectives 1 and 2 in Study 1, Douglas-fir were planted and seeded in the neighbourhood of other 
trees that varied in size and proximity. The study is being conducted in three 100 year-old Douglas-fir 
forests north of Kamloops, BC.  Non-mycorrhizal (NM) Douglas-fir seedlings grown at UBC were-
planted in the spring of 2004.  Seedlings and seeds were planted without and with mesh barriers that 
restricted different sizes of ECM hyphae in order to separate CMN from non-CMN effects, and subjected 
to the following treatments: (1) size effects - located in the neighbourhood of different sized  advance 
Douglas-fir regeneration; and (2) proximity effects - located at different distances from mature Douglas-
fir trees. After planting in 2004, seedlings were monitored for survival and initial size.  In 2005 and 2006, 
seedlings will be measured for water stress, photosynthesis, transpiration, and relative growth rate. After 
three growing seasons, we will apply dual isotope (13C/14C) labeling to quantify bi-directional transfer 
between Douglas-fir and neighbours using methods of Simard et al. 1997a (modified by PhD student, 
Philip, in Study 2). We will harvest the remaining replicates for biomass, nutrient content, wood NA 13C, 
root morphology, and ECM using morphological and molecular techniques that include DNA extraction, 
amplification with established primers, and DNA sequencing. ECM molecular work will be done at OUC.  

For objective 3 in Study 1, we are using the LTSP sites near Kamloops to establish a range of soil 
disturbance levels through forest floor and mineral soil removal. These treatments were applied in 2004 
using an excavator and shovels.  In 2004, advance regeneration were planted into these treatments, and in 
2005 seedlings will be planted nearby with or without hyphal barriers. Near the end of each of two 
growing seasons, we will assess seedling water stress, foliar nutrients, growth, and bi-directional C 
transfer as above. Some will be harvested for biomass, nutrient content, wood NA 13C, root morphology, 
and ECM using morphological and molecular techniques.  

Study 2: The role of ectomycorrhizal fungi in interspecific carbon transfer between birch and 
Douglas-fir 
 
This study was being carried out as part of Leanne Philip’s PhD research under the supervision of Dr. 
Suzanne Simard and Dr. Melanie Jones.  Specific objectives are: (3) To determine the importance of 
hyphal pathways relative to other pathways in the transfer of carbon between paper birch and Douglas-fir 
in the lab and field, (4) To determine whether the magnitude and direction of carbon transfer between 
paper birch and Douglas-fir changes with the phenology of the tree species. 

The experimental work for this study will be completed by April, 2003.  In 2004, Leanne Philip 
completed a draft of her PhD dissertation, journal papers, and presented the results at various conferences. 
 
To meet objective 3 in Study 2, two laboratory studies were conducted (one still in progress, Jan., 2004) 
where carbon transfer pathways were isolated using a number of techniques.  In the first laboratory 
experiment, Leanne grew ECM plants side by side in mesh pouches that restricted root growth but 
allowed hyphae to extend into the root pouch of the other root system.  She then severed the hyphae in 
some of the root boxes, followed by 13C and 14C labeling of paper birch and Douglas-fir, to determine the 
relative importance of movement of carbon via the soil versus movement within hyphae.  Isotopic 
analysis of these plants was completed in 2003/04 and data was analyzed using two-way ANOVA in 
2004.  In a second laboratory experiment conducted in 2004, Leanne planted birch and Douglas-fir 
together in rootboxes with different inoculation treatments: (1) a host-generalist ECM fungus capable of 
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colonizing both tree species; (2) birch-specific (e.g., Leccinum scabrum) fungus, (3) Douglas-fir specific 
(e.g., Rhizopogon vinicolor) fungus, and (6) no fungus.  One-way carbon transfer was measured using 
13C.  Seedling isotope content and interplant transfer was analyzed using ANOVA.  The results of these 
two experiments have been written up in two chapters of Leanne’s dissertation. 
 
For objective 4 in Study 2, Leanne planted arbuscular mycorrhizal cedar and ECM birch and Douglas-fir 
using a similar design to Simard et al. (1997a), where cedar served as a signal for carbon transfer via soil 
pathways and transfer between paper birch and Douglas-fir represented the CMN pathway.  In 2002, 
Leanne reciprocally labeled birch and Douglas-fir in the field with 13C or 14C.  The amount of isotope 
used was based on an associated laboratory study where paper birch and Douglas-fir grown in pots were 
labeled with three levels of either 13C or 14C.  The field labeling was done during bud flush in the spring 
of 2002 and at leaf senescence during fall of 2002, when assimilation rates in Douglas-fir were higher 
than birch.  It was also done in July 2002, when assimilation rates in birch were higher than in Douglas-
fir. After labeling, all plant materials were harvested and assayed for isotope content.  Data was analyzed 
using ANOVA, and the results written up in one chapter of Leanne’s dissertation.     
 
Study 3: The influence of birch on the ectomycorrhizal fungal community in Douglas-fir stands of 
different ages  
 
This study is being carried out as part of the MSc research projects of Brendan Twieg and Denise Brooks 
under the supervision of Dr. Suzanne Simard, Dr. Dan Durall, Dr. Melanie Jones, Dr. Cindy Prescott, and 
Dr. Susan Grayston.  The specific objectives are: (5) to determine how long it takes for the ECM fungal 
community found in mixed forests to re-establish on clearcuts (addressing ecosystem recovery and 
whether CMN formation potential increases with time), and (6) to determine whether the Douglas-fir 
ECM fungi on clearcuts are better adapted to those sites than are forest fungi by comparing the uptake of 
phosphorus and of various forms of N in stands of different ages (addressing whether mechanisms of 
retaining forest fungi are necessary on clearcut sites). 

To meet objective 5 of Study 3, we selected 20 sites in 2002/03 representing a chronosequence of mixed 
Douglas-fir/paper birch forests in the Interior Cedar Hemlock zone.  The chronosequence consisted of 
four age classes (3, 15, 30, and 80 years-old).  Five replicate sites per age class were located in the North 
Okanagan Forest District.  In 2003/04, Brendan Twieg established the sampling area at each site and  
characterized the plant communities and forest stands using the methods of Biring et al. (1997).  In 2003 
and 2004, he then collected soil cores from each site in each age class and identified ECM fungi 
associated with Douglas-fir and paper birch roots using morphological and molecular methods (Goodman 
et al. 2003; Kennedy et al. 2003).  
 
For objective 6 of Study 3, two Plexiglas root windows were established at each site in 2003 (four 
replicates of each age class), allowing access to the mycorrhizae and their hyphae for in situ assays of 
enzyme activity in 2004. These assays will tell us whether the activities have been narrowed in the 
clearcut ECM community compared to the forest community or whether it has remained the same. 

 
  

Results 
 
All project objectives for this year were achieved.  As planned, the following activities were completed in 
the order: 

 
 
The titles of the deliverables (draft journal articles, report, extension notes, and LINKS newsletter) 
included in this report are listed below. 
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a) Site preparation study  

 
Hope, G.D. (2005). Tree productivity and soil chemical and physical responses to stumping 
treatments for Armillaria root disease mitigation.  (Report, which will form the basis for a 
manuscript that will be submitted to the journal, Canadian Journal of Soil Science). 
 

b) Soil Transfer Study  
 
Kazantseva, O., and Simard, S.W. (2005). Soil transfer effects on regeneration and rhizosphere 
biology of Douglas-fir on degraded sites in the southern interior of British Columbia.  (Draft 
manuscript for submission to the journal, Mycorrhiza).   
 

c) Crop-tree Response to Manual and Chemical Brushing at Various Radii (Radii Study)  
 
Simard, S.W., and Zimonick, B.J. (2005). Growth, crown morphology and mortality response of 
Pinus contorta to removal of paper birch neighbours. (Draft manuscript for submission to the 
journal, Forest Ecology and Management).   
 
Zimonick. B.J., and Simard, S.W. (2005). Selective brushing of paper birch affects lodgepole 
pine growth in the Mixed Broadleaf Shrub complex.  (Draft Extension Note for publication either 
in BC Journal of Ecosystems and Management, or in the Ministry of Forests Extension Note 
series). 
 

d) Birch/Conifer Thinning Study  
 

Baleshta, K.E., and Simard, S.W. (2005). Effect of paper birch density on growth and mortality of 
Douglas-fir in the southern interior of British Columbia: 5 year responses. (Draft manuscript for 
submission to the journal, Scandinavian Journal of Forest Research).   
 
Baleshta, K.E., and Simard, S.W. (2005). Retaining low birch densities increases Douglas-fir 
growth while minimizing Armillaria root disease.  (Draft Extension Note for publication either in 
BC Journal of Ecosystems and Management, FORREX LINKS, or in the Ministry of Forests 
Extension Note series).   

 
All datasets are housed on servers at both the BC Ministry of Forest and the University of British 

Columbia.  Both organizations have established protocol for data backup.  Also, each team member has 
retained a copy of the data ensuring data is stored in three locations.  

 
Conclusions and Management Implications 

This project has achieved our overall objective to collect and analyze data for three of the four 
component studies, and to prepare journal manuscripts, reports, and/or draft extension notes for all four 
studies.  This work is aimed at achieving the overall objective to test birch competition thresholds (for 
Douglas-fir productivity) (Simard et al. 2001; B.C. Min. For. 2000).  Conclusions and management 
implications from each of the four studies are: 

 
(a) Site Preparation Study:  In Year 1, the scalping treatment significantly lowered forest floor 

total nitrogen (N), sulphur (S), carbon (C), and available N compared to the other three 
treatments. The mineral soil was less affected by treatment, having lower C and available N 
in the scalped treatments, and lower N and S at some sites in the same treatment.  By year 10, 
the majority of these significant differences had disappeared in both forest floor and mineral 
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soil, and the soil chemistry of all four treatments was very similar. There was no significant 
effect of planted species on soil chemistry. The bulk density of the fine mineral soil (that less 
than 2mm) was unchanged by treatment at year 1.  No treatment effects were apparent at 
Year 10.  There was, however, a significant decrease in soil density between year 1 and year 
10. Basic soil properties have not been adversely affected over the medium term by the 
relatively severe site preparation treatments. On more relatively low sensitivity soils, such as 
those in the present study, it appears that site preparation to control root disease can be 
carried out in a manner that maintains soil productivity. The scalping treatment significantly 
increased lodgepole pine height and diameter at both years 5 and 10, but pine growth was not 
increased by the other stumping treatments. Spruce height at both ages and diameter at year 
10 was unaffected by any treatment; stumping treatments increased diameter at year 5. 
Observed treatment differences in foliar nutrients did not reduce foliar nutrient levels from 
adequate to deficient levels, or result in more severe deficiencies than were already present in 
each treatment. Although some nutrients were reduced by the treatments, these changes were 
not reflected in tree growth. Other indirect positive treatment effects such as increased soil 
temperature and reduced above- and below-ground competition may outweigh any nutritional 
effects. 

 
(b) Soil Transfer Study: We examined the effects of grass removal and soil transfer from 

different forest tree species on seedling growth and survival, as well as rhizosphere soil 
chemical and microbial characteristics.  Treatments were applied to a site densely seeded 
with introduced grasses and with a history of repeated plantation failures.  We hypothesized 
that unsuccessful seedling establishment was due to transformation of the site from a native 
ectomycorrhizal microbial community to a non-native community.  Grass removal increased 
seedling survival, diameter growth and biomass in all soil transfer treatments.  Soil transfer 
improved survival without affecting other growth parameters.  Mineral soil nutrients were 
generally unaffected by the treatments, except weeding resulted in higher soil B and Douglas-
fir soil transfer resulted in lower Mn.  Foliar B and S concentrations were affected by soil 
transfer, whereas K and Zn were affected by vegetation removal.  Removal of vegetation 
reduced an N-induced deficiency of K and birch-soil transfer improved K levels.  In addition 
to grass competition, imbalances of foliar N relative to K, Zn and possibly B, may have 
contributed to seedling mortality. More than 92% of live root tips were colonized by 
ectomycorrhizae and 22-26% of root length by arbuscular mycorrhizae.  Neither vegetation 
nor soil transfer treatments had a significant effect on total mycorrhizal colonization.  
However, more ectomycorrhizal species were found in the treatment with removed 
vegetation.  Grass removal increased the occurrence of Wilcoxina-like and decreased 
Thelephora-like ectomycorrhizal morphotypes.  Douglas-fir soil transfer increased 
Rhizopogon-like 2.5 X compared with either no soil transfer (control) or transfer from 
beneath paper birch trees.  Conversely, the proportion of Thelephora-like decreased up to 
four times following Douglas-fir-soil transfer compared with the control or paper birch soil 
transfer treatment. Endophytes and zoospores of Olpidium were frequently observed in the 
same roots with actinomycetes.  Soil under vegetation contained more actinomycetes than 
without vegetation.   Our results suggest that high densities of seeded domestic grasses can 
cause substantial mortality of planted Douglas-fir, and that this is associated with changes in 
the rhizosphere microbial community and soil nutrient status.  Our results suggest that 
successful reforestation of cedar-hemlock sites requires prompt planting following harvest 
and avoidance of grass seeding.  Rehabilitation of degraded sites could include weeding and 
inoculation of planted seedlings with a native microbial community. 

 
(c) Radii Study:  In a 9-year-old lodgepole pine plantation, we examined the effects of 

removing naturally regenerated paper birch in neighborhoods of 0, 0.5, 1, 1.5, 2.0, and 2.5 m 
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radius using two methods (motor-manual cutting or triclopyr stem application). Zone of 
neighbor perception for target pine ranged between 0.5-1.5 m, depending on the response 
variable. The birch-free radius where neighbors started to reduce target performance was 1.0-
1.5 m for height:diameter ratio, 1.5-2.0 m stem diameter increment, 1.0-1.5 m for absolute 
crown size, and 0.5-1.0 m for relative crown diameter increment. Target mortality was 
greatest in the control areas, and the manual cut areas had more mortality than in the chemical 
treatment. The 2.5 m radius had more target mortality than the 0.5-2.0 m radii. Western gall 
rust appeared to proliferate in target trees where brushing was applied but not in the control. 
Root collar weevil attacked target trees in the control and some brushed areas in both manual 
and chemical treatments. Browsing by ungulates occurred in treated areas but not in the 
control. The proportion of target trees in good condition was similar between the manual and 
chemical treatments and both were slightly better than in the control areas. All birch treated 
with triclopyr died within the first year after treatment. Some manual cut birch sprouted, but 
mortality increased each year and by year five all sprouts had perished. These results 
highlight the need to recognize variation in zone of perception for different response variables 
when evaluating competitive effects or designing removal treatments and the possibility of 
triggering an insect or disease outbreak, and ungulate browsing. 

 
(d) Birch/Conifer Thinning Study: In 2004, Douglas-fir survival was high (97%) and did not 

differ significantly among the five paper birch density treatments (0, 400, 1111, 4444 stems 
ha-1 and an unthinned control of >7,000 stems ha-1).  While not significant, mortality due to 
Armillaria ostoyae tended to be higher with increasing birch density.  The largest 
improvement to mean diameter increment of Douglas-fir occurred in the treatment where the 
broadleaf component was completely removed and heavily thinned (e.g. 0 Ep and 400 Ep).  
Improvements were also found for Douglas-fir in the lightly thinned (4444 Ep) treatment, 
having similar mean diameter increment to those in the heavily thinned (400 Ep) and 
moderately thinned (1111 Ep) treatments.  Height:diameter ratio improved in all treatments, 
most notably where paper birch was completely removed or partially thinned compared with 
the control.  Our results suggest that Douglas-fir growth can be improved, with minimal risk 
of root disease incidence, by thinning paper birch to 4444 stems ha-1 in young mixed stands. 
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